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Abstract

Mathematical modelling of glycolysis in di�erentiated

mouse adipocytes 3T3-L1

W. de Villiers

Department of Biochemistry,

University of Stellenbosch,

Private Bag X1, Matieland 7602, South Africa.

Thesis: MSc(Biochemistry)

December 2020

Diabetes mellitus is a metabolic disease characterised by high blood sugar lev-
els, primarily caused by insulin resistance and the resulting inability of the
body to process glucose. Any tissue or cell that utilizes glucose is a target of
diabetes research. Obesity is closely related to the development of diabetes
due to the swelling of adipocytes caused by triacylglycerol formation. As glu-
cose and its breakdown by glycolysis are directly responsible for supplying
triacylglycerol formation, the focus of this work was on glycolysis in 3T3-L1
adipocytes. A bottom-up modelling approach was used in which all enzymes
within glycolysis and the initial lipogenic enzyme G3PDH were characterised
in order to create a kinetic model for glycolysis in 3T3-L1 adipocytes. Non-
diabetic adipocyte cell extracts were utilized due to the need for a reference
state model. Validation was performed using an HPLC analysis of glycolytic
intermediates and co-factors. The validation was partially successful with glu-
cose consumption and several glycolytic intermediate dynamics well described.
Lactate production was underestimated in the model due to the high G3PDH
activity within cell extracts which caused a signi�cant fraction of the glucose
to be converted via the glycerol branch, which was not seen to the same de-
gree in the HPLC analysis. Being the �rst model of its kind to be constructed
for adipocytes, this work has laid the groundwork for further modelling of
adipocyte glucose metabolism to better understand the diabetic condition in
adipose tissue.
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Opsomming

Diabetes mellitus is 'n metaboliese siekte wat gekenmerk word deur hoë bloed-
suikervlakke, hoofsaaklik veroorsaak deur insulienweerstandigheid en die gevol-
glike onvermoë van die liggaam om glukose te verwerk. Enige weefsel of sel
wat glukose gebruik, is 'n teiken vir navorsing oor diabetes. Vetsug hou nou
verband met die ontwikkeling van diabetes as gevolg van die swelling van
adiposiete wat veroorsaak word deur die vorming van triasielgliserol. Aan-
gesien glukose en die afbreek daarvan deur glikolise direk verantwoordelik is
vir die verska�ng van triasielgliserolvorming, was die fokus van hierdie werk
op glikolise in 3T3-L1-adiposiete. 'n Benaderingsmodel benadering is gebruik
waarin alle ensieme binne glikolise en die aanvanklike lipogene ensiem G3PDH
gekarakteriseer is om 'n kinetiese model vir glikolise in 3T3-L1 adiposiete te
skep. Nie-diabetiese adiposiet selekstrakte is gebruik as gevolg van die be-
hoefte aan 'n verwysingstoestandmodel. Validasie is uitgevoer met behulp van
'n HPLC-analise van glikolitiese tussenprodukte en medefaktore. Die valider-
ing was gedeeltelik suksesvol met glukoseverbruik en verskeie glikolitiese in-
termediêre dinamika wat goed beskryf is. Laktaatproduksie is in die model
onderskat as gevolg van die hoë G3PDH-aktiwiteit in selekstrakte, wat veroor-
saak het dat 'n beduidende fraksie van die glukose via die gliserolvertakking
omgeskakel is, wat nie in dieselfde mate in die HPLC-analise gesien is nie.
Aangesien dit die eerste model in sy soort is wat vir adiposiete vervaardig is,
het dit die basis gelê vir verdere modellering van metabolisme van adiposiete
glukose om die diabetiese toestand in vetweefsel beter te verstaan.
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Chapter 1

General Introduction

Diabetes mellitus is a metabolic disease, often dubbed a "lifestyle" disease. Di-
abetes has already reached global epidemic proportions, not being limited to
countries synonymous with obesity, the primary cause of diabetes. As of 2017,
diabetes a�ected 425 million adults worldwide which is projected to increase
to 629 million adults by 2045.1 Type II diabetes accounts for over 90% of all
diabetes cases.2,3 It is for this reason that this project focuses on type II dia-
betes. Primarily, type II diabetes is closely related to obesity, as well as poor
lifestyle choices and genetics.4 The primary method to lower the occurrence of
type II diabetes would be with diet education and lifestyle changes. However,
this is not likely to be successful in reality due to a combination of globally
available cheap high-carbohydrate foods, the high cost of healthy living, and
the lack of emphasis placed on health in society. Understanding the molecular
mechanisms of diabetes and treating the disease can assist us in solving this
global epidemic.

Type II diabetes is characterised by high blood glucose levels and an inability
to process glucose properly due to an increase in insulin resistance.11 Myocytes
and adipocytes that make up muscle and adipose tissue respectively, are re-
sponsible for the bulk of glucose consumption.96 To understand diabetes would
be to understand the three mechanisms that control glucose consumption in
both myocytes and adipocytes: insulin signalling, glucose uptake, and glycol-
ysis. This project focuses on glycolysis in adipocytes.

Adipose tissue plays a critical role in whole-body glucose and energy home-
ostasis although consuming less than 10% of the total glucose taken up by
an individual.5 In adipocytes, glycolysis is responsible for energy production
as well as producing the intermediates used in triacylglycerol synthesis.14

Adipocyte glucose uptake is primarily achieved through GLUT4, an insulin
dependent glucose transporter.13 A reduction in insulin sensitivity results in a
reduction of GLUT4 translocation to the cell membrane. This in turn lowers
glucose availability for glycolysis and impairs the functioning of the adipose
tissue.

1
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CHAPTER 1. GENERAL INTRODUCTION 2

Adipose tissue is not only a�ected by the insulin resistance caused by diabetes
and plays a role in the development of diabetes through the production of
excess triacylglycerols. These fat molecules cause the swelling of adipocytes
and the subsequent leaking of triacylglycerols into the blood stream which aids
in the development of diabetes due to the e�ect triacylglycerols have on other
tissues such as muscle.97 The swelling of adipocytes also allows for macrophage
in�ltration, leading to cytokine production.98 These cytokines enter the blood
stream and aid in the development of diabetes by a�ecting a variety of tis-
sues. As the production of triacylglycerol is directly controlled by glycolysis,
it would seem evident that glycolysis plays a larger part in the development
of diabetes than has been previously assumed.

Kinetic modelling proves a useful tool for characterising and describing metabolic
processes such as glycolysis. Systemic behaviour can be described as well as
the control that each enzyme in glycolysis has over properties of the system as
a whole. Currently, there exist many detailed models of muscle metabolism,
with the most extensive model including components from glycolysis, the cit-
ric acid cycle, glycogen synthesis and utilisation, lipogenesis, and lipolysis.99

In terms of glycolysis, the most extensive mammalian glycolytic model that
currently exists is also for muscle metabolism.105 However, the same extensive
models do not exist for adipose tissue metabolism. Currently, the majority of
models include components for glucose consumption and lactate production
while being heavily focused on triacylglycerol synthesis pathways. The most
extensive adipose tissue glycolytic model created is a whole-body model that
includes compartments for human brain, muscle, and adipose tissue.100 This
model attempts to model the human body's response to glucose. However,
in terms of overlap with this project, the model does not characterise the en-
tire glycolytic pathway in adipose tissue and is only able to correctly simulate
physiological trends of experimental data.

For the purpose of constructing a model for glycolysis in adipocytes for the
eventual treatment of diabetes mellitus, it would be ideal to construct a dia-
betic whole-cell model for human adipocytes but a few considerations need to
be taken. First, there exists a lack of kinetic models that characterise the en-
tirety of normal glycolysis in whole-cell adipocytes or adipocyte cell extracts
let alone those describing diabetic states. Second, the availability of mouse
adipocytes (3T3-L1 adipocytes) for laboratory experimentation is far greater
than human adipocytes. For the amount of data needed to construct a gly-
colytic model and for the scope of the project, adipocyte availability plays a
crucial role. It is for these reasons that the construction and subsequent vali-
dation of a kinetic model for glycolysis in 3T3-L1 cell free extracts was chosen
to form the foundation of the metabolic modelling of adipocytes and further,
diabetic adipocytes. This is the basis for the research question of this project:
Can glycolysis in 3T3-L1 adipocytes be described on the basis of individual
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CHAPTER 1. GENERAL INTRODUCTION 3

glycolytic enzyme kinetics? The aims and objectives desiged to address this
question are as follows:

1. Culturing of mature 3T3-L1 adipocytes

a) Di�erentiation protocol optimisation of pre-adipocytes into mature
adipocytes

b) Harvesting and lysate preparation protocol optimisation

2. Determination of glycolytic enzyme kinetic parameters

a) Perform enzyme-linked assays for each glycolytic enzyme

b) Acquire kinetic parameters for each enzyme by performing non-
linear model �ts on enzyme assay data sets

3. Model construction and validation

a) Using derived rates equations and kinetic parameters, create an
ODE-based model for glycolysis in 3T3-L1 adipocyte cell extracts

b) Perform HPLC analysis on cell extracts to acquire time course data
for glycolytic intermediates and co-factors upon the injection of
glucose

c) Perform model validation by comparing simulation results to HPLC
data

This thesis is broken down into �ve chapters with this chapter serving to
provide motivation for the research question and the steps taken to address
it. Chapter two serves to address all relevant literature for the molecular
description of diabetes mellitus, the link between adipocytes and diabetes,
the di�erent types of adipose tissue, glycolysis, triacylglycerol synthesis, and
the existing models for adipose tissue metabolism. Chapter three describes
methods and materials used to achieve each aim and objective. Chapter four
covers the results and discussion that address the research question. Chapter
�ve is a general discussion and conclusion of the project's importance with
regard to the �ght against diabetes mellitus.
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Chapter 2

Literature Review

2.1 Introduction

Diabetes was �rst described three and a half millennia ago.9 In 400-500 AD
diabetes was separated into type 1 and type 2 diabetes. Type 2 diabetes at
this time was already prevalent mostly in overweight individuals.9 In the 1700s,
diabetes mellitus was �rst mentioned to separate it from diabetes insipidus,
a condition characterized by excessive urination. It was only in 1921, when
insulin was discovered, that an e�ective treatment was developed for diabetes
mellitus.9 With such a long history, it is of great concern that year on year,
the prevalence of diabetes mellitus is increasing. Globally, there were 30 mil-
lion diabetes cases in 1985, 135 million in 1995, 217 million in 2005, and 425
million in 2017.1,10 This increase would be more dramatic if it were not for
readily available information on diet, exercise, and general healthy living. To
more e�ectively treat diabetes mellitus, the inner processes of tissues a�ected
by diabetes need to be better understood.

Diabetes mellitus is characterized by high blood glucose and insulin resistance.
11 Insulin resistance refers to insulin receptors losing sensitivity to insulin. This
in turn inhibits the insulin signalling pathway. The cascade that begins with
insulin binding to the insulin receptor ends with the translocation of GLUT4,
a glucose transporter, to the membrane of the tissue in which the insulin sig-
nalling pathway is present.12 As GLUT4 is the only glucose transporter a�ected
by insulin in this manner, it is a focus in the research into diabetes melli-
tus. GLUT4 is primarily found in adipose tissue, skeletal muscle, and cardiac
muscle.13 The insulin signalling cascade as well as glucose uptake by GLUT4
are of great importance in understanding the mechanics by which diabetes mel-
litus elicits its e�ects. Glucose that enters the cell via GLUT4 is utilized by
the cytosolic process, glycolysis. Just like the two processes of signalling and
transport, the intrinsic mechanisms of glycolysis could point to a multitude of
solutions to diabetes. This is even more evident when it comes to adipose tissue
as the metabolism of glucose via glycolysis in adipocytes leads to lipogenesis,

4
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CHAPTER 2. LITERATURE REVIEW 5

the biosynthesis of triacylglycerols, that are stored within adipocytes.14 When
glucose is in excess, triacylglycerol synthesis is an always active process.15 This
leads to the accumulation of triacylglycerols within adipocytes. It is this ac-
cumulation that plays a critical role in the development of diabetes, a�ecting
adipose tissue and many other tissues.

The accumulation of triacylglycerols leads to the leaking of free fatty acids
from adipose tissue into surrounding tissues and the bloodstream.104 Free fatty
acids are able to interfere with other tissue functioning. This is mainly seen
in muscle as free fatty acids severely interfere with several kinases important
to the insulin signalling pathway as well as insulin receptor substrates. This
directly increases insulin sensitivity of muscle. Free fatty acids also activate
nuclear factor-kappa B in muscle, leading to the release of proin�ammatory
cytokines.104 In addition, excessive triacylglycerol synthesis leads to an increase
in adipocytokine release by adipocytes.102 Of these adipocytokines, tumour
necrosis factor alpha, interleukin 6, and monocyte chemoattractant protein-1
promote macrophage in�ltration into adipose tissue. Macrophage content of
obese adipose tissue can be as high as 50% while in lean adipose tissue it is
5%.102 This disruption in macrophage content leads to further production of
tumour necrosis factor alpha and interleukin 6 as well as other proin�amma-
tory cytokines such as interleukin 1 beta resulting in a state of chronic low-
grade in�ammation.102 This in�ammation is a body-wide e�ect that displays
the danger of adipose tissue dysfunction. Adipose tissue not only a�ects other
tissues in its dysfunction but in its healthy functioning as well. Adipose tissue
serves as an endocrine organ not only when dysfunctional. Key adipokines
are produced by adipose tissue that have far reaching e�ects on other tissue.
The link between muscle and adipose tissue is the most noticeable. Leptin,
an adipokine synonymous with weight control, simulates muscle fatty acid
oxidation.103 This is achieved through the activation of AMP-activated pro-
tein kinase. Adiponectin is another adipokine that elicits the same e�ect in
muscle as leptin.103

Depending on the function and morphology, adipose tissue can be categorized
into white, brown or beige.16 White adipose tissue (WAT) is responsible for
the synthesis and storage of triacylglycerols.14 Brown adipose tissue (BAT),
through the synthesis and subsequent degradation of triacylglycerols, is re-
sponsible for the e�cient production and distribution of heat.17 Beige adipose
tissue is found within pockets of WAT and serves the same purpose as BAT.
WAT can be converted into beige adipose tissue via the process of browning.16

As the functions suggest, it is speci�cally the accumulation of triacylglycerols
in WAT that is involved in the development of diabetes.18
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CHAPTER 2. LITERATURE REVIEW 6

2.2 Glycolysis

Glycolysis is a cytosolic process responsible for the breakdown of glucose into
pyruvate, producing a net gain of two ATP, two NADH, and two pyruvate
molecules for each molecule of glucose consumed. Nearly all living organisms
carry out glycolysis but certain tissues take up more glucose than others, lead-
ing to tissues such as muscle playing a seemingly more important role in glucose
homeostasis.101 Glycolysis, while supplying energy to the cell, is critical in sup-
plying branch pathways with metabolites such as glucose-6-phosphate for the
pentose phosphate pathway as well as glycogen synthesis in muscle. Pyruvate,
the end product of glycolysis, is utilized in the citric acid cycle.19 Lactate, pro-
duced from pyruvate by lactate dehydrogenase, is utilized in many other tissues
as fuel.20 Arguably the most important branch pathway for adipose tissue is the
glycerol pathway in which dihydroxyacetone phosphate (DHAP) is converted
into glycerol 3-phosphate (G3P) to be used in triacylglycerol synthesis.14 An
overview of the glycolytic pathway is shown in Fig 2.1.
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Figure 2.1: The classic glycolytic pathway within 3T3-L1 adipocytes. Metabo-
lites are in bold with enzymes in italics. The acronyms are as follows: hex-
okinase (HK), phosphoglucoisomerase (PGI), phosphofructokinase (PFK), al-
dolase (ALD), triosephosphate isomerase (TPI), glycerol 3-phosphate dehy-
drogenase (G3PDH), glyceraldehyde 3- Phosphate Dehydrogenase (GAPDH),
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CHAPTER 2. LITERATURE REVIEW 8

phosphoglycerate kinase (PGK), phosphoglycerate mutase (PGM) , enolase
(ENO), pyruvate kinase (PK), lactate dehydrogenase (LDH), adenosine triphos-
phate (ATP), adenosine diphosphate (ADP), adenosine monophosphate (AMP),
nicotinamide adenine dinucleotide (NAD), and nicotinamide adenine dinu-
cleotide hydride (NADH).

What follows is a review of the literature on each glycolytic enzyme. An
overview is provided followed by any pertinent information on the enzymes in
adipose tissue. The e�ects of obesity and insulin on each glycolytic enzyme
are highlighted as this makes up the bulk of glycolytic enzyme data in adipose
tissue.

2.2.1 Hexokinase

Hexokinase (HK), the �rst enzyme of glycolysis, catalyses the conversion of
glucose and ATP to glucose 6-phosphate (G6P) and ADP. There are four HK
isoforms with hexokinase 2 (HK2) being highly expressed in adipose tissue.21

During di�erentiation of adipocytes, HK2 expression levels are increased sev-
enfold followed by a decrease in expression thereafter, showing a clear corre-
lation between triacylglycerol formation and hexokinase expression.22 Glucose
concentration and HK2 expression levels are inversely proportional with high
glucose concentrations (30 mM) causing a threefold decrease in HK2 expression
levels.23 HK2 expression levels are also a�ected by changes in temperature. In
mouse inguinal brown adipose tissue and inguinal white adipose tissue, HK2
gene expression in cold conditions (4◦C) sees a twofold increase.21

2.2.2 Phosphoglucoisomerase

Phosphoglucoisomerase (PGI) catalyses the reversible conversion of G6P to
fructose 6-phosphate (F6P). PGI is found both in the cytoplasm and outside
the cell. In the cytoplasm PGI is involved in glycolysis, gluconeogenesis and
the pentose phosphate pathway.24 In kidneys, heart, brain and muscle, PGI
mimics the function of neuroleukin, a neurotrophic factor found outside the
cell, due to PGI and neuroleukin being almost identical.25,26 When elevated,
serum PGI serves as a biomarker for many types of cancer27 as tumour cells
secrete PGI. This has led to research into PGI as a drug target.28

2.2.3 Phosphofructokinase

There are two classes of phosphofructokinase (PFK), PFK1 and PFK2. PFK1
catalyses the conversion of F6P and ATP to fructose 1,6-bisphosphate (F1,6BP)
and ADP. PFK2 catalyses the conversion of F6P and ATP to fructose 2,6-
bisphosphate (F2,6BP) and ADP. PFK1 is a tetramer with each subunit having
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CHAPTER 2. LITERATURE REVIEW 9

a muscle (M), liver (L), or platelet (P) form.29 The composition of the enzyme
produces many isozymes such as M4 exclusively found in muscle tissue, and
L4 exclusively found in liver tissue. Erythrocytes have several isozymes com-
prised of M and L subunits as well as L4 and M4. Platelets and �broblast
PFK1 isozymes primarily have P subunits while brain tissue has a combina-
tion of P, L, and M subunits.29 Adipose tissue has been found to have L and
P subunits.22

In adipose tissue, PFK1 expression levels, similarly to HK, are a�ected by
temperature. During cold exposure (4◦C), expression levels of PFK1 L and
P subunits are upregulated threefold in brown adipose tissue with the for-
mer also being upregulated twofold in white adipose tissue.22 PFK1 in adipose
tissue has been shown to be inhibited by ATP and activated by F2,6BP.30

The phosphorylation of PFK1 in white and brown adipose tissue by cyclic
AMP-dependent protein kinase has been found to activate the enzyme. This
is achieved by decreasing the inhibitory e�ect of ATP and lowering the a�nity
of PFK1 for F2,6BP.30

2.2.4 Aldolase

Aldolase catalyses the reversible cleavage of F1,6BP to DHAP and glycer-
aldehyde 3-phosphate (GAP). There are three aldolase isozymes.31 Aldolase
A is predominately expressed in embryos and muscle but is ubiquitously ex-
pressed in most tissues.31,32 It serves to catalyse the above reversible reaction.
Other functions of aldolase A include, but are not limited to, regulation of
cell proliferation33 and modulation of cell morphology.34 Aldolase B is pre-
dominantly expressed in the liver.31 It is able to catalyse the same reaction of
aldolase A but can also catalyse the conversion of fructose 1-phosphate (F1P)
to glyceraldehyde (GA) and DHAP.35 Aldolase B is the only aldolase isozyme
that does not show a preference between F1P and F1,6BP while aldolase A and
C more readily metabolise F1,6BP.35 Aldolase C is predominately expressed in
the brain. Its primary function is that of aldolase A while also being involved
in the functioning of the central nervous system.36

In adipose tissue, aldolase A mRNA expression and protein levels are upreg-
ulated by high insulin concentrations (100 nM) but are una�ected by high
glucose concentrations (25 mM).37 Aldolase B is mRNA expression and pro-
tein levels are downregulated by high insulin concentrations as well as high
glucose concentrations.37 In mice, aldolase B mRNA expression levels are up-
regulated in obese specimens compared to lean mice and even further upreg-
ulation is seen for diabetic mice.38 Obesity and diabetes do not signi�cantly
a�ect mRNA expression levels of aldolase A.38
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2.2.5 Triosephosphate isomerase

Triosephosphate isomerase (TPI) catalyses the reversible conversion of DHAP
to GAP. The reaction heavily favours DHAP formation in a 20:1 ratio.39 In
most cells this is avoided by the constant consumption of GAP by lower gly-
colysis, resulting in the majority of carbon �owing through glycolysis towards
pyruvate formation. From this, the typical ratio of two lactate molecules pro-
duced for each glucose molecule consumed can be seen. In adipose tissue this
has been shown to not be the case with the ratio being closer to 1:1 for glu-
cose:lactate due to the upregulation of glycerol 3-phosphate formation from
DHAP.23 TPI has many moonlighting functions. It serves as a marker in sev-
eral cancers40 and may function as both a virulence factor41 and an allergen.42

TPI has also been found to play a role in neurodegenerative diseases such as
Alzheimer's disease.43

2.2.6 Glyceraldehyde 3-Phosphate Dehydrogenase

Glyceraldehyde 3-Phosphate Dehydrogenase (GAPDH) catalyses the conver-
sion of GAP and NAD+ to 1,3-bisphosphoglycerate (1,3BPG) and NADH. Five
GAPDH isoforms exist.44 It is hypothesised that four of these isoforms are a
result of post-translational modi�cation of cytosolic GAPDH.45 More speci�-
cally, these isoforms arise through nuclear translocation. Once localised to the
nucleus they perform several functions including apoptosis, tRNA transport,
and DNA replication and repair.45 Cytosolic GAPDH is one of the least ac-
tive enzymes within glycolysis.46 In adipose tissue, the activity of GAPDH in
catalysing the above reaction is upregulated by obesity.47

2.2.7 Phosphoglycerate kinase

Phosphoglycerate kinase (PGK) catalyses the conversion of 1,3BPG and ADP
to 3-phosphoglyceric acid (3PG) and ATP. In humans, two isoforms of PGK
exist. PGK1 is found in all somatic cells48 while PGK2 is found in sperm
cells only.49 Other than glycolysis, PGK1 is involved in DNA replication and
repair.50 PGK2 is involved in fertility and sperm mobility.51 In adipose tissue,
it was found that obesity in human subjects downregulates the activity of
PGK.52

2.2.8 Phosphoglycerate mutase

Phosphoglycerate mutase (PGM) catalyses the conversion of 3PG to 2-phospho-
glyceric acid (2PG). There are two classes of PGM: the cofactor-independent
iPGM, found in all plants and the cofactor-dependent dPGM found in all
vertebrates.53 dPGM is a dimer and exists as one of three isozymes, resulting
from each of its subunits having either a brain-type (b-type) or muscle-type
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CHAPTER 2. LITERATURE REVIEW 11

(m-type) form. All tissues contain the three isozymes but the distribution
in speci�c muscle tissues is di�erent. A PGM enzyme with two m-type sub-
units (mm) is primarily found in smooth muscle. An m-type and a b-type
combination (mb) is found primarily in skeletal and cardiac muscle. A two
b-type PGM (bb) is primarily found in all other tissues.54 This is evident as
bb PGM is the predominant isozyme in white mouse adipose tissue.55 In obese
(ob/ob) mice, m-type subunits are expressed in subcutaneous adipose tissue
but not in visceral adipose tissue.56 In human patients with cardiovascular dis-
ease, chronic insulin treatment increases the post-translational modi�cations
of PGM in mesenchymal cells in epicardial adipose tissue.57

2.2.9 Enolase

Enolase catalyses the conversion of 2PG to phosphoenolpyruvic acid (PEP).
Enolase is a dimer and exists as one of �ve isozymes, resulting from each of
its subunits having an α, β, or γ form. All possible homodimer combinations
are predominantly expressed in humans.58 αα enolase is primarily expressed in
adipose, kidney, spleen, brain and liver tissue. ββ enolase is almost exclusively
expressed in muscle tissue. γγ enolase is primarily expressed in neural tissue58

as well as having higher levels in adipose tissue as compared with other pe-
ripheral tissues.59 Of the non-prominent isozymes, αβ enolase is expressed in
muscle.60 αγ enolase only exists as an intermediate in neural tissue when an αα
enolase switches to a γγ enolase during neural tissue development in primate
and rats.61 Evidence of the existence of βγ enolase has yet to be found.62

In human adipose tissue, αα enolase is expressed more in omental fat than
in subcutaneous fat with obesity within omental fat not playing a role in αα
enolase expression.63 In rat white adipose tissue, female specimens have been
shown to have higher expression levels of ββ enolase as compared with males.64

This is true for obese and non-obese specimens. Obesity in male rats upreg-
ulates white adipose tissue ββ enolase while female white adipose tissue ββ
enolase expression is una�ected by obesity.64

2.2.10 Pyruvate kinase

Pyruvate kinase (PK) catalyses the conversion of PEP and ADP to pyruvate
and ATP. In vertebrates, four isozymes of PK exist: L, R, M1, and M2.65 L is
primarily expressed in the liver. R is primarily expressed in erythrocytes. M1
is primarily expressed in brain and muscle. M2 is primarily expressed in most
other tissues including adipose tissue.65 M1 PK only exists in a tetramer form
while M2 PK is able to exist as either a dimer or tetramer. The dimer form has
a low a�nity for PEP while the tetramer form has a high a�nity for PEP.66

M2 is the only PK isozyme that is allosterically regulated by F1,6BP.67 In
several cancer cell lines, a high insulin concentration (100 nM) has been found
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to upregulate the expression of M2 PK twofold. High insulin concentrations
inhibit activity of M2 PK in the same cell lines.68

In 3T3-L1 adipocytes, a M2 PK de�ciency leads to improved di�erentiation
of pre-adipocytes. The same de�ciency in white adipose tissue has also been
found to increase uncoupling Protein 1 (UCP1) expression and mitochondria
biogenesis suggesting a link to adipose tissue browning.69 In rat epididymal
adipose tissue, treatment with glucose (4.5 mM) or insulin (0.056 nM) does
not a�ect M2 PK activity while a combination of the two enhances M2 PK
activity. A combination of glucose, insulin, and glutamine (4.4 mM) increase
M2 PK activity threefold.70

2.2.11 Lactate dehydrogenase

Lactate dehydrogenase (LDH) catalyses the conversion of pyruvate and NADH
to lactate and NAD+. LDH is a tetramer and exists as one of �ve isozymes,
resulting from each of its subunits having an H or M form.71 LDH1 (4H) is
primarily found in the heart and brain tissue as well as in erythrocytes. LDH2
(3H1M) is primarily found in serum. LDH3 (2H2M) is primarily found in lung
tissue. LDH4 (1H3M) is primarily found in the pancreas, kidney, and placenta.
LDH5 (4M) is primarily found in straited muscle tissue and liver tissue.71

In rat epididymal adipose tissue, all �ve isozymes are expressed.72 Rats on a
fasting diet show an increase in LDH1 and LDH2 activity while a decrease
is seen in LDH3, LDH4, and LDH5 activity. The same outcome is found in
diabetic rats.72 Exposure to insulin (2 units/ml) for two days, increases the
percentage of LDH5 as a total of LDH content within the epididymal adipose
tissue of diabetic rats while decreasing that of LDH 1-4. Insulin does not have
a signi�cant e�ect on LDH isozyme composition in non-diabetic rats.72

2.3 Triacylglycerol synthesis

Triacylglycerol synthesis within adipocytes requires two metabolites: G3P and
fatty acids. The origin of these metabolites for use in triacylglycerol synthesis
varies depending on the availability of glucose and lipoproteins. During periods
of glucose abundance, G3P is produced by glycerol 3-phosphate dehydrogenase
(G3PDH) using DHAP as substrate. During periods of fasting or starvation,
G3P is sourced from the degradation of triacylglycerols, a process known as
lipolysis.73 This process utilizes adipose triglyceride lipase (ATGL) to convert
triacylglycerols to 1,2-diacylglycerol or 2,3-diacylglycerol while freeing a fatty
acid molecule.74 Hormone-sensitive lipase (HSL) converts these two metabo-
lites to 2-monoacylglycerol while freeing up a fatty acid molecule.75 Monoacyl-
glycerol lipase (MGL) converts this metabolite to glycerol while freeing up a
fatty acid molecule.76 Finally, glycerol is converted into G3P by glycerol kinase
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(GK).77

Fatty acids, as is seen above, can be generated from lipolysis as the degradation
of triacylglycerols frees three fatty acid molecules. For the purposes of lipo-
genesis, fatty acids have two sources: the citric acid cycle and lipoproteins.78

As shown in Fig 2.2, the former source begins with the conversion of pyruvate
to acetyl coenzyme A (acetyl-CoA) by three enzymes that form the pyruvate
dehydrogenase complex (PDC).79 Through the oxidation of acetyl-CoA, the
citric acid cycle is able to convert oxaloacetate to citrate using citrate syn-
thase (CS).80 The citric acid cycle through eight reactions is able to produce
two carbon dioxide molecules, one GTP/ATP, and reduced forms of NADH
and FADH2 as well as regenerating oxaloacetate.19 However, when fatty acids
need to be synthesised, citrate can be transported out of the mitochondria by
the citrate transporter.81 It is then converted to acetyl-CoA by citrate lyase
(CL). Acetyl-CoA is converted to malonyl-CoA by acetyl-CoA carboxylase
(ACC). Finally, the multi-enzyme complex, fatty acid synthase (FAS) con-
verts malonyl-CoA to the 16-carbon fatty acid, palmitic acid.82 This fatty acid
can undergo several modi�cations to form longer fatty acids.83 For the syn-
thesis of fatty acids shorter than a 16-carbon chain, the multi-reaction process
that produces palmitic acid is terminated early.84 The other source of fatty
acids, lipoproteins, are found outside of the adipocyte cell in very low-density
lipoproteins, formed in the liver, and chylomicrons, formed in the endoplas-
mic reticulum.85 These lipoproteins contain triacylglycerols which can be hy-
drolysed by lipoprotein lipase to two fatty acids and one monoacylglycerol
molecule.85 The fatty acids can be transported into the cell by a membrane-
associated fatty acid-binding protein such as albumin.86,87

With both G3P and fatty acid synthesised, triacylglycerols are synthesised by
a four-step process. First, G3P and one fatty acid molecule are converted
into lysophosphatidic acid by glycerol-3-phosphate acyltransferase (GPAT).88

Second, lysophosphatidic acid and one fatty acid molecule are converted into
phosphatidic acid by acylglycerophosphate acyltransferase (AGPAT).88 Third,
phosphatidic acid is converted into 1,2-diacylglycerol by phosphatidate phos-
phatase (PAP).89 Fourth and inverse from the �rst step of lipolysis, 1,2-
diacylglycerol and one fatty acid molecule are converted into triacylglycerols
by diglyceride acyltransferase (DGAT).90
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Figure 2.2: Lipogenesis, lipolysis, and fatty acid synthesis in adipose tissue.
Metabolites are in bold with enzymes in italics. Dashed arrows represent clus-
ters of enzymes. The acronyms are as follows: aldolase (ALD), triosephosphate
isomerase (TPI), glycerol 3-phosphate dehydrogenase (G3PDH), glycerol-3-
phosphate acyltransferase (GPAT), acylglycerophosphate acyltransferase (AG-
PAT), phosphatidate phosphatase (PAP), diglyceride acyltransferase (DGAT),
glycerol kinase (GK), monoacylglycerol lipase (MGL), hormone-sensitive li-
pase (HSL), adipose triglyceride lipase (ATGL), lactate dehydrogenase (LDH),
pyruvate dehydrogenase complex (PDC), citrate synthase (CS), citrate lyase
(CL), acetyl-CoA carboxylase (ACC), fatty acid synthase (FAS).

2.3.1 Glycerol-3-phosphate dehydrogenase

Glycerol 3-phosphate dehydrogenase (G3PDH) catalyses the conversion of
DHAP and NADH to G3P and NAD+. G3PDH has two isoforms, G3PDH-C
found in the cytoplasm and G3PDH-M found in the mitochondria. The former
catalyses the above reaction and thus is utilised in glycolysis and lipogenesis91

while the latter catalyses the conversion of G3P to DHAP. G3PDH-M is also
involved in the electron transport chain.92 Before the isozymes were discov-
ered, G3PDH was isolated and characterised in human white adipose tissue.93

The kinetic parameters obtained represent G3PDH-C as the study was focused
on linking glycolysis to triacylglycerol synthesis. It has also been found that
in human subcutaneous adipose tissue, G3PDH-C mRNA expression levels
and G3PDH-C activity is increased in obese individuals.94,95 This increase in
G3PDH-C expression levels is proportional to an increase in fatty acid translo-
case mRNA expression levels.95
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2.4 Systems Biology

Biological processes no matter how complex, always form part of greater sys-
tems. These systems range from simple transport of molecules around the
body to complex signalling pathways responsible for a multitude of functions.
The cell is a system just as any tissue is a system. Systems biology can be de-
scribed as the approach to studying the functioning of systems through the use
of mathematical modelling. Models are used to describe systemic behaviour
based on the individual components that comprise them.

Metabolic studies have progressed greatly since the advent of systems biol-
ogy. There are two approaches within systems biology to construct metabolic
models: top-down and bottom-up. Top-down modelling involves �tting mod-
els to system data such as metabolite pro�les and are generally applied to
larger systems, or to systems for which it is hard to characterise the individual
components.153 Bottom-up modelling is the opposite, using individual compo-
nents to describe the system. This approach is mechanistic in nature.153 A
clear example of bottom-up modelling is using the characterisation of individ-
ual enzymes to describe a system or pathway such as glycolysis which can be
further used to understand carbon metabolism within the cell.

Metabolism is an ideal �eld of study using systems biology as much basic in-
formation is already known; e.g. which reactions consume and produce which
metabolites as well as the stoichiometry of the reactions. If it is known which
reactions are catalysed by which enzymes, it is simple to set up ordinary dif-
ferential equations (ODEs) on the basis of enzyme kinetics. Substrate is con-
sumed and product is produced as a function of the rate of the enzyme that
catalyses the reaction. There are several prime examples of bottom-up mod-
elling of glycolysis in Saccharomyces cerevisiae133, Plasmodium falciparum143,
and Trypanosoma brucei.146

In adipocytes, in addition to glycolysis, lipid metabolism plays an important
role. Lipid metabolism is another ideal system to be studied with mathemat-
ical modelling. Although not as comprehensive as the glycolytic models men-
tioned previously, examples of models for yeast lipid metabolism147,148 as well
as triglyceride and free fatty acid metabolism in human white adipocytes149

have been created. Models for lipid metabolism disfunction have been created
as well. Three of these comprehensive models address lipid degradation and
disorders associated with it. These models describe the e�ect of substrate over-
load on mitochondrial fatty-acid beta-oxidation (mFAO) caused by substrate
competition in mouse hepatocytes. The �rst describes the �rst ever created
dynamic model for fatty acid β-oxidation.151 This model includes the basis of
substrate competition within mouse hepatocytes. The second describes the
e�ect of substrate competition on substrate overload leading to a decline in
�ux.150 The third investigated further into the mechanism of substrate overload
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and how it leads to a decline in �ux.152 mFAO disorders lead to life-threatening
metabolic conditions, and elucidating the biochemical mechanisms underlying
the disease is a good example of how powerful mathematical modelling of
biological systems is.

2.5 Modelling of glycolysis in adipocytes

To date, almost all kinetic models of adipose tissue metabolism investigate glu-
cose consumption, lactate production, and the triacylglycerol synthesis path-
way while giving little attention to the intermediary reactions of glycolysis.
Because of this, there is a lack of kinetic characterisation of glycolytic en-
zymes in adipose tissue.

There exists a model for glycogenolysis in skeletal muscle that characterises all
glycolytic enzymes with the exception of hexokinase as the carbon source, in
this model, is glycogen.105 Despite exclusively using parameters from literature
- sourced from rabbit, mouse, pig, chicken, rat, and human - this model is the
closest to a complete glycolytic model for any mammalian tissue. Other more
extensive metabolic models seem to ignore the majority of glycolytic enzymes
as glucose consumption and lactate production are the most important e�ects
of glycolysis. This can be seen in the most extensive metabolic model for
muscle metabolism containing components for glycolysis, the citric acid cycle,
glycogen synthesis and utilisation, lipogenesis, and lipolysis.99 In this model,
glycolysis is separated into several metabolic reaction �ux expressions: glucose
conversion to G6P, a lumping of all four reactions that convert G6P to GAP
and DHAP, GAP conversion to 1,3BPG, a lumping of all four reactions that
convert 1,3BPG to pyruvate, and �nally the conversion of pyruvate to lactate.
However, for the scope and size of the model, this level of characterisation of
glycolytic enzymes is all that is needed.

While models of muscle metabolism tend to focus on glycolysis in part, adi-
pose tissue metabolic models tend to focus on lipogenesis and lipolysis. These
models mostly include components for glycolysis as just a source of glycerol-
3-phosphate from glucose and aceytl-CoA from pyruvate.106 There is a whole-
body model, containing components for human brain, muscle, and adipose tis-
sue, that attempted to characterise the human body's response to glucose.100

The adipose tissue part of this model, like most others, was focused on lipo-
genesis and lipolysis but also characterised adipose tissue glycolysis in part.
Kinetic parameters for glycolytic enzymes were obtained from literature or op-
timised from clinical data. Model time course simulations of glucose, G6P, F6P,
pyruvate, lactate, and G3P as well as ATP and ADP were generated as well as
other non-glycolytic metabolites. While not simulating all metabolites of gly-
colysis, this model is quite extensive compared to most adipose tissue models
in terms of glycolysis. The trends observed were then validated with literature
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data and it was concluded that the simulated trends su�ciently match those of
the validation data set with hyperglycaemic conditions resulting in triacylglyc-
erol synthesis and hypoglycaemic conditions resulting in triacylglycerol break
down. While relatively extensive, this model is still far o� from the level of de-
tail needed to address the research question of this project. An adipose tissue
metabolic model similar in detail to the model for glycogenolysis in skeletal
muscle105 is needed with each glycolytic enzyme characterised in detail.
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Methods and Materials

3.1 Culturing of 3T3-L1 adipocytes

3T3-L1 pre-adipocytes (obtained from Tygerberg medical campus, South Africa)
were incubated with 5% carbon dioxide at 37◦C in 90% v/v 4.5 g/L Dul-
becco`s Modi�ed Eagle Medium (DMEM) supplemented to 0.44 mM glucose
(excluding glucose already present in DMEM) and 10% v/v newborn calf serum
(NBCS). This medium was refreshed every two days until 100% con�uence was
achieved. After reaching con�uence, the pre-adipocytes were incubated for an
additional two days.

The con�uent pre-adipocytes were di�erentiated into adipocytes in three stages.
Firstly, the culture was incubated for three days at 5% carbon dioxide at 37◦C
in 90% v/v 4.5 g/L DMEM supplemented to 0.44 mM glucose (excluding glu-
cose already present in DMEM), 10% v/v fetal bovine serum (FBS), 0.5 mM
IBMX, 1µM dexamethasone and 10 mg/l insulin. Secondly, the culture was
incubated for two days in the same conditions and in the same media as the
�rst stage but dexamethasone and IBMX were not included in the media.
Thirdly, the culture was incubated for �ve days in the same conditions and
the same media as the second stage but insulin was not included in the media.
The media in stage three was refreshed on the third day of the �ve-day period.

3.2 Culture Harvesting and Lysate Preparation

Before harvesting, cell cultures were serum starved in 4.5 g/L DMEM for 15
hours. Cells were then washed twice with 1X PBS to remove excess media
followed by the scraping of cells from the �ask or dish and suspension in assay
bu�er (0.1M Tris pH 7.0, 15mM NaCl, 0.14M KCl, 0.5mM CaCl2, and 5 mM
Phosphate). If the cells are stored, the suspension was supplemented to 0.25
mM PMSF. To lyse the harvested adipocytes, 1% v/v Triton X-100 was used.

18
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The cells were placed on ice for 30 minutes and vortexed every 10 minutes
for approximately 10 seconds. Equal parts hexane and lysate were mixed
thoroughly with a vortex. The mixture is centrifuged at 20817 rcf at 4◦C for
15 minutes. The aqueous layer containing all the glycolytic enzymes was then
removed and stored on ice.

3.3 Enzyme Characterisation

Characterisation of glycolytic enzymes was performed using NAD+/ NADH/
NADP+ linked enzymes assays. These assays, adapted from Teusink et al.133,
provide a speci�c activity for each enzymes as well as a�nities for substrates
and products. The assays were carried out in 96-well plates (Greiner bio-one
F-Bottom microtiter plate) at 37◦C and measured at 340 nm on a spectropho-
tometer (BioTek PowerWave 340 BMG Labtech SPECTROstarNano spectropho-
tometer). In all assays, the NAD+/ NADH/ NADP+ concentration was 0.8
mM with all linking enzymes at 5 U/ml. The concentration of magnesium was
always kept at double that of ATP or ADP to ensure ATP was primarily in its
active form. All glycolytic enzymes were characterised in either the forward or
reverse direction with the exception of PGI and LDH being characterised in
both. Which direction the enzyme was characterized in was dependent on the
feasibility of obtaining data sets for the direction as is the case for reactions
that have heaviliy favoured directions. G3PDH and AK, while not forming
part of glycolysis, were also characterised.

From the coupled assays, rates were obtained that represented the change in
absorbance as a function of time. In order to convert this to µmol.min−1.mg−1

which is utilised in the model two elements needed to be established: the pro-
tein concertation of the lysate used and the pathlength of the sample in the
well. Protein concentration was determined by means of a Bradford reaction
which establishes the relationship between absorbance and total protein con-
centration using the Beer-Lambert law. For the pathlength, an NADH calibra-
tion curve was created which established the relationship between absorbance
and concentration of substrate within the well. From the NADH calibration
curve, the extinction coe�cient of NADH and pathlength was determined for
the wells used in the assay.

3.3.1 Biological variance of enzyme characterisations

Each enzyme was characterised with a varying number of cell lysates depend-
ing on the number of data sets required. Each cell lysate was prepared from
a unique culture �ask that has 3T3-L1 adipocytes grown, di�erentiated and
harvested in isolation from other cultures. In this way each lysate was unique
with a di�erent protein concentration. In total, 17 cell lysates were used in the
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characterisation of all enzymes included in the model. The following are how
many lysates were used for each enzyme: hexokinase (2), phosphoglucoiso-
merase (2), phosphofructokinase (2), aldolase (1), triosephosphate isomerase
(1), glycerol 3-phosphate dehydrogenase (1), glyceraldehyde 3-phosphate De-
hydrogenase (1), phosphoglycerate kinase (3), enolase (1), pyruvate kinase (2),
lactate dehydrogenase (2), adenylate kinase (2). Three lysates were used to
test multiple enzymes in part: one for hexokinase and PGI, one for PGK and
PK, and one for enolase and PK.

3.3.2 Hexokinase

Hexokinase was characterised in the forward direction. The reaction was linked
to NADP+ reduction by G6PDH. Three data sets were obtained: varying glu-
cose as substrate (0-6 mM) at 4 mM ATP, varying ATP as substrate (0-20
mM) at 10 mM glucose, and varying AMP as inhibitor (0-20 mM) at 10 mM
glucose and 4 mM ATP. The �rst two data sets utilized the same lysate with
the third data set utilizing its own lysate.

3.3.3 Phosphoglucoisomerase

Phosphoglucoisomerase was characterised in both the forward and reverse di-
rection. The forward reaction was linked to NADH+ oxidation by G3PDH
utilizing PFK and ALD as linking enzymes and ATP at 4 mM. The reverse re-
action was linked to NADP+ reduction by G6PDH. One data set was obtained
for the forward reaction: varying G6P as substrate (0-20 mM) at 0 mM F6P.
One data set was obtained for the reverse reaction: varying F6P as substrate
(0-3.5 mM) at 0 mM G6P. Both data sets utilized di�erent lysates.

3.3.4 Phosphofructokinase

Phosphofructokinase was characterised in the forward direction. The reaction
was linked to NADH+ oxidation by G3PDH utilizing ALD as a linking en-
zyme. Two data sets were obtained: varying F6P as substrate (0-3.5 mM)
at 1.25 mM ATP, and varying ATP as substrate (0-4 mM) at 1.75 mM F6P.
Both data sets were obtained with the same lysate but this experiment was
repeated with an additional lysate. This still resulted in two data sets as the
repeat experiment was treated as a biological repeat.
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3.3.5 Aldolase

Aldolase was characterised in the forward direction. The reaction was linked
to NADH+ oxidation by G3PDH. One data set was obtained: varying F1,6BP
as substrate (0-8.5 mM).

3.3.6 Triosephosphate isomerase

Triosephosphate isomerase was characterised in the forward direction. The
reaction was linked to NADH+ oxidation by G3PDH. One data set was ob-
tained: varying GAP as substrate (0-10 mM).

3.3.7 Glyceraldehyde 3-phosphate dehydrogenase

Glyceraldehyde 3-phosphate dehydrogenase was characterised in the reverse
direction. Two data sets were obtained: varying 1,3BPG as substrate (0-
0.010582 mM) at 0.8 mM NADH, and varying NADH as substrate (0-0.8 mM)
at 0.010582 mM F6P. As 1,3BPG could not be added directly to the reac-
tion mixture, 3PG (0-20 mM) was converted to 1,3BPG using PGK and ATP
within the reaction mixture. The concentration of 1,3BPG was calculated from
the equilibrium constant of PGK (3200133)

3.3.8 Phosphoglycerate kinase

Phosphoglycerate kinase was characterised in the reverse direction. The re-
action was linked to NADH+ oxidation by GAPDH. Three data sets were
obtained: varying 3PG as substrate (0-20 mM) at 4 mM ATP, varying ATP
as substrate (0-60 mM) at 20 mM 3PG, and varying ADP as inhibitor (0-20
mM) at 20 mM glucose and 4 mM ATP. The �rst two data sets utilized the
same lysate with the third data set utilizing its own lysate.

3.3.9 Phosphoglycerate mutase

Three attempts were made to characterise phosphoglycerate mutase in the
forward direction. The reaction was linked to NADH+ oxidation by LDH uti-
lizing enolase and PK as linking enzymes. Three data sets were obtained:
all varied 3PG as substrate (0-20 mM, 0-80 mM, and 0-200 mM) at 4 mM
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ADP. None of the data sets were feasible. This is because the activity of PGM
was so low (or non-existent) that no distinguishable change in absorbance at
340 nm could be detected. Three di�erent lysates were used in these attempts.

3.3.10 Enolase

Enolase was characterised in the forward direction. The reaction was linked
to NADH+ oxidation by LDH utilizing PK as a linking enzyme. One data set
was obtained: varying 2PG as substrate (0-10 mM).

3.3.11 Pyruvate kinase

Pyruvate kinase was characterised in the forward direction. The reaction was
linked to NADH+ oxidation by LDH. Three data sets were obtained: varying
PEP as substrate (0-12.5 mM) at 4 mM ADP, varying ADP as substrate (0-6
mM) at 2.5 mM PEP, and varying ATP as inhibitor (0-50 mM) at 10 mM
PEP and 6 mM ADP. The �rst two data sets utilized the same lysate with the
third data set utilizing its own lysate.

3.3.12 Lactate dehydrogenase

Lactate dehydrogenase was characterised in both the forward and reverse direc-
tion. Two data sets were obtained for the forward reaction: varying pyruvate
as substrate (0-10 mM) at 0.8 mM NADH, and varying NADH as substrate
(0-0.8 mM) at 10 mM pyruvate. Two data sets was obtained for the reverse
reaction: varying lactate as substrate (0-250 mM) at 0.8 mM NAD+, and vary-
ing NAD+ as substrate (0-13 mM) at 250 mM lactate. The �rst two data sets
utilized the same lysate with the third and fourth data set utilizing the same
lysate.

3.3.13 Glycerol 3-phosphate dehydrogenase

Glycerol 3-phosphate dehydrogenase was characterised in the forward direc-
tion. Two data sets were obtained: varying DHAP as substrate (0-10 mM) at
0.8 mM NADH, and varying DHAP as substrate (0-10 mM) at 0.4 mM NADH.
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3.3.14 Adenylate kinase

Adenylate kinase was characterised in both the forward and reverse direction.
The forward reaction was linked to NADP+ reduction by G6PDH utilizing HK
as a linking enzyme. The reverse reaction was linked to NADH+ oxidation by
LDH utilizing PK as a linking enzyme. One data set was obtained for the
forward reaction: varying ADP as substrate (0-12 mM) at 0 mM ATP and 0
mM AMP. Two data sets were obtained for the reverse reaction: varying ATP
as substrate (0-4 mM) at 0 mM ADP and 5 mM AMP, and varying AMP as
substrate (0-5 mM) at 0 mM ADP and 4 mM ATP. The �rst data set utilized
its own lysate with the second and third data sets utilizing the same lysate.

3.4 Fitting rate equations

Twelve data arrays were created out of the combined data sets for each of the
12 enzymes characterised. Corresponding rate equations were �tted to the data
arrays using the NonlinearModelFit function in Wolfram Mathematica 11.2®.
The NonlinearModelFit provides best �t estimates for maximal activities and
Michaelis constants depending on what was included in the rate equation for
each enzyme.

3.5 Computational Modelling

The kinetic model, constructed in Wolfram Mathematica 11.2®, consists of
variables, initial values for variables, rate equations, kinetic parameters, and
ODEs that describe the rate of change in the variables (i.e. metabolites). The
ODEs were integrated using the NDSolve function. It is from the output of
this function that model time course plots are generated that can be overlaid
with experimental data for model validation. The ODEs utilized in model
construction were fully reversible and were used for all enzymes regardless of
whether they were characterised in a single direction or both. Equilibrium
constants and kinetic parameters were used from literature to achieve the
reversibility of the rate equations.

3.6 Glycolytic Intermediate and Co-Factor

HPLC Determinations

Co-factors and intermediates were quanti�ed using ion-pairing reverse phase
HPLC. The column used was a Phenomenex Luna (5µm) C-18 reverse phase
column. Separation was achieved using a 40 mM ion-pairing agent, tetrabutyl
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ammonium salt (TBA), dissolved in water at a pH of 7.4 (+-0.4). The mobile
phase used was 95% TBA solution + 5% acetonitrile with a gradient which is at
its highest point at 70% TBA Solution + 30% acetonitrile. A UV-vis detector
was used to detect co-factors at 254 nm. Intermediates in radiolabelled samples
were detected with a radio-labelled detector (LabLogic Beta-Ram model 5)
detecting the 14C-radio isotope. Protein concentration was determined by
means of a Bradford reaction.

Stellenbosch University  https://scholar.sun.ac.za



Chapter 4

Results

4.1 Kinetic characterization

With the end goal of constructing and validating a kinetic model for glycolysis
in 3T3-L1 adipocyte cell-free extracts, a bottom-up approach is used in which
each glycolytic enzyme is characterised and kinetic behaviour described using a
kinetic rate equation. From the characterisation of each enzyme, parameterised
rate equations are obtained which are combined in an ODE model. This model
is validated in its ability to predict system data sets.

4.1.1 Hexokinase

Hexokinase catalyses the conversion of glucose and ATP to G6P and ADP.
3T3-L1 adipocyte hexokinase was characterised in the forward direction using
glucose and ATP as substrate (Fig 4.1). The inhibitory e�ect of AMP on
the forward reaction was included in the characterization (Fig 4.1). The data
was �tted using an irreversible Michaelis-Menten equation (Eq. 4.1) which
describes the kinetics su�ciently well. The �tted parameters values are dis-
played in Table 4.1.

vHK =
VfHK

· ATP
KATP

· glc
Kglc

(1 + ATP
KATP

) · (1 + glc
Kglc

) · (1 + AMP
KiAMP

)
(4.1)
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Figure 4.1: Characterization of 3T3-L1 adipocyte hexokinase. HK converts
glucose and ATP to G6P and ADP. HK saturation curves using glucose (A) and
ATP (B) are shown as well as the inhibition of the forward reaction by AMP
(C). The points represent experimental data while the �tted lines represent the
result of �tting equation 4.1 to the entire dataset. This �tting provides the
parameter values presented in Table 4.1. The error bars represent standard
deviation with each data point measured in three technical repeats.
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Table 4.1: Kinetic parameters for 3T3-L1 adipocyte hexokinase. Kinetic
data for the forward reaction of hexokinase was �tted using equation 4.1.
The �tted parameters (± standard error) include maximal speci�c activity for
the forward reaction as well as binding constants of hexokinase for ATP and
glucose.

Parameter Fitted Value Literature Value Reference

VfHK
(µmol.min−1.mg−1) 0.0079± 0.00025 - -

Kglc (mM) 0.25± 0.045 0.3 107

KATP (mM) 0.20± 0.54 0.7 107

KiAMP
(mM) 14± 2.8 2.5 108

4.1.2 Phosphoglucoisomerase

Phosphoglucoisomerase catalyses the conversion of G6P to F6P. 3T3-L1 adipocyte
PGI was characterised in the forward and reverse direction using G6P and
F6P as substrate, respectively (Fig 4.2). The data was �tted using a reversible
Michaelis-Menten equation (Eq. 4.2) which describes the data well. The �tted
parameters values are displayed in Table 4.2.

vPGI =
VfPGI

· g6p
Kg6p

− VrPGI
· f6p
Kf6p

1 + g6p
Kg6p

+ f6p
Kf6p

(4.2)
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Figure 4.2: Characterization of 3T3-L1 adipocyte PGI. PGI converts G6P to
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F6P. PGI saturation curves using G6P (A) for the forward reaction and F6P
(B) for the reverse reaction are shown. The points represent experimental data
while the �tted lines represent the result of �tting equation 4.2 to the entire
dataset. This �tting provides the parameter values presented in Table 4.2.
The error bars represent standard deviation with each data point measured in
three technical repeats.

Using the Haldane equation (Eq. 4.3), an equilibrium constant for PGI was
calculated to be 0.52. This is higher than reported literature value of 0.33138

but the literature value falls within the error range of the experimentally de-
termined parameter values.

Keq =
Vf ·Kproduct

Vr ·Ksubstrate

(4.3)

Table 4.2: Kinetic parameters for 3T3-L1 adipocyte PGI. Kinetic data for
the forward and reverse reaction of PGI was �tted using equation 4.2. The
�tted parameters (± standard error) include maximal speci�c activity for the
forward and reverse reaction as well as binding constants of PGI for G6P and
F6P.

Parameter Fitted Value Literature Value Reference

VfPGI
(µmol.min−1.mg−1) 0.23± 0.011 - -

VrPGI
(µmol.min−1.mg−1) 0.056± 0.0098 - -

Kg6p (mM) 4.7± 0.63 0.48 109

Kf6p (mM) 0.59± 0.30 0.031 110

4.1.3 Phosphofructokinase

Phosphofructokinase catalyses the conversion of F6P and ATP to F1,6BP and
ADP. 3T3-L1 adipocyte PFK was characterised in the forward direction using
F6P and ATP as substrate (Fig 4.3). The data was �tted using an irreversible
Michaelis-Menten equation (Eq. 4.4) which describes the kinetics relatively
well. It was observed for PFK that there was a modest substrate inhibition for
ATP. This was included in the rate equation assuming binding of ATP at an
allosteric site with the same binding constant as for its binding at the active
site. Without this constraint on the binding constant the parameter was not
identi�able, so the binding constants were forced to be identical. The �tted
parameters values are displayed in Table 4.3.

Stellenbosch University  https://scholar.sun.ac.za



CHAPTER 4. RESULTS 29

vPFK =
VfPFK

· ATP
KATP

· f6p
Kf6p

(1 + ATP 2

KATP
2 ) · (1 + f6p

Kf6p
)

(4.4)
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Figure 4.3: Characterization of 3T3-L1 adipocyte PFK. PFK converts F6P
and ATP to F1,6BP and ADP. PFK saturation curves using F6P (A) and ATP
(B) are shown. The points represent experimental data while the �tted lines
represent the result of �tting equation 4.4 to the entire dataset. This �tting
provides the parameter values presented in Table 4.3. The error bars represent
standard deviation with each data point measured in two biological repeats.

Table 4.3: Kinetic parameters for 3T3-L1 adipocyte PFK. Kinetic data for
the forward reaction of PFK was �tted using equation 4.4. The �tted pa-
rameters (± standard error) include maximal speci�c activity for the forward
reaction as well as binding constants of PFK for ATP and F6P.

Parameter Fitted Value Literature Value Reference

VfPFK
(µmol.min−1.mg−1) 0.023± 0.0015 - -

Kf6p (mM) 0.43± 0.11 0.18 111

KATP (mM) 1.3± 0.12 0.08 111

4.1.4 Aldolase

Aldolase catalyses the conversion of F1,6BP to DHAP and GAP. 3T3-L1
adipocyte aldolase was characterised in the forward direction using F1,6BP as
substrate (Fig 4.4). The data was �tted using an irreversible Michaelis-Menten
equation (Eq. 4.5) which describes the kinetics well. The �tted parameters
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values are displayed in Table 4.4. Although aldolase does catalyse a reversible
reaction, due to limitations in the coupled enzyme assays it was not possible
to perform reversible kinetics for this characterisation. However, a reversible
rate equation (Eq. 4.17) is used for model construction using an equilibium
constant and binding constants from literature (see Table 4.13 and 4.14).

vALD =
VfALD

· f16bp
Kf16bp

1 + f16bp
Kf16bp

(4.5)
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0.000
0.005
0.010
0.015
0.020
0.025
0.030

F16BP (mM)

vA
L
D
(U

/m
g)

A

Figure 4.4: Characterization of 3T3-L1 adipocyte aldolase. Aldolase con-
verts F1,6BP to DHAP and GAP. An aldolase saturation curve using F1,6BP
(A) is shown. The points represent experimental data while the �tted lines
represent the result of �tting equation 4.5 to the entire dataset. This �tting
provides the parameter values presented in Table 4.4. The error bars represent
standard deviation with each data point measured in three technical repeats.

Table 4.4: Kinetic parameters for 3T3-L1 adipocyte aldolase. Kinetic data
for the forward reaction of aldolase was �tted using equation 4.5. The �tted
parameters (± standard error) include maximal speci�c activity for the for-
ward reaction as well as binding constants of aldolase for F1,6BP.

Parameter Fitted Value Literature Value Reference

VfALD
(µmol.min−1.mg−1) 0.032± 0.0017 - -

Kf16bp (mM) 0.37± 0.080 0.05 105
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4.1.5 Triosephosphate isomerase

Triosephosphate isomerase catalyses the conversion of DHAP to GAP. 3T3-L1
adipocyte TPI was characterised in the reverse direction using GAP as sub-
strate (Fig 4.5). GAP exhibits an inhibitory e�ect at concentrations greater
than 2.5 mM. The data was �tted using an irreversible Michaelis-Menten equa-
tion (Eq. 4.6) which describes the kinetics relatively well, although the �tting
requires more data sets. This can be seen in the high standard errors on kinetic
parameters displayed in Table 4.5. Although TPI does catalyse a reversible
reaction, due to limitations in the coupled enzyme assays it was not possible
to perform reversible kinetics for this characterisation. However, a reversible
rate equation (Eq. 4.18) is used for model construction using an equilibium
constant and binding constants from literature (see Table 4.13 and 4.14).

vTPI = −
VrTPI

· gap
Kgap

(1 + gap
Kgap

)
(4.6)

0 1 2 3 4 5

-0.08

-0.06

-0.04

-0.02

0.00

GAP (mM)

vT
P
I
(U

/m
g)

A

Figure 4.5: Characterization of 3T3-L1 adipocyte TPI. TPI converts DHAP
to GAP. A TPI saturation curve using GAP (A) is shown. The points rep-
resent experimental data while the �tted lines represent the result of �tting
equation 4.6 to the entire dataset. This �tting provides the parameter values
presented in Table 4.5. The error bars represent standard deviation with each
data point measured in three technical repeats.
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Table 4.5: Kinetic parameters for 3T3-L1 adipocyte TPI. Kinetic data
for the forward reaction of TPI was �tted using equation 4.6. The �tted pa-
rameters (± standard error) include maximal speci�c activity for the forward
reaction as well as binding constants of TPI for GAP.

Parameter Fitted Value Literature Value Reference

VrTPI
(µmol.min−1.mg−1) 0.10± 0.014 - -

Kgap (mM) 0.63± 0.29 0.47 112

4.1.6 Glyceraldehyde 3-Phosphate Dehydrogenase

Glyceraldehyde 3-Phosphate Dehydrogenase catalyses the conversion of GAP
and NAD+ to 1,3BPG and NADH. 3T3-L1 adipocyte GAPDH was charac-
terised in the reverse direction using 1,3BPG and NADH as substrates (Fig
4.6). 3PG was added to the assay with PGK to produce 1,3BPG. The con-
centration of 1,3BPG was calculated from the equilibrium constant of PGK
(3200133). The data was �tted using an irreversible Michaelis-Menten equa-
tion (Eq. 4.7) which describes the kinetics very well. The NADH saturation
curve has intrinsic experimental limitations due to NADH being the chro-
mogenic substrate in the assay. Half of the NADH concentrations used in the
saturation curve were too low to produce a change in absorbance at 340 nm
upon conversion to NAD+. This can be solved by repeating the assay varying
1,3BPG with varying concentrations of NADH. The �tted parameters values
are displayed in Table 4.6. Although GAPDH does catalyse a reversible re-
action, due to limitations in the coupled enzyme assays it was not possible
to perform reversible kinetics for this characterisation. However, a reversible
rate equation (Eq. 4.19) is used for model construction using an equilibium
constant and binding constants from literature (see Table 4.13 and 4.14).

vGAPDH = −
VrGAPDH

· bpg
K1,3bpg

· nadh
KNADH

(1 + bpg
K1,3bpg

) · (1 + nadh
KNADH

)
(4.7)
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Figure 4.6: Characterization of 3T3-L1 adipocyte GAPDH. GAPDH con-
verts GAP and NAD+ to 1,3BPG and NADH. GAPDH saturation curves
using 1,3BPG (A) and NADH (B) are shown. The points represent experi-
mental data while the �tted lines represent the result of �tting equation 4.7
to the entire dataset. This �tting provides the parameter values presented in
Table 4.6. The error bars represent standard deviation with each data point
measured in three technical repeats.

Table 4.6: Kinetic parameters for 3T3-L1 adipocyte GAPDH. Kinetic data
for the reverse reaction of GAPDH was �tted using equation 4.7. The �tted
parameters (± standard error) include maximal speci�c activity for the reverse
reaction as well as binding constants of GAPDH for 1,3BPG and NADH.

Parameter Fitted Value Literature Value Reference

VrGAPDH
(µmol.min−1.mg−1) 0.038± 0.0058 - -

K1,3bpg (mM) 0.0013± 0.00068 0.0008 113

KNADH (mM) 0.25± 0.083 0.0033 113

4.1.7 Phosphoglycerate kinase

Phosphoglycerate kinase catalyses the conversion of 1,3BPG and ADP to 3PG
and ATP. 3T3-L1 adipocyte PGK was characterised in the reverse direction
using 3PG and ATP as substrates (Fig 4.7). The inhibitory e�ect of ADP, as a
competitive inhibitor, on the reverse reaction was included in the characteriza-
tion (Fig 4.7). ATP exhibits an inhibitory e�ect at concentrations greater than
5 mM, which was not included in the rate equation as it is far above physiologi-
cal concentrations. The data was �tted using an irreversible Michaelis-Menten
equation (Eq. 4.8) which describes the kinetics well. The �tted parameters
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values are displayed in Table 4.7. Although PGK does catalyse a reversible
reaction, due to limitations in the coupled enzyme assays it was not possible
to perform reversible kinetics for this characterisation. However, a reversible
rate equation (Eq. 4.20) is used for model construction using an equilibium
constant and binding constants from literature (see Table 4.13 and 4.14).

vPGK = −
VrPGK

· 3pg
K3pg

· ATP
KATP

(1 + ATP
KATP

+ ADP
KADP

) · (1 + 3pg
K3pg

)
(4.8)
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Figure 4.7: Characterization of 3T3-L1 adipocyte PGK. PGK converts 1,3BPG
and ADP to 3PG and ATP. PGK saturation curves using 3PG (A) and ATP
(B) are shown as well as the inhibition of the reverse reaction by ADP (C).
High concentrations of ATP have a clear inhibitory e�ect on the reverse reac-
tion of PGK as well. The points represent experimental data while the �tted
lines represent the result of �tting equation 4.8 to the entire dataset. This
�tting provides the parameter values presented in Table 4.7. The error bars
represent standard deviation with each data point measured in three technical
repeats.

Table 4.7: Kinetic parameters for 3T3-L1 adipocyte PGK. Kinetic data for
the reverse reaction of PGK was �tted using equation 4.8. The �tted pa-
rameters (± standard error) include maximal speci�c activity for the reverse
reaction as well as binding constants of PGK for ATP and 3PG.

Parameter Fitted Value Literature Value Reference

VrPGK
(µmol.min−1.mg−1) 0.13± 0.0074 - -

K3pg (mM) 3.5± 0.60 1.37 114

KATP (mM) 0.80± 0.13 0.42 114

KADP (mM) 0.72± 0.13 0.05 124

4.1.8 Phosphoglycerate mutase

Phosphoglycerate mutase catalyses the conversion of 3PG to 2-phosphoglyceric
acid (2PG). 3T3-L1 adipocyte PGM could not be characterised as a reliable
data set could not be obtained. This is because the activity of PGM was so
low (or non-existent) that no distinguishable change in absorbance at 340 nm
could be detected. It is assumed the reaction is in equilibrium in the model.
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4.1.9 Enolase

Enolase catalyses the conversion of 2PG to PEP. 3T3-L1 adipocyte enolase
was characterised in the forward direction using 2PG as substrate (Fig 4.8).
2PG exhibits an inhibitory e�ect at concentrations greater than 1.00 mM.
The mechanism underlying this inhibition is not known so a non-competitive
mechanism is assumed with one 2PG molecule being able to bind to enolase
allosterically. The data was �tted using an irreversible Michaelis-Menten equa-
tion (Eq. 4.9) which describes the kinetics quite well. The �tted parameters
values are displayed in Table 4.8. Although enolase does catalyse a reversible
reaction, due to limitations in the coupled enzyme assays it was not possible
to perform reversible kinetics for this characterisation. However, a reversible
rate equation (Eq. 4.22) is used for model construction using an equilibium
constant and binding constants from literature (see Table 4.13 and 4.14).

vENO =
VfENO

· 2pg
K2pg

(1 + 2pg
K2pg

) · (1 + 2pg
Ki2pg

)
(4.9)
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Figure 4.8: Characterization of 3T3-L1 adipocyte enolase. Enolase converts
2PG to PEP. An enolase saturation curve using 2PG (A) is shown with high
concentrations 2PG having a clear inhibitory e�ect on the forward reaction of
enolase. The points represent experimental data while the �tted lines represent
the result of �tting equation 4.9 to the entire dataset. This �tting provides the
parameter values presented in Table 4.8. The error bars represent standard
deviation with each data point measured in three technical repeats.
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Table 4.8: Kinetic parameters for 3T3-L1 adipocyte enolase. Kinetic
data for the forward reaction of enolase was �tted using equation 4.9. The
�tted parameters (± standard error) include maximal speci�c activity for the
forward reaction as well as binding constants of enolase for 2PG.

Parameter Fitted Value Literature Value Reference

VfENO
(µmol.min−1.mg−1) 0.26± 0.0029 - -

K2pg (mM) 0.22± 0.048 0.12 115

Ki2pg (mM) 3.1± 0.69 - -

4.1.10 Pyruvate kinase

Pyruvate kinase catalyses the conversion of PEP and ADP to pyruvate and
ATP. 3T3-L1 adipocyte PK was characterised in the forward direction using
PEP and ADP as substrates (Fig 4.9). The inhibitory e�ect of ATP on the
forward reaction was included in the characterization (Fig 4.9). The data was
�tted using an irreversible Michaelis-Menten equation (Eq. 4.10). When the
PK rate eqaution was �tted to the experimental data, an accurate estimate for
the binding constant of PEP could not be obtained. This is because su�ciently
low PEP concentrations were not included in the assay range. Due to time
constraints, the experiment could not be repeated. A literature value is used
for this parameter. The �tted parameters values are displayed in Table 4.9.

vPK =
VfPK

· pep
Kpep

· ADP
KADP

(1 + ADP
KADP

+ ATP
KATP

) · (1 + pep
Kpep

)
(4.10)
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Figure 4.9: Characterization of 3T3-L1 adipocyte PK. PK converts PEP and
ADP to pyruvate and ATP. PK saturation curves using PEP (A) and ADP (B)
are shown as well as the inhibition of the forward reaction by ATP (C). High
concentrations of PEP have a clear inhibitory e�ect on the forward reaction
of PK as well. The points represent experimental data while the �tted lines
represent the result of �tting equation 4.10 to the entire dataset. This �tting
provides the parameter values presented in Table 4.9. The error bars represent
standard deviation with each data point measured in three technical repeats.
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Table 4.9: Kinetic parameters for 3T3-L1 adipocyte PK. Kinetic data
for the forward reaction of PK was �tted using equation 4.10. The �tted pa-
rameters (± standard error) include maximal speci�c activity for the forward
reaction as well as binding constants of PK for ADP, ATP, and PEP.

Parameter Fitted Value Literature Value Reference

VfPK
(µmol.min−1.mg−1) 0.12± 0.021 - -

Kpep (mM) 0.00053± 0.16 0.08 116

KADP (mM) 3.6± 1.4 0.3 116

KATP (mM) 1.1± 0.30 1.5 126

4.1.11 Lactate dehydrogenase

Lactate dehydrogenase catalyses the conversion of pyruvate and NADH to
lactate and NAD+. 3T3-L1 adipocyte LDH was characterised in the forward
direction using pyruvate and NADH as substrates as well as in the reverse
direction using lactate and NAD+ as substrates (Fig 4.10). The data was
�tted using a reversible Michaelis-Menten equation (Eq. 4.11) which describes
the kinetics well. The �tted parameters values are displayed in Table 4.10.

vLDH =
VfLDH

· pyr
Kpyr

· nadh
KNADH

− VrLDH
· lac
Klac

· nad
KNAD

(1 + lac
Klac

+ pyr
Kpyr

) · (1 + nadh
KNADH

+ nad
KNAD

)
(4.11)
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Figure 4.10: Characterization of 3T3-L1 adipocyte LDH. LDH converts pyru-
vate and NADH to lactate and NAD+. LDH saturation curves using pyruvate
(A) and NADH (B) for the forward reaction and lactate (C) and NAD+ (D)
for the reverse reaction are shown. The points represent experimental data
while the �tted lines represent the result of �tting equation 4.11 to the entire
dataset. This �tting provides the parameter values presented in Table 4.10.
The error bars represent standard deviation with each data point measured in
three technical repeats.

Using the Haldane equation (Eq. 4.3), an equilibrium constant for LDH was
calculated to be 577. This is comparable with the literature value range of
227-7194.139,140
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Table 4.10: Kinetic parameters for 3T3-L1 adipocyte LDH. Kinetic data
for the forward and reverse reaction of LDH was �tted using equation 4.11.
The �tted parameters (± standard error) include maximal speci�c activity for
the forward and reverse reaction as well as binding constants of LDH for pyru-
vate, NAD+, lactate and NADH.

Parameter Fitted Value Literature Value Reference

VfLDH
(µmol.min−1.mg−1) 0.43± 0.063 - -

VrLDH
(µmol.min−1.mg−1) 0.12± 0.015 - -

Kpyr (mM) 0.075± 0.023 0.1 - 0.35 117

KNAD (mM) 0.94± 0.35 0.253 118

Klac (mM) 9.0± 7.3 9.34 - 23.0 117

KNADH (mM) 0.70± 0.22 0.008 119

It can be seen that the �tted value for KNADH di�ers greatly from that of its
literature value. The e�ect of this discrepancy is described in chapter 5. The
literature value was sourced from guinea-pig skeletal muscle lactate dehydro-
genase utilizing the 4M isozyme.119 All �ve LDH isozymes, including 4M, are
expressed in adipose tissue.72 The di�erence in expression of the 4M isozyme
in 3T3-L1 adipocytes and guinea-pig skeletal muscle in unknown at this time.
The guinea-pig skeletal muscle study utilized a 50 mM, pH 7.0 phosphate bu�er
while a 5 mM, pH 7.0 phosphate bu�er was utilized in the characterisation of
3T3-L1 adipocyte LDH. The former study carried out assays at 30◦C while
our assays were carried out at 37◦C. These experimental di�erences cannot
account for the 2 orders of magnitude di�erence between experimental and
literature values. The cause is more likely due to the problem that arises in
the GAPDH and G3PDH assays as well. NADH at low concentrations cannot
produce a quanti�able change in absorbance when converted to NAD+. A
repeat of the LDH assays would be required, including more concentrations of
NADH, in order to increase the accuracy of the KNADH estimation.

4.1.12 Glycerol-3-Phosphate Dehydrogenase

Glycerol 3-phosphate dehydrogenase catalyses the conversion of DHAP and
NADH to G3P and NAD+. 3T3-L1 adipocyte G3PDH was characterised in
the forward direction using DHAP as substrate with two di�erent NADH con-
centrations (Fig 4.11). A reliable data set using NADH as the varying substrate
could not be obtained. This is because the majority of the NADH concentra-
tions used in the attempted saturation curve were too low to produce a change
in absorbance at 340 nm upon conversion to NAD+. The data was �tted us-
ing a irreversible Michaelis-Menten equation (Eq. 4.12) which describes the
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kinetics well. The �tted parameters values are displayed in Table 4.11. Al-
though G3PDH does catalyse a reversible reaction, due to limitations in the
coupled enzyme assays it was not possible to perform reversible kinetics for
this characterisation. However, a reversible rate equation (Eq. 4.25) is used for
model construction using an equilibium constant and binding constants from
literature (see Table 4.13 and 4.14).

vG3PDH =
VfG3PDH

· dhap
Kdhap

1 + dhap
Kdhap

(4.12)
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Figure 4.11: Characterization of 3T3-L1 adipocyte G3PDH. G3PDH con-
verts DHAP and NADH to G3P and NAD+. G3PDH saturation curves using
DHAP as substrate with a NADH concentration of 0.8 mM (A) and 0.4 mM
(B) are shown. The points represent experimental data while the �tted lines
represent the result of �tting equation 4.12 to the entire dataset. While NADH
is not included in equaton 4.12, NADH is included in the NonlinearModelFit
performed for the �tting. In this way, the �t can account for the two di�erent
NADH concentrations used. This �tting provides the parameter values pre-
sented in Table 4.11. The error bars represent standard deviation with each
data point measured in three technical repeats.

Table 4.11: Kinetic parameters for 3T3-L1 adipocyte G3PDH. Kinetic data
for the forward reaction of G3PDH was �tted using equation 4.12. The �tted
parameters (± standard error) include maximal speci�c activity for the for-
ward reaction as well as binding constants of G3PDH for DHAP.
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Parameter Fitted Value Literature Value Reference

VfG3PDH
(µmol.min−1.mg−1) 0.041± 0.0026 - -

Kdhap (mM) 0.19± 0.065 0.27 93

4.1.13 Adenylate Kinase

Adenylate kinase catalyses the conversion of two ADP molecules to one ATP
and one AMP molecule. 3T3-L1 adipocyte AK was characterised in the for-
ward direction using ADP substrate. In the reverse direction, AMP and ATP
was used as substrates (Fig 4.12). The data was �tted using a reversible equa-
tion (Eq. 4.13) describing a spatio-temporal bi-bi mechanism taken from an
in-house thesis.145 This equation describes the kinetics of both forward and re-
verse reactions very well. The �tted parameters values are displayed in Table
4.12.

vAK =
ADP 2 · VfAK

· (1− AMP ·ATP
Keq·ADP 2 )

KADP
2 · (1 + ADP

KADP
(2 + ADP

KADP
+ 2AMP

KAMP
) + AMP

KAMP
(2 + AMP

KAMP
+ ATP

KATP
) + ATP

KATP
)

(4.13)
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Figure 4.12: Characterization of 3T3-L1 adipocyte AK. AK converts two
ADP molecules to one ATP and one AMP molecule. AK saturation curves
using ADP (A) for the forward reaction and ATP (B) and AMP (C) for the
reverse reaction are shown. The points represent experimental data while the
�tted lines represent the result of �tting equation 4.13 to the entire dataset.
This �tting provides the parameter values presented in Table 4.12. The error
bars represent standard deviation with each data point measured in three
technical repeats.

Table 4.12: Kinetic parameters for 3T3-L1 adipocyte AK. Kinetic data for
the forward and reverse reaction of AK was �tted using equation 4.13. The
�tted parameters (± standard error) include maximal speci�c activity for the
forward reaction as well as binding constants of AK for ADP, ATP and AMP.

Stellenbosch University  https://scholar.sun.ac.za



CHAPTER 4. RESULTS 45

Parameter Fitted Value Literature Value Reference

VfAK
(µmol.min−1.mg−1) 0.039± 0.0030 - -

KATP (mM) 0.11± 0.019 0.27 120

KADP (mM) 0.21± 0.028 0.35 120

KAMP (mM) 0.87± 0.098 0.32 120

4.2 Model construction

The kinetic model comprises of �ve elements: Variables, initial conditions, rate
equations, parameter values and ordinary di�erential equations. Variables rep-
resent each species within the model. Initial conditions are the concentrations
at which each variable starts. Rate equations calculate the rate of each en-
zyme as a function of the species (variable) and parameter values. Parameter
values are the kinetic parameters obtained from the enzyme characterisation.
The ordinary di�erential equations calculate the change in each species as a
function of time using the rate equations.

1. Variables, initial conditions and rate equations

With glucose as substrate and lactate and glycerol (G3P) as end prod-
ucts, all glycolytic intermediates were included as variables in the model
as well as the co-factors AMP, ADP, ATP, NAD+ and NADH. The ini-
tial value of all intermediates was set to 0 with the exception of glucose,
which was set to the concentration of glucose at the beginning of the
corresponding time course (see model validation). Similarly, the initial
values for co-factors were set to an experimentally determined value at
the beginning of the time course. The model consists of fourteen reac-
tion steps, which consist of the glycolytic reactions as well as glycerol-3-
phosphate dehydrogenase, ATPase, and adenylate kinase. Each reaction
step has a corresponding kinetic rate equation (Eq. 4.14 - 4.27). These
rate equations are reversible. To achieve reversibility unlike equations
4.5 - 4.9, and 4.12, equilibirum constants and binding constants were
used from literature (Table 4.13 and 4.14).
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2. Parameter values and ordinary di�erential equations

Parameters values for each enzyme are obtained from the kinetic enzyme
assays (see Table 4.1-4.12). With the exception of PGI, LDH and AK,
each glycolytic enzyme has only been investigated in either its forward
or reverse direction. The fully reversible rate equations (Eq. 4.14 - 4.27)
utilized parameters values and equilibrium constants obtained from lit-
erature for enzymes that were only characterised in one direction.

Table 4.13: The Michaelis constant values for all glycolytic enzymes
as well as adenylate kinase used in model construction. The majority is
experimentally determined while the remaining were sourced from liter-
ature.

Enzyme Parameter Experimental (mM) Literature (mM) Parameter Experimental (mM) Literature (mM)

HK Kglc 0.25 0.3107 Kg6p - 0.065121

KATP 0.20 0.7107 KADP - 1.9121

KiAMP
14 2.5108

PGI Kg6p 4.7 0.48109 Kf6p 0.59 0.031110

PFK Kf6p 0.43 0.18111 KATP 1.3 0.08111

KADP - 2.5108

ALD Kf16bp 0.37 0.05105 Kdhap - 2.1122

Kgap - 1.1122

TPI Kdhap - 0.61123 Kgap 0.63 0.47112

GAPDH Kgap - 0.21113 K1,3bpg 0.0013 0.0008113

KNAD - 11113 KNADH 0.25 0.0033113

PGK K1,3bpg - 0.0030114 K3pg 3.5 1.37114

KADP 0.72 0.05124 KATP 0.80 0.42114

PGM K3pg - 0.050125 K2pg - 0.1125

ENO K2pg 0.22 0.12115 Kpep - 0.0050127

Ki2pg 3.1 -

PK Kpep - 0.08116 Kpyr - 21126

KADP 3.6 0.3116 KATP 1.1 1.5126

LDH Klac 9.0 9.34− 23.0117 KNAD 0.94 0.253118

Kpyr 0.075 0.1− 0.35117 KNADH 0.70 0.008119

G3PDH Kdhap 0.19 0.2793 Kg3p - 0.50593

KNADH - 0.004593 KNAD - 0.3793

AK KATP 0.11 0.27120 KADP 0.21 0.35120

KAMP 0.87 0.32120
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Equilibrium constants for all enzymes not characterised in both the for-
ward and reverse direction were included in the model as the rate equa-
tions used in the model represent reversible reactions (i.e. the Haldane
relation was used for the Vmax of the opposing direction).

Table 4.14: The equilibrium constants used for model construction.
PGI and LDH Keqs are not included as they were characterised in the
forward and reverse direction.

Enzyme Keq Reference

HK 1310 128

PFK 800 129

ALD 0.09 130

TPI 0.046 131

GAPDH 0.0056 132

PGK 3200 133

ENO 4.6 130

PK 6500 134

G3PDH 32600 135

AK 0.45 134

Maximal speci�c activity of each enzyme in the forward and/or reverse
direction obtained from the enzyme assays is in µmol.min−1.mg−1. To
model glycolysis in 3T3-L1 adipocyte cell extracts rather than just iso-
lated glycolytic enzymes, the maximal activities will have to be multi-
plied by the protein concentration of the lysate in mg/ml used in the
HPLC model validation, resulting in the maximal activity in the model
being in mM/min. Below are the maximal activities as they were ac-
quired from the enzyme assays.
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Table 4.15: The maximal activities used in model construction.

Enzyme Vf (µmol.min
−1.mg−1) Vr(µmol.min

−1.mg−1)

HK 0.0079 -

PGI 0.23 0.056

PFK 0.023 -

ALD 0.032 -

TPI - 0.10

GAPDH - 0.038

PGK - 0.13

PGM 0.43136 0.49137

ENO 0.026 -

PK 0.12 -

LDH 0.43 0.12

G3PDH 0.041 -

AK 0.039 -

ATPase 0.00067145 -

The model consists of eighteen ordinary di�erential equations (ODEs)
for the thirteen glycolytic intermediates and �ve co-factors (equation
4.28-4.45). The ODEs consist of enzymes that produce and consume
the corresponding intermediate and co-factor to give the change in their
concentrations as a function of time.

Glucose′[t] = −1.0 · vHK (4.28)

G6P ′[t] = 1.0 · vHK − 1.0 · vPGI (4.29)

F6P ′[t] = 1.0 · vPGI − 1.0 · vPFK (4.30)

F16BP ′[t] = 1.0 · vPFK − 1.0 · vALD (4.31)

DHAP ′[t] = 1.0 · vALD − 1.0 · vTPI − 1.0 · vG3PDH (4.32)

GAP ′[t] = 1.0 · vALD + 1.0 · vTPI − 1.0 · vGAPDH (4.33)
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1, 3BPG′[t] = 1.0 · vGAPDH − 1.0 · vPGK (4.34)

3PG′[t] = 1.0 · vPGK − 1.0 · vPGM (4.35)

2PG′[t] = 1.0 · vPGM − 1.0 · vENO (4.36)

PEP ′[t] = 1.0 · vENO − 1.0 · vPK (4.37)

Pyruvate′[t] = 1.0 · vPK − 1.0 · vLDH (4.38)

Lactate′[t] = 1.0 · vLDH (4.39)

G3P ′[t] = 1.0 · vG3PDH (4.40)

AMP ′[t] = 1.0 · vAK (4.41)

NAD′[t] = −1.0 · vGAPDH + 1.0 · vLDH + 1.0 · vG3PDH (4.42)

NADH ′[t] = 1.0 · vGAPDH − 1.0 · vLDH − 1.0 · vG3PDH (4.43)

ATP ′[t] = −1.0·vHK−1.0·vPFK+1.0·vPGK+1.0·vPK+1.0·vAK−1.0·vATPase
(4.44)

ADP ′[t] = 1.0·vHK+1.0·vPFK−1.0·vPGK−1.0·vPK−2.0·vAK+1.0·vATPase
(4.45)

4.3 Model validation

The cell-free extract model predicts concentration changes over time for all
glycolytic intermediates and co-factors. The validation of this model comprised
of data that was experimentally obtained via HPLC analysis of 3T3-L1 cell-
free extracts. Eight time point samples were prepared and run through a
reverse-phase HPLC column. Upon elution from the column, samples were
run through two detectors: UV-VIS spectrophotometric for co-factors and
radiolabelled for glycolytic intermediates. (See methods and materials)

1. Glycolytic intermediate measurements

HPLC chromatograms obtained from the radiolabelled detector (Figure
4.13 shows three time points for illustration) show peaks for all intermedi-
ates, if present at su�ciently high concentrations. Typically, we observed
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glucose, lactate, G6P, F6P, pyruvate, DHAP, 2PG and 3PG. Skewed nor-
mal distrubutions were �tted to the peaks and integrated using Wolfram
Mathematica 11.2® to obtain areas of the peaks. Peak areas were con-
verted to concentration using a response factor calculated as the total
sum of peak areas within the sample. An "impurity" peak was always in
the radiolabelled glucose and remained constant during the incubation.
The impurity did not co-elute with any intermediate and was present if
radiolabelled glucose alone is injected into the HPLC column. It is for
these reasons that the impurity (i.e. its counts) was ignored in the HPLC
model validation. Glucose was also seen to directly co-elute with an im-
purity. This impurity was ignored by subtracting the counts of the �nal
time point "glucose" peak (Figure 4.13 C) from the glucose peak in all

other time points.
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Figure 4.13: Cell-free extract HPLC chromatograms. Three of the to-
tal eight chromatograms are provided for time point 20 seconds (A), 5
minutes (B) and 120 minutes (C). The integration of peaks provides the
concentration of the intermediate it represents. The change in concen-
tration as a function of time can thus be seen from the changes in peak
height and width.

The total counts of each time point sample remained constant but not all
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the counts within each time point sample were accounted for in a combi-
nation of glucose, lactate and intermediates. This recovery of the label is
crucial as any counts unaccounted for suggest an underestimation of any
of the observed metabolites within glycolysis. Fortunately the percent-
age recovery of label was very high: 20 second (95%), 5 minute (95%), 10
minute (94%), 15 minute (96%), 20 minute (97%), 30 minute (100%), 40
minute (95%), 60 minute 94%), 90 minute (103%), 120 minute (95%). It
can be seen from the 97% average recovery of label that only a small frac-
tion of counts was unaccounted for within glycolysis. The percentages
over 100% would suggest the area of one or more peaks is overestimated.
However, the degree to which the integration was overestimated is too
small to have an adverse e�ect on the validation of the model.

Due to overlapping of peaks for pyruvate and F6P, it was not possible
to integrate each peak as is performed with the other peaks. The con-
centration of F6P was calculated using the concentration of G6P and
the equilibrium constant of PGI. The concentration of pyruvate was cal-
culated using the concentrations of lactate, NAD+, and NADH and the
equilibrium constant of LDH. The entire pyruvate and F6P peak was
then integrated and compared to the sum of pyruvate and F6P calcu-
lated from equilibrium constants. The similarity in summation and in-
tegration indicate this was adequate in providing an accurate estimate
for pyruvate and F6P validation data.

2. Co-factor measurements

HPLC chromatograms obtained from the UV-VIS detector (data not
shown) provided peaks for ATP, ADP, AMP, NAD+ and NADH. Co-
factor concentrations were calculated from integrating each peak and
using calibration curves for each co-factor obtained from the same HPLC
method.

3. Overlaying model and validation data

Before model time courses were generated, initial values for ATP, ADP,
AMP, NAD+ and NADH were set to their concentrations obtained from
the �rst time point sample. Glucose was set to 1 mM, the concentration
of radiolabelled glucose incubated with the cell lysate. After time course
data was generated for every co-factor and glycolytic intermediate in the
model, it was overlaid with HPLC validation data (Figure 4.14). Only
glycolytic intermediates and co-factors visible using the HPLC method
were included in the model validation. For the purpose of discussion,
the model time course of G3P and F1,6BP were included without exper-
imental data. The model time course data of those not included can be

Stellenbosch University  https://scholar.sun.ac.za



CHAPTER 4. RESULTS 56

found in the supplementary data section (Fig 5.1 and 5.2).
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Figure 4.14: Validation data plotted together with model time courses.
The overlays are of glucose (A), lactate (B), G6P (C), F6P (D), pyru-
vate (E), DHAP (F), 2PG (G), 3PG (H), NAD+ (I), NADH (J), ATP
(K), ADP (L), AMP (M). The experimental data is represented by the
data points while the model prediction is represented by the solid curves.
F16BP (N) and G3P (O) model predictions are also provided but with-
out experimental data.

Although not all intermediates could be resolved, due to too low concen-
trations and due to some overlap in elution peaks, the time evolution of
the abundant metabolites could be evaluated. As such, the quanti�ca-
tion of glucose, lactate, six glycolytic intermediates, and �ve co-factors
provided a fair level of detail for the model validation. With the result
obtained in Figure 4.14, it can be seen that the relatively crude model
was, in part, accurate in representing 3T3-L1 adipocyte cell extract gly-
colysis. The model prediction for most of the intermediates was quite
accurate, particularly for the more abundant species in upper glycolysis.
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The model is inaccurate in its prediction of G3P, pyruvate and lactate.
The model predicted a high �ux to G3P which was not observed experi-
mentally, where most glucose was converted to lactate. This leaded to an
underestimation of lactate and an overprediction of G3P and pyruvate.

The model prediction for pyruvate (Figure 4.14 - E) was inaccurate. This
is indicative of the larger problem with the model: the high activity of
G3PDH. NADH (Figure 4.14 - J) in the model was quickly utilised by
G3PDH in order to create G3P in large quantities (Figure 4.14 - O).
It appears as if the G3PDH activity in the model was overestimated.
G3PDH and LDH typically compete for NADH produced by GAPDH.
However, the high activity of G3PDH resulted in the depletion of NADH
and the stalling of glycolysis. This is why pyruvate accumulated, while in
the validation data it did not. As mentioned previously, pyruvate could
not be quanti�ed by integrating its peak as F6P co-eluted with pyruvate,
but estimates based on equilibrium calculations for LDH were low.

We tested the model performance when G3PDH was removed from the
model (Figure 4.15). Lactate is produced to levels in agreement with the
model validation data. However, this resulted in an overprediction of
F16BP (Figure 4.15 - n) and DHAP (Figure 4.15 - f) at 40 minutes after
incubation with glucose but the pyruvate is predicted more accurately.
It can be seen that F16BP was greatly overpredicted as the signal for
F16BP on the HPLC chromatograms at an elution time of 650 seconds
was so low it was not even quanti�able.
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Figure 4.15: Validation data overlaid with model time courses (no
G3PDH included). The overlays are of glucose (a), lactate (b), G6P (c),
F6P (d), pyruvate (e), DHAP (f), 2PG (g), 3PG (h), NAD+ (i), NADH
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(j), ATP (k), ADP (l), AMP (m). The experimental data is represented
by the data points while the model prediction is represented by the solid
line. The model prediction for F16BP (n) is also provided but without
experimental data.

It would appear as if removing G3PDH completely reduced the NADH
capacity to such an extent that NADH accumulated up to 40 min-
utes after incubation with glucose, leading to the potential inhibition
of GAPDH activity thereby causing an overprediction of DHAP and
F16BP. On the other hand, including the measured G3PDH activity in
the model leaded to an overestimated �ux to G3P, resulting in the un-
derprediction of LDH activity.

Ultimately, the construction of a detailed kinetic model for glycolysis in
3T3-L1 adipocytes on the basis of in vitro enzyme kinetics gave satisfac-
tory results. The model was fairly good in predicting glucose metabolism
in the cell extracts despite the problems that arised from the introduc-
tion of the initial step of the lipogenic pathway. The high activity of
G3PDH needs to be addressed in a follow up study.

Stellenbosch University  https://scholar.sun.ac.za



Chapter 5

Discussion and Conclusions

The aim of this project was threefold: Culture 3T3-L1 adipocytes for the
characterisation of glycolytic enzymes, construct a kinetic model for glycolysis
in 3T3-L1 using the parameters from the characterisation, and validate this
model using a novel in-house HPLC method. These aims were designed to
answer the question: Can glycolysis in 3T3-L1 adipocytes be described on the
basis of individual glycolytic enzyme kinetics?

3T3-L1 preadipocytes were successfully cultured and di�erentiated into ma-
ture adipocytes with reliable reproducibility. Following the lysis of the har-
vested cells, cell-free extracts were created. The produced lysate served as a
stable solution in which all glycolytic enzymes were present. Well-established
enzyme-linked assays could be performed using these lysates. In the assays, in-
dividual enzyme rates were measured in the presence of varying substrates and
co-factors. Rate equations were derived for each glycolytic enzyme as well as
adenylate kinase and G3PDH. This was completed for each glycolytic enzyme
to acquire data sets that were then �tted with NonlinearModel�t functions in
Wolfram Mathematica 11.2®. The quality of these �ts, while di�ering from
enzyme to enzyme, was of a high standard. Binding constants and speci�c
activities were acquired from these �ts which formed the basis of the kinetic
model for glycolysis in 3T3-L1 adipocyte cell-free extracts.

Ordinary di�erential equations were set up using the derived rate equations to
describe the change in concentration of glycolytic intermediates and co-factors
as a function of time. The model result is a time course for each intermediate
and co-factor within glycolysis as well as the start of the lipogenesis pathway.
The model simulations showed the complete consumption of glucose while pro-
ducing approximately 0.6 moles of lactate, 0.6 moles of pyruvate, and 0.8 moles
of glycerol-3-phosphate per mole of glucose consumed.

An HPLC in-house method was used to quantify eight intermediates (glucose,
lactate, G6P, F6P, DHAP, pyruvate, 2PG and 3PG) and �ve co-factors (AMP,
ADP, ATP, NAD+, NADH) in the 3T3-L1 adipocyte cell-free extract. From

63
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this, a time course for each intermediate and co-factor was obtained showing an
almost complete conversion of glucose to lactate. These time courses served as
the validation for the model. The largest problem in the model seems to be the
incorporation of G3PDH. Because of the high speci�c activity of G3PDH, the
�ux to glycerol-3-phosphate was too high. For all other enzymes, it would ap-
pear that, the bottom-up approach of systems biology modelling and sourcing
kinetic parameters from the characterisation of individual enzymes in glycol-
ysis to describe glycolysis as a whole was not only possible, but that good
results could be achieved with a relatively simple model.

This is the �rst kinetic model for glycolysis in 3T3-L1 adipocyte cell-free ex-
tracts that includes the characterisation of all glycolytic enzymes. The inclu-
sion of the entire glycolytic pathway from glucose to lactate is not seen in any
adipocyte model created to date. Interestingly, the inclusion of just the �rst
reaction of the lipogenic pathway was seen to have a tremendous e�ect on
the �ow of carbon through glycolysis. The measured high activity of G3PDH
and the subsequent accumulation of glycerol-3-phosphate is in agreement with
what is seen in whole cell adipocyte cultures �ux experiments where 50% of
glucose is converted to lactate, with visible fat accumulation accounting for
the other 50% consumed glucose (data not shown). In cell extracts this is
not observed, where 90% of glucose is converted into lactate. There is no
clear indication as to why G3PDH is less active in cell extracts even though
the measurement of G3PDH activity used in the model takes place in cell
extracts. The contradictory measured and apparent G3PDH activities in 3T3-
L1 adipocyte cell extracts could potentially be dependent on how active the
entire glycolytic pathway is during any given experiment. G3PDH activity
is measured in enzyme-linked assays in the presence of DHAP, NADH, and
cell extract. The lack of other glycolytic intermediates and co-factors is to
ensure other glycolytic enzymes are not active. In the case of the HPLC time
course incubation, glucose is injected into cell extract with the appropriate
concentrations of co-factors. As the time course spans a 2-hour period, seeing
a conversion of glucose to lactate, it is apparent that all glycolytic enzymes
are active. The root cause for the di�erence in G3PDH activity may be a
regulatory mechanism that elicits its e�ect when the entire glycolytic pathway
is active.

The measured high activity of G3PDH is comparable to literature values from
a variety of cell types, even being lower than some. Compared to the 3T3-L1
adipocyte cell extract G3PDH activity of 0.064 µmol.min−1.mg−1, black-tailed
prairie dog (Cynomys ludivicianus) skeletal muscle and liver have a G3PDH
activity of 0.282 µmol.min−1.mg−1 and 0.257 µmol.min−1.mg−1 respectively.141

Another species of prairie dog, jerboa, has a muscle G3PDH activity of 0.0536
µmol.min−1.mg−1.142 Plasmodium falciparum G3PDH has an activity of 0.06
µmol.min−1.mg−1 143 and human white adipose tissue G3PDH has an activity
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of 0.25 µmol.min−1.mg−1.93 All substrate a�nities are comparable with any
di�erences having little e�ect on the outcome of the model. It is interesting to
note that Plasmodium falciparum G3PDH activity and a�nities are remark-
ably similar to those of 3T3-L1 adipocyte cell extract G3PDH with a Kdhap

of 0.34 mM and 0.37 mM respectively as well as a KNADH of 0.09 mM and
0.11 mM respectively. If all glycolytic enzymes are compared between 3T3-L1
adipocyte cell extracts and Plasmodium falciparum, it can be seen that 3T3-L1
adipocyte cell extract enzymes have a considerably lower maximal activity with
G3PDH activity being almost exactly the same. This, in combination with the
G3PDH activities from muscle, liver, and human adipose tissue, further sug-
gest that the measured activity of 3T3-L1 adipocyte cell extract G3PDH is
not inaccurate but is not representative within a cell extract mixture wherein
all glycolytic enzymes are active for a prolonged period of time.

The literature value comparison leads to questions about the feasibility of using
HPLC analysis to validate the constructed model. While it can be seen that
the model has de�nitely been at least partially validated, the overestimation
of G3P production points to a di�erence in �ux in an isolated system of single
active enzymes versus an entire active pathway. As a cell extract model is the
�rst step to the goal of constructing whole cell models for 3T3-L1 adipocyte
glycolysis to understand glucose metabolism in adipose tissue, it is fortunate
that the high activity of G3PDH will a�ect the predictive capabilities of a cell
extract model far more than a whole cell model. The high activity of G3PDH
and its resulting e�ect on time course simulations much closer resemble whole
cell 3T3-L1 adipocyte cultures than they do cell extracts. An interesting fol-
low up experiment would be to use permeabilized cells as an intermediate
between whole cells and cell extracts. It could be that lipid production in
whole cells is dependent on intracellular structures that are ruptured upon
cell lysis. This could cause the marked di�erence between whole cell and cell
extract metabolism in regards to lipid production.

Provided in table 4.13 are a�nity literature values for each glycolytic enzyme
as well as adenylate kinase and G3PDH. Only a�nity values that could not
be obtained experimentally were used from literature in the model. Two ques-
tions arise from this that may give solutions to the problems presented in the
models: �rstly, what would result if only experimental values were used in the
model construction and secondly, what would result if only literature values
were used? The �rst question cannot be answered due to experimental limi-
tations but one can assume that the model would increase in accuracy due to
all parameters taking the same experimental conditions (pH, temp, etc.) into
account. The second question can be answered by creating a model with only
literature values as they are available in table 4.13. If all a�nity values used
in model construction are taken from literature, the glucose to lactate conver-
sion is slightly more accurately represented while all intermediate overlays see
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the opposite e�ect. This is a common modelling approach but its use in this
model construction speci�cally does not seem to present an obvious advantage.
However, due to the large discrepancy in experimental and literature values
of speci�c a�nities for PGI, GAPDH, PGK, PK, and LDH, it was tested to
what extent exchanging these single experimental values for their correspond-
ing literature values had on the model outcome. Literature values of Kg6p and
Kf6p for PGI have a minimal e�ect on the model outcome as does KNAD for
GAPDH, KADP for PGK, and KADP for PK. The literature value of KATP

for PFK has a negative e�ect on the accuracy of the model. The literature
value of KNADH for LDH has a positive outcome on the model, resulting in a
better representation of lactate production while decreasing the accumulation
of pyruvate but not solving the problem completely. This, in combination with
the high measured activity of G3PDH, may explain why LDH is not able to
compete e�ectively with G3PDH for available NADH.

The ultimate goal of our research program on type II diabetes is to under-
stand the molecular basis of reduced insulin sensitivity in type II diabetes pa-
tients. Ultimately modelling intact cell glucose metabolism will require whole
cell models that would need to take cell volume and glucose in�ux rates into
account. The insulin signal transduction pathway needs to be included as glu-
cose transport is directly dependent upon it. Insulin sensitivity studies need
to be conducted to fully understand the extent to which insulin a�ects glucose
transport. These models then need to be replicated with diabetic adipocytes
to begin to understand the kinetics behind the diabetic state of adipose tissue.
This would have to be achieved in 3T3-L1 adipocytes and only then would it be
replicated in human adipocytes. From this point, perturbations to the system
would then be introduced to �nd potential drug targets that have control over
carbon metabolism in adipose tissue, leading to the control of triacylglycerol
formation. If this is achieved, signi�cant progress would have been made in
understanding and combatting diabetic mellitus in humans. The model con-
structed in this study is a �rst step in that direction.
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Appendix

Model simulations

All model simulations are provided with experimental data if applicable. This
includes simulations for GAP, 1,3BPG, and PEP which were not included in
Figure 4.14 or 4.15.
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Figure 5.1: Validation data plotted together with model time courses. The
overlays are of glucose (A), lactate (B), G6P (C), F6P (D), pyruvate (E),
DHAP (F), 2PG (G), 3PG (H), NAD+ (I), NADH (J), ATP (K), ADP (L),
AMP (M). The experimental data is represented by the data points while the
model prediction is represented by the solid curve. F16BP (N), G3P (O), GAP
(P), BPG (Q), and PEP (R) model predictions are also provided but without
experimental data.
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Figure 5.2: Validation data overlaid with model time courses (no G3PDH
included). The overlays are of glucose (a), lactate (b), G6P (c), F6P (d), pyru-
vate (e), DHAP (f), 2PG (g), 3PG (h), NAD+ (i), NADH (j), ATP (k), ADP
(l), AMP (m). The experimental data is represented by the data points while
the model prediction is represented by the solid curve. The model prediction
for F16BP (n), GAP (o), BPG (p), and PEP (q) is also provided but without
experimental data.
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HPLC chromatograms

HPLC chromatograms for all ten time point samples are provided below. This
includes all chromatograms not included in Figure 4.13.
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Figure 5.3: Cell-free extract HPLC chromatograms. All ten chromatograms
are provided for time point 20 seconds (A), 5 minutes (B), 10 minutes (C), 15
minutes (D), 20 minutes (E), 30 minutes (F), 40 minutes (G), 60 minutes (H),
90 minutes (I), and 120 minutes (J). The integration of peaks provides the
concentration of the intermediate it represents. The change in concentration
as a function of time can thus be seen from the changes in peak height and
width between subsequent chromatograms.
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