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Abstract

During germination plants convert stored fatty acids into sucrose via -oxidation, the
glyoxylate cycle and gluconeogenesis, in order to supply energy prior to the
commencement of photosynthesis. One such fatty acid, acetyl-CoA, is produced both
from B-oxidation and externally supplied acetate. Within the glyoxysome, externally
supplied acetate is converted to acetyl-CoA by AAE7/ACNI, prior to entering the
glyoxylate cycle. Structural analysis of AAE7/ACNI has been conducted within this
thesis to determine if AAE7/ACNI is able to undergo a conformational change.
Experimental and theoretical structural analysis has shown that AAE7/ACN1 is a
dimeric protein in solution, although experimental analysis using solution scattering
was unable to detect a conformational change in the presence and absence of a
substrate analogue.

Previous research shows that Arabidopsis seedlings are able to take up and
metabolise both acetate and butyrate from the growth medium and shows that
aae7/acnl mutant growth is inhibited as a result of cytosolic acidification. The
dimeric structure of AAE7/ACNI, identified within this thesis, results in a larger
concentration of active sites within a localised area. This may result in the speedy
detoxification of acetate and butyrate.

Other work in this thesis focuses on the role of aconitase within the glyoxylate and
TCA cycles. Three isoforms of aconitase have previously been identified in the
dicotyledonous plant Arabidopsis thaliana, namely ACO1, ACO2 and ACO3. A
cytosolic location has been suggested for ACO1, whilst ACO2 and ACO3 have been
identified within the mitochondria. The cytosolic isoform of aconitase is believed to
be involved in the glyoxylate cycle, where it converts citrate to isocitrate, though the
specific role each isoform plays in metabolism during germination is unclear. A
metabolic approach has been undertaken within this thesis to determine the role each
isoform plays in seedling establishment. A large reduction in aconitase activity, an
increase in citrate levels and a delay in germination were observed in aco3 mutants.
These results suggest that ACO3 makes the largest contribution to citrate metabolism
in germinating seedlings. This may mean that during seedling establishment the
glyoxylate cycle is not as important as previously thought.

Active aconitase contains a [4Fe-4S] cluster. Under conditions of iron deficiency, the
[4Fe-4S] cluster of aconitase is converted to a [3Fe-4S] cluster, which causes
mammalian aconitase to lose its enzymatic function and become an RNA binding
protein. A structural approach has been used within this thesis to attempt to
characterise the Arabidopsis aconitase isoforms. ACO1 and ACO2 have been over-
expressed in the eukaryotic organism Pichia pastoris. A novel method of over-
expressing active aconitase without the need for reactivation has also been identified
and implemented to show that both ACOl and ACO2 are able to function as
aconitase, confirming previously published work that used mutagenic analysis.
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1.1 Introduction

Plants are unique organisms that must adapt rapidly to changing environmental
conditions in order to survive. This is important as they are organisms that provide a
large proportion of the world’s food, either directly or indirectly (e.g. animal
products). It is therefore important to understand how these organisms develop, grow
and function. However there are over 200,000 species of seed plants (Scotland and
Wortley, 2003), making it impossible to conduct meaningful research on each one.
The scientific community therefore conduct the majority of research using model
organisms. A model organism must be similar to as many other related organisms as
possible so that information learned, and conclusions drawn, can be easily
transferred to a wide number of species. The most widely used model organism for

laboratory plant research is Arabidopsis thaliana.

Arabidopsis is widely used as a model organism because of its small genome size,
short life cycle, small physical size and large seed production. In addition, being a
brassica, it is a relation of a number of important commercial crops. The complete
sequence of this small 125 Mb genome has been known for approximately ten years,
allowing every gene to be identified. An additional advantage of using Arabidopsis
as a model organism is the ease at which the genome can be manipulated with either
chemicals or radiation. This has lead to the production of a large number of mutant
lines, which are readily available from stock centres. As a member of the mustard
(Brassicaceae) family, Arabidopsis itself may not be of major agronomic
significance. However, other members of this family include cabbage, cauliflower,
rapeseed, radish and mustard, all of which are clearly of greater significance. Thus

Arabidopsis is an important tool for both genetic and molecular biological research.

In order to survive plants constantly adapt to suit their changing environment.
Essential nutrients are taken from the surrounding soil by a network of roots and
transported through the xylem and phloem vascular tissues to the required locations.
Plants are also able to influence the rhizosphere by root secretions, altering the
microbial community and nutrient availability. Plants also utilise energy from
sunlight and convert carbon dioxide into organic compounds in a process known as

photosynthesis. During this autotrophic phase plants are known as producers; they
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are able to make their own food. However, during germination seedlings must use

stored energy resources from the seed for growth and development.

During the production of seeds, large quantities of carbon, nitrogen and other micro-
nutrients are stored by the mother plant. These stored reserves are then utilised
during seedling establishment until photosynthesis can begin. The majority of carbon
stored within seeds is in the form of triacylglycerol (TAG) in oil bodies. The first
step of lipid reserve mobilisation during germination is the hydrolysis of TAG into
free fatty acids. These free fatty acids are subsequently transported into the
glyoxysome by an ABC transporter, comatose (Baker ef al., 2006). Once inside the
glyoxysome, fatty acids are esterified to acyl-CoA by long chain acyl-CoA
synthetases (LACS) (Shockey ef al., 2002) in a two step reaction (Figure 1.1).

fatty acid + ATP —— fatty acyl-AMP + PPi
fatty acyl-AMP + CoA ——»  fatty acyl-CoA + AMP

Figure 1.1: The reaction of acyl-CoA synthetase (Hisanaga et al., 2004).

Acyl esters produced by LACS are then metabolised to acetyl-CoA by B-oxidation,
which in turn is converted to four carbon carbohydrates by the glyoxylate cycle
(Figure 1.2). Acetyl-CoA is also produced for entry into the glyoxylate cycle by
AAE7/ACNI (Turner et al., 2005). This glyoxysomal enzyme converts externally
supplied acetate into acetyl-CoA, which is then metabolised by the glyoxylate cycle
(Turner et al., 2005).
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Figure 1.2: The glyoxylate cycle, TCA cycle and gluconeogenesis (Modified from Lorenz and
Fink, 2002).

Acetyl-CoA enters the glyoxylate cycle at two positions where it is metabolised to
citrate and malate. The produced citrate is then transported out of the glyoxysome for
metabolism to isocitrate by aconitase. Malate, produced from acetyl-CoA by malate
synthase, is transported out of the glyoxysome (Metter and Beevers, 1980). Malate is
believed to have a number of possible uses; one of these is transport to the
mitochondria where it enters the tricarboxylic acid (TCA) cycle (Figure 1.2). Malate
is also believed to be transported to the cytosol where it is converted to sucrose
through gluconeogenesis (Cornah ef al., 2004). Sucrose is an important sugar that is

then transported throughout the plant to the required locations.

Succinate, produced as part of the glyoxylate cycle, is also believed to be transported
to the mitochondria where it enters the TCA cycle. Once within the TCA cycle,
succinate is metabolised to oxaloacetate which is converted to sucrose by

gluconeogenesis (Penfield ef al., 2005).

The work conducted within this PhD thesis aims to investigate two steps of the TCA
and glyoxylate cycles, namely AAE7/ACNI and aconitase, which are responsible for

the production of acetyl-CoA and citrate respectively.
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1.2 Thesis aims

1.2.1 Experimental structural analysis of AAE7/ACNI1

The initial aim of work conducted in chapter three was to determine the previously
unknown three dimensional structure of AAE7/ACNI1. This was firstly attempted by
protein crystallisation with the view of structural determination by x-ray
crystallography. Secondly, solution scattering analysis was attempted to determine
the protein’s overall conformation; substrate inhibitors were used to determine if

AAE7/ACNI undergoes a conformational change during catalysis.

1.2.2 Theoretical structural analysis of AAE7/ACN1

In addition to the experimental analysis, computer models were produced with the
aim of determining the three dimensional structure of AAE7/ACNI (chapter four).
Homology models of AAE7/ACN1 were created using two different modelling
programs, namely I-TASSER and MODELLER. The latter of the two programs
utilised the crystallographic structures of a long chain fatty acyl-CoA synthetase in
both an open and closed conformation. This was in order to attempt to theoretically

predict the extent that AAE7/ACN1 might undergo a conformational change.

1.2.3 Structural analysis of the Arabidopsis thaliana aconitase isoforms

The primary objective of work conducted in chapter five was to assess the activity of
the three isoforms of aconitase. An additional aim was to structuralise the aconitase
isoforms by x-ray crystallography and x-ray absorption spectroscopy to determine
the three dimensional shape and characterise the iron sulphur cluster of the aconitase
isoforms. In order to achieve these aims purified protein is required. Attempts were
made to over-express large quantities of aconitase in Pichia pastoris for subsequent
structural analysis. Additionally, in order to compare the three aconitase isoforms,
homology models of the aconitase isoforms were made based on the crystallographic

structure of the Homo sapiens cytosolic aconitase.

1.2.4 Investigate the metabolic roles of aconitase in Arabidopsis thaliana

The aim of work conducted in chapter six was to investigate the metabolic roles of
the three aconitase isoforms during seedling establishment. Aconitase isoforms are
believed to function as part of both the TCA and glyoxylate cycle. However the

location and cyclic participation of each isoform is currently unknown. In order to
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attempt to determine the roles that aconitases play in metabolism, homozygous

knockout mutants needed to be identified for subsequent metabolic analysis.

1.3 Cellular metabolism

The basic functional unit of living organisms are known as cells. There are two types
of cells, prokaryotic and eukaryotic. Most bacteria and archaea are unicellular
organisms that contain a single prokaryotic cell. In contrast plants and animals are
multicellular organisms comprised of eukaryotic cells. The main differences between
prokaryotic and eukaryotic cells are the absence of a membrane bound nucleus and
internal organelles in prokaryotes. The absence of these compartments in prokaryotic

cells results in the presence of DNA and metabolic processes within the cytoplasm.

Metabolism in eukaryotic cells is therefore much more complicated than prokaryotic
cells, as transport mechanisms are required to move metabolites to and from
different organelles. The presence of organelles, however, offers an advantage by
allowing different metabolic processes to occur within different locations for a
particular purpose. The compartmentalisation of metabolic pathways is important to
separate and control metabolism. Cellular metabolism is complex and includes a
degree of overlap with a single metabolite being involved in multiple cycles.
Examples of this include citrate and malate which are involved in both the TCA and

glyoxylate cycles.

1.4 Tricarboxylic acid cycle

This Tricarboxylic acid (TCA) cycle is an important cycle within all living
organisms, converting acetyl-CoA to carbon dioxide, water and energy. Enzymes of
the TCA cycle include citrate synthase, aconitase, isocitrate dehydrogenase, a-
ketoglutarate dehydrogenase, succinyl-CoA synthetase, succinate dehydrogenase,

fumarase and malate dehydrogenase.

1.4.1 Citrate synthase

The first step of the TCA cycle is the condensation of acetyl-CoA with oxaloacetate
to form citrate and CoA. This condensation reaction is catalysed by the enzyme
citrate synthase. This step in the TCA cycle is the only one that results in the

formation of a carbon-carbon bond (Wiegand and Remington, 1986).
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1.4.2 Aconitase

The second step of the TCA cycle is the stereo specific isomerisation of citrate to
isocitrate via cis-aconitate. This dehydration followed by rehydration reaction is
catalysed by aconitase. Active aconitase is believed to contain a [4Fe-4S] cluster that

interacts directly with the substrate during catalysis.

1.4.3 Isocitrate dehydrogenase

The conversion of isocitrate with NAD" to a-ketoglutarate, NADH and CO; is the
next step in the TCA cycle. The conversion of isocitrate to a-ketoglutarate is
catalysed by isocitrate dehydrogenase. This reaction occurs in a two step process by

the oxidative decarboxylation of isocitrate.

1.4.4 o-ketoglutarate dehydrogenase

a-ketoglutarate dehydrogenase catalyses the conversion of o-ketoglutarate, NAD'
and CoA to succinyl-CoA, NADH and CO,. This enzyme represents a control point
in the TCA cycle, as a build up of either succinyl-CoA or NADH inhibits the
enzymes activity (Smith et al., 1973).

1.4.5 Succinyl-CoA synthetase
Succinyl-CoA synthetase catalyses a reversible step in the TCA cycle. This enzyme
is responsible for the conversion of succinyl-CoA to succinate and CoA and vice

versa under certain conditions.

1.4.6 Succinate dehydrogenase

Succinate dehydrogenase is an enzyme complex (complex II) that is bound to the
inner mitochondrial membrane. This is a unique enzyme that participates in both the
TCA cycle and the electron transport chain. Within the TCA cycle succinate

dehydrogenase catalyses the oxidation of succinate to fumarate.

1.4.7 Fumarase
As part of the TCA cycle, fumarase catalyses a reversible hydration/dehydration

reaction. During this reaction fumarate is converted to malate.
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1.4.8 Malate dehydrogenase
The final step of the TCA cycle is the conversion of malate and NAD' to
oxaloacetate and NADH. This reaction is catalysed by malate dehydrogenase,

completing the TCA cycle.

1.5 The glyoxylate cycle

The glyoxylate cycle converts fats into carbohydrates in both plants and
microorganisms (Kornberg and Krebs, 1957; Eastmond and Graham, 2001). Within
plants, this cycle has been shown to function both during germination and
senescence (De Bellis and Nishimura, 1991; Eastmond and Graham, 2001). Acetyl-
CoA enters the glyoxylate cycle at two positions to produce citrate and malate.
Within Arabidopsis acetyl-CoA can be produced from the breakdown of fatty acids
by P-oxidation or from externally supplied acetate by AAE7/ACN1 (Eastmond and
Graham, 2001; Turner et al., 2005).

1.5.1 AAE7/ACN1

AAE7/ACNI is an acyl activating enzyme (AAE) identified during fluoroacetate
screening experiments as acetate non-utilising (ACN) (Shockey et al., 2003; Turner
et al., 2005). This enzyme is responsible for the conversion of acetate to acetyl-CoA
in the glyoxysome. Acetyl-CoA produced from this two step reaction then feeds into

the glyoxylate cycle for further metabolism.

1.5.2 Citrate synthase

Oxaloacetate and acetyl-CoA are converted to citrate and CoA within the
glyoxysome by citrate synthase (Nishimura ef al, 1986). Knockout mutants of
citrate synthase have shown that citrate synthase is essential for germination and
development in Arabidopsis (Pracharoenwattana et al., 2005). The reaction of citrate
synthase allows carbon from B-oxidation to be exported from the glyoxysome as

citrate.

Once exported citrate may re-enter the glyoxylate cycle as isocitrate (Canvin and
Beevers, 1961), be transported to the mitochondria (Salon et al, 1988;
Pracharoenwattana et al., 2005) or be converted to acetyl-CoA within the cytosol
(Fatland et al., 2005).
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1.5.3 Aconitase

In plants aconitase activity has not been identified within the glyoxysome. Therefore
cytosolic aconitase is believed to function as part of the glyoxylate cycle (Brouquisse
et al., 1987; Verniquet et al., 1991). Active aconitase contains a [4Fe-4S] cluster that
is essential for the conversion of citrate to isocitrate via cis-aconitate. The produced
isocitrate is then believed to re-enter the glyoxysome to continue the glyoxylate

cycle.

1.5.4 Isocitrate lyase

Isocitrate lyase is responsible for the cleavage of isocitrate to succinate and
glyoxylate. The produced succinate is transported from the glyoxysome to the
mitochondria where it enters the TCA cycle, though glyoxylate remains in the

glyoxysome where it is metabolised by malate synthase.

1.5.5 Malate synthase

A second molecule of acetyl-CoA enters the glyoxylate cycle at this stage. The
acetyl-CoA and glyoxylate are converted into malate and CoA by malate synthase.
In Arabidopsis malate synthase is a single copy gene whose product functions solely
in the glyoxysome. Knockout mutants of malate synthase block the glyoxylate cycle,
preventing the conversion of acetyl-CoA to sugar (Eastmond ef al., 2000; Smith,
2002).

1.5.6 Malate dehydrogenase
The final step of the glyoxylate cycle is the conversion of malate and NAD" to
oxaloacetate and NADH. This reaction is catalysed by malate dehydrogenase,

completing the glyoxylate cycle.

1.6 The multiple functions of metabolites

Metabolites are important in cell processes, regulating enzyme activity and gene
expression in response to changes in temperature, pH, oxidative stress, pathogen
attack and nutrient deficiency. In order to survive plants must closely regulate their
metabolic pathways to deal with a variety of stresses, created as the environment
around them changes. Metabolites can be characterised as either primary or

secondary metabolites. Primary metabolites are usually essential, involved directly in
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normal development, growth and reproduction, whereas secondary metabolites allow

the plant to adapt to their environment (Bourgaud et al., 2001).

A well studied example of metabolite regulation by gene expression is the E. coli lac
operon (Jacob and Monod, 1961; Beckwith, 1967; Lodish et al, 1995). The lac
operon is a sequence of DNA that encodes three genes involved in lactose
metabolism. These three genes are transcribed and translated to produce the three
proteins P-galactosidase, P-galactoside permease and f-galactoside transacetylase.
When lactose is abundant it binds to the /ac repressor. This prevents binding to the
lac operator allowing transcription of the lac operon to occur. In the absence of
lactose the /ac repressor binds to the /ac operator preventing transcription of the /ac
operon. Binding of the lac repressor prevents transcription by blocking the
transcription start site and preventing the binding of RNA polymerase. Repression of
the lac operon in the absence of lactose is favourable as it results in the conservation

of energy by preventing the production of unnecessary proteins.

Metabolic regulation of gene expression has also been identified in plants. The
earliest example of metabolite regulation showed that sugars down regulate
photosynthetic gene expression in maize (Sheen, 1990). Sugars also interact with
hormones such as abscisic acid, auxin, cytokinin and ethylene to control seed and
seedling development (Zhou et al., 1998; Yuan and Wysocka-Diller, 2006; Dekkers
et al., 2008; Mishra ef al., 2009). In addition to their signalling role, sugars are also
important metabolites in plants. Glucose is practically important with a variety of
roles. This simple sugar is involved in the production of proteins, the biosynthesis of

starch and cellulose and is a precursor for vitamin C.

In plants, sugars are produced from both the process of photosynthesis and the
breakdown of fatty acids during germination. These sugars play an essential role in
metabolism as substrates for carbon and energy metabolism. Aconitase plays a
central role in metabolism converting citrate to isocitrate, as both a TCA and
glyoxylate cycle enzyme. The involvement of aconitase in these cycles makes
aconitase an excellent candidate for investigating metabolic signalling. In addition to

its pivotal role in metabolism, aconitase contains an iron sulphur cluster within its
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active site. This makes the regulation of iron important for the enzymatic

functionality of aconitase.

1.7 The importance of iron regulation in organisms

The twenty sixth element in the periodic table, iron (Fe), is an abundant element that
is vital to both plant and animal life. However, within organisms, iron can be both an
essential nutrient and a potential toxin. This therefore requires cellular iron levels to
be tightly regulated. Free iron in a cell can be potentially toxic by reacting with
oxygen. This may lead to the production of reactive oxygen species (ROS) that can
cause tissue damage. Harmful ROS include hydrogen peroxide (H,0,), superoxide
and hydroxyl radicals (Cadenas, 1989; Schopfer et al, 2001). In the presence of
oxygen iron is in the oxidised ferric form of Fe’*. However, organisms prefer iron in
the reduced ferrous form of Fe**. In addition to the presence or absence of oxygen,

the state of iron can also be influenced by pH levels.

The oxidation of ferrous iron (Fe*") to ferric iron (Fe’*) with H,O; is known as the
fenton reaction (Halliwell and Gutteridge, 1984; Prousek, 2007). During this process
a hydroxyl radical ((OH) and a hydroxyl ion (OH") are also produced (Figure 1.3). In
biological systems the superoxide ion (O;") is the reducing agent that converts F e’
to Fe*" (Guerinot and Yi, 1994). The hydroxyl radical can cause damage to organic
molecules, DNA, protein and lipids (Shires, 1982; Halliwell and Chirico, 1993;
Valko et al, 2004; Apel and Hirt, 2004). For these reasons it is important for

organisms to tightly regulate their cellular iron levels in order to limit damage.

Fe** + H,0, — Fe’" + .OH + OH"

F63+ +0,° e F62+ + 0y

Figure 1.3: Fenton reaction,

1.7.1 Iron regulation in animals

Depending on cellular levels in animals, iron can be both a potential toxin and an
essential nutrient. Some negative effects of a build up of iron in tissue include skin
pigmentation, diabetes mellitus and liver and heart failure. Despite these toxic effects

iron is an essential component of haemoglobin, required for the transport of oxygen
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and carbon dioxide throughout the body. The main problem caused by low levels of
iron in humans is iron deficiency anaemia. This condition can cause extreme fatigue
and weakness in adults and a heart murmur and delays in growth and development in
young children. Iron deficiency anaemia can be particularly dangerous in pregnant
women, increasing the risk of a premature delivery and low birth weights. The range
of problems caused by either too little or too much iron requires levels to be tightly

controlled.

In animals iron levels are controlled by altering the amount of iron both transported
and stored within the cell. The transport protein transferrin receptor and the storage
protein ferritin are both translationally regulated by an iron regulatory protein (IRP).
H. sapiens contain two IRPs (IRP1 and IRP2) that share approximately 61 % amino
acid sequence identity (Guo et al, 1995a). Depending on the cytosolic iron
concentration, IRP1 has the ability to function as either aconitase or an RNA binding
protein (Kaptain et al., 1991; Klausner and Rouault; 1993; Pantopoulos et al., 1995).
In contrast, IRP2 only functions as an RNA binding protein (Guo ef al., 1995b).

During iron deplete conditions IRP contains a [3Fe-4S] cluster with RNA binding
properties (Haile et al., 1992). In this state the IRP adopts an open conformation
(Walden et al., 2006; Figure 1.4). The movement of domains 3 and 4 expose an iron
response element (IRE) binding site that allows the RNA to bind (Dupuy ef al.,
2006; Walden ef al., 2006).

Figure 1.4: The open structure of IRP1. This image was taken directly from Walden et al
(2006).
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IRP contains an IRE binding site that binds to IREs in the 5’ or 3 UTR of mRNA.
IREs are 28 nucleotides in length with a conserved central region, 5’-CAGUGH-3’
(where H is any nucleotide except G) (Henderson ef al., 1994). IRP regulates cellular
iron levels by binding to IREs in the 3° UTR of transferrin receptor mRNA and the
5’ UTR of ferritin mRNA. Transferrin receptors are involved in the transport of iron
across cell membranes, whereas ferritin is an iron storage protein. The binding of
IRP to ferritin mRNA prevents translation, which increases the cellular concentration

of iron (Harrison and Arosio, 1996; Curie and Briat, 2003).

During iron deprived conditions, IRP also binds to transferrin receptor mRNA,
stabilising the mRNA. This increases the number of transferrin receptors in the
plasma membrane and therefore the uptake of iron into the cell (Hirling ef al.,, 1994).
Transferrin receptor mRNA is stabilised by preventing its cleavage by an

endoribonuclease (Kaldy et al., 1999).

IRP has been shown to adopt a closed conformation during conditions of excess iron
(Figure 1.5). Movement of domains 3 and 4 shields the IRE binding site, preventing
RNA binding (Hirling er al., 1994). The conversion of IRP from an open to a closed
conformation is believed to be dependent on cellular iron concentrations (Alen and
Sonenshein, 1999; Dupuy ef al, 2006). Higher concentrations of iron convert the
[3Fe-4S] cluster of IRP to a [4Fe-4S] cluster (Kaptain et al., 1991; Basilion e al,
1994b). This conversion results in the loss of RNA binding function and the gain of
aconitase activity (Haile et @/, 1992; Klauser and Rouault, 1993; Basilion ef al,
1994a).

13
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Figure 1.5: The closed structure of IRP / aconitase. This image was taken directly from Walden
et al. (2006).

1.7.2 Iron regulation in plants

Iron is an essential element in plants as it is involved in the electron transport chains
of photosynthesis and respiration (Connolly and Guerinot, 2002). This important
micronutrient is also necessary for chlorophyll synthesis and as a component of
cytochromes and ferredoxins. Iron deficiency can lead to a reduction in crop yields
and, if severe, even complete crop failure (Guerinot and Yi, 1994). One notable
symptom of iron deficiency in plants is the yellowing of new leaves (Forbes and
Watson, 1994; Hell and Stephen, 2002). The yellowing of leaves, known as
chlorosis, is caused by the insufficient production of chlorophyll (Brown ef al., 1955;
Brown, 1956). Excess iron can also be problematic in plants, resulting in brown
spots covering the leave surface (Kampfenkel ef al., 1995). Other problems caused
by excess iron include a reduction in the photosynthetic rate and the production of
ROS (Kampfenkel et al., 1995; Caro and Puntarulo, 1996). ROS, such as hydroxyl
ions, can subsequently lead to protein and DNA damage (Apel and Hirt, 2004). The
generation of ROS by excess iron and the cellular damage they cause may explain
the need for tight control of cellular levels by uptake, transport and storage

mechanisms.

Research also shows that nitric oxide (NO) is a key signalling molecule involved in
the regulation of iron in plants (Murgia et al, 2002). NO has been shown to be
involved in the accumulation of ferritin in Arabidopsis (Murgia et al., 2002). Ferritin

is an important iron storage protein with the ability to store up to 4500 iron atoms in

14



Chapter 1

both plants and animals (Harrison and Arosio, 1996; Theil, 1987). Within animals
the stability of ferritin mRNA is regulated by cytosolic aconitase. In contrast,
evidence suggests that this is unlikely to occur in Arabidopsis (Arnaud et al., 2007).
However, NO has been shown to inhibit aconitase activity in Arabidopsis (Navarre

et al., 2000). This could suggest a role for plant aconitase in iron homeostasis.

The majority of iron within the soil is present in the ferric form (Fe*"), making it
inaccessible to plants. In order to acquire iron from the soil plants therefore need to
reduce iron to its ferrous form (Fe*"). The amount of iron available to plants depends
largely on the pH of the soil solution (Forbes and Watson, 1994). Iron is more
available at pH 6 than it is at pH 8, as Fe*" is converted to Fe** as the pH decreases
(Forbes and Watson, 1994). Plants manipulate this by releasing protons to acidify the
soil solution surrounding the roots. This strategy (strategy I) is implemented by non-
graminaceous plants using H™ ATPases of the root plasma membrane (Fox and
Guerinot, 1998; Santi et al., 2005). Following acidification Fe¥" is reduced to Fe*' by
a plasma membrane bound ferric reductase oxidase (FRO), FRO2 (Robinson et al,,
1999). In Arabidopsis there are eight members of the FRO family, which are
expressed in a variety of tissues (Wu et al, 2005). Research shows that FRO2

transcript accumulates in roots in response to iron deficiency (Robinson et al., 1999).

After reduction, iron is transported from the soil by a member of the ZIP family, iron
regulated transporter 1 (IRT1) (Eide er al, 1996; Guerinot, 2000). Research shows
that IRT1 is located in the roots and induced by iron deficiency (Vert ef al., 2002).
Once taken up by the roots, iron is believed to be transported throughout the plant
via the xylem (Guerinot and Yi, 1994; Curie and Briat, 2003). Other methods of iron
transport include the natural resistance associated macrophage protein (NRAMP)
family and the yellow stripe like (YSL) family (Curie ef al., 2000, 2009; Thomine et
al., 2000).

In Arabidopsis there are several members of the NRAMP family involved in the
transport of metal ions (Williams et al., 2000). Three of these proteins have been
implicated in the transport of iron (Curie et al, 2000; Thomine et al., 2000).
Transcripts of NRAMP 1, 3 and 4 have all been shown to accumulate in response to
iron deficiency (Curie et al, 2000; Thomine et al., 2000). NRAMP 1 contains a
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plastid targeting sequence and is therefore believed to be involved in the transport of
plastid iron (Curie ef al., 2000). NRAMP 3 and NRAMP 4 are also believed to play a
role in the intracellular transport of iron (Thomine et al., 2003; Lanquar et al., 2005).
The roles of NRAMP 3 and NRAMP 4 in mobilising iron from the vacuole have
been shown to be very important during development of Arabidopsis seedlings
(Lanquar et al,, 2005). Excess iron is believed to be transported into the vacuole for

storage by vacuolar iron transport 1 (VIT1) (Kim ef al., 2006; Briat ef al., 2007).

A second strategy (strategy II) has been identified for the uptake of iron in grasses.
These plants release low molecular weight ligands called phytosiderophores when
iron levels are low (Fox and Guerinot, 1998; Jeong and Guerinot, 2009). These
phytosiderophores (PS) are chelators that solubilise inorganic Fe(III), increasing the
rate of iron uptake (Romheld and Marschner, 1986). Phytosiderophores, such as
mugineic acid and deoxy-mugineic acid, are synthesised in the roots from L-
methionine and secreted to solubilise iron (Shojima et al, 1990; Ma and Nomoto,
1993; 1994). Fe(III)-PS complexes are then taken up and redistributed via yellow
stripe (YS) family transporters (Curie ef al., 2001; Schaaf et al., 2004; Murata et al.,
2006; Jeong and Guerinot, 2009).

A YS family has been identified in Arabidopsis with eight members (Curie et al.,
2001). YS proteins are believed to be involved in the uptake and transport of iron
throughout the plant (Curie ef al., 2001; DiDonato et al., 2004; Le Jean et al., 2005).
In graminaceous plants, YS proteins are believed to be responsible for the uptake of
Fe(II1)-PS complexes (Curie ef al., 2001; Hell and Stephan, 2003). However, non-
graminaceous plants do not produce phytosiderophores under conditions of iron
deficiency (DiDonato et al, 2004; Schaaf et al., 2005). Thus, YS proteins are
believed to transport iron to and from vascular tissue of non-graminaceous plants
bound to chelates such as nicotianamine (NA) and citrate (DiDonato et al., 2004;
Grotz and Guerinot, 2006; Waters et al., 2006; Haydon and Cobbett, 2007; Curie et
al., 2009). Citrate complexed with iron is believed to be the major method of long
distance transport from roots to shoots within the xylem (von Wiren ef al., 1999) of
both strategy I and strategy Il plants (Tiffin, 1966a; 1966b). Increased levels of

organic acids, particularly citrate, have been observed under conditions of iron
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deficiency in leaves (Landsberg, 1981) and roots (Ric De Vos et al, 1986;
Alhendawi ef al., 1997, Lopez-Millan et al., 2000).

1.8 Aconitase

Aconitase is responsible for the conversion of citrate to isocitrate via the
intermediate cis-aconitate (Figure 1.6). This dehydration followed by rehydration
reaction is conducted within both the cytosol and mitochondria. Mitochondrial
aconitase functions as part of the TCA cycle in all living organisms. The TCA cycle
is located in the matrix of the mitochondria where it provides high energy electrons
in the form of NADH and FADH,. These then enter the oxidative phosphorylation
system where energy in the form of ATP is produced. Cytosolic aconitase is believed
to function as part of the glyoxylate cycle in both microorganisms and plants
(Kornberg and Krebs, 1957; Eastmond and Graham, 2001; Regev-Rudzki er al,
2005).

COOH COOH COOCH
HO COOH COOH COOH
/ HO
COCH COOH COCH
Citrate g cis-aconitate - Isocitrate

Figure 1.6: The metabolic reaction of aconitase.

1.8.1 Bacterial aconitase

Within E. coli there are two main isoforms of aconitase, aconitase A (acoA) and
aconitase B (acoB) (Gruer and Guest, 1994). The acoA isoform is induced by iron
and oxidative stress and acoB is induced during exponential growth (Jordan, 1999;
Tang ef al., 2002). The E. coli aconitase isoforms have both been shown to be

bifunctional proteins (Tang and Guest, 1999). Research shows that acoA and acoB
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both contain enzymatic and mRNA binding functions (Tang and Guest, 1999).
Bacterial aconitase isoforms from Bacillus subtilis and Mycobacterium tuberculosis
have also been shown to be dual functioning proteins (Allen and Sonenshein, 1999;

Kiley and Beinert, 2003; Banerjee ef al., 2007).

Aconitase isoforms from B. subtilis and E. coli are able to bind to an iron response
element in the mRNA sequence of rabbit ferritin (Alen and Sonenshein, 1999). The
binding of aconitase to the iron storage protein ferritin may increase the cellular iron
content by blocking translation, reducing the amount of ferritin. Under conditions of
iron depletion in E. coli acoB has been shown to lose enzymatic function and gain
RNA binding functions (Varghese et al., 2003). Increased citrate concentrations have
been observed in acoB knockout mutants consistent with a reduction in aconitase

activity.

E. coli acoA and acoB have also been shown to affect the stability of superoxide
dismutase mRNA (Tang et al, 2002). E coli acoA has a positive effect on
superoxide dismutase, increasing transcript stability, whereas E. coli acoB has a
negative effect on superoxide dismutase, lowering transcript stability (Tang er al.,
2002; 2005).

Crystallographic analysis of E. coli acoB shows that this isoform of aconitase
contains an additional domain (Williams er al., 2002). The fifth domain of acoB
(Figure 1.7) contains a HEAT like structure that is believed to be involved in
protein-protein interactions (Tang et al., 2005). However, both acoA and acoB form

dimers in solution (Tang ef al., 2005; Tsuchiya ef al., 2008).
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A)

Figure 1.7: The crystallographic structure of A) mitochondrial aconitase (PDB 1ACO) and B)
E. coli acoB (PDB 1L5J). Domains 1, 2, 3 and 4 are yellow, green, cyan and red respectively.
The novel N-terminal domain of acoB is shown in purple. This image is taken directly from
Williams et al., 2002,

Metabolic analysis of aconitase in Pseudomonus fluorescens cultures has shown that
aconitase is affected by elevated levels of aluminium (Middaugh et al., 2005). The
addition of excess aluminium to Pseudomonus fluorescens cultures resulted in a
reduction in aconitase activity (Middaugh et al., 2005). However, protein levels
remained unaltered. This suggests that the addition of aluminium affects the
composition of the protein’s iron sulphur cluster, rendering the enzyme inactive. The
oxidative environment created by aluminium generated ROS is believed to convert
the [4Fe-4S] cluster into a [3Fe-4S] cluster, with the loss of aconitase activity
(Boscolo ef al., 2003; Middaugh et al., 2005).

1.8.2 Yeast aconitase

S. cerevisiae has only one isoform of aconitase, scACO1 (Gangloff et al., 1990).
This has been identified as a target for oxidative damage during conditions of
oxidative stress (Cabiscol er al, 2000). Under these conditions the presence of
hydrogen peroxide resulted in a 75 % reduction in aconitase activity (Cabiscol et al.,
2000). This may suggest inactivation of aconitase by disruption of the iron sulphur

cluster.

Other work has identified scACO1 as being within both the cytosol and
mitochondria, where it participates as part of the glyoxylate shunt and TCA cycle
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respectively (Regev-Rudzki er al, 2005). The participation of scACOl in
metabolism is in agreement with previous research where it was identified by
fluoroacetate screening (McCammon, 1996). The resistance of a scACO1 mutant to

fluoroacetate suggests an involvement in acetate metabolism (McCammon, 1996).

Mitochondria contain circular strands of DNA that code for ribosomes, transfer RNA
and polypeptides. Mitochondrial DNA (mtDNA) is packaged into protein-DNA
complexes called nucleoids (Lodish ef al., 1995; Brewer ef al., 2000; Shadel, 2005).
Studies conducted by Chen et al. (2005; 2007) have shown that scACO1 is involved
in the maintenance of mtDNA, as a component of nucleoids. Unlike nuclear DNA,
mtDNA lacks histones. The absence of histones is believed to make mtDNA more
susceptible to the accumulation of point mutations and single stranded DNA breaks
(O’ Rourke et al.,, 2002). Other work has shown that scACO1 is essential for mtDNA
maintenance with the ability to replace Abf2p (Chen er al., 2005; 2007). Abf2p has
also been shown to play a key role in the structure, maintenance and expression of
the yeast mitochondrial genome (Diffley et al., 1991; Contamine and Picard, 2000,
Brewer ef al., 2003).

1.8.3 Mammalian aconitase

H. sapiens contains two isoforms of aconitase, one cytosolic and one mitochondrial.
These two isoforms are both located on different chromosomes. The cytosolic
isoform is located on chromosome 9 and the mitochondrial isoform is located on
chromosome 22 (Povey et al, 1976; Slaughter et al., 1978). The mammalian
cytosolic aconitase isoform is also known as iron regulatory protein 1 (IRP1)
(Kaptain ef al., 1991; Kennedy ef al., 1992; Klausner and Rouault, 1993). Depending
on the cellular iron concentrations this isoform functions as either aconitase or IRP.
In contrast, the mitochondrial isoform only functions as aconitase (Kaptain ef al.,
1991).

The mitochondrial and cytosolic isoforms of aconitase are both involved in citrate
metabolism. The mitochondrial isoform functions as part of the TCA cycle
metabolising acetyl-CoA to carbohydrate. Cytosolic aconitase is involved in the
production of glutamate and the regulation of glycolysis and fatty acid biosynthesis

(Tong and Rouault, 2007).
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Research shows that aconitase is purified in an inactive form that requires
reactivation. Early work showed that inactive aconitase can be reactivated by
restoring the [4Fe-4S] cluster with ferrous iron and cysteine (Dickman and Cloutier,
1950; Morrison, 1954). Subsequent research showed that aconitase can also be
reactivated by incubation with ferrous iron, sodium sulphate and 2-mercaptoethanol

(Suzuki et al., 1976).

The crystallographic structure of mitochondrial aconitase has been determined from
porcine heart (Robbins and Stout, 1989a; Robbins and Stout, 1989b; Lauble et al.,
1992; Lloyd et al, 1999) and bovine heart (Lauble et al, 1992; 1994; 1996).
Structuralisation of aconitase showed that the enzymatic isoform contains four
domains with a [4Fe-4S] cluster. The [4Fe-4S] cluster is located in a deep cleft
between domains 1-3 and 4 (Lauble er al, 1992; Beinert and Kennedy, 1993).
During catalysis the fourth domain moves closer to domains 1-3, creating a closer,

tighter conformation (Volz, 2008).

1.8.4 Plant aconitase

Aconitase has been identified within both cytosolic and mitochondrial fractions of
plants (Brouquisse ef al., 1986; De Bellis et al., 1993; Hayashi et al,, 1995). The
mitochondrial isoform is believed to function as part of the TCA cycle and the
cytosolic isoform as part of the glyoxylate cycle (Brouquisse ef al, 1986; 1987;
Cornah and Smith, 2002). The glyoxylate cycle functions primarily in the
glyoxysome, breaking down fatty acids (Figure 1.2). In order to metabolise fatty
acids to sucrose, the glyoxylate cycle is believed to take a detour via the cytosol,
where aconitase activity has been detected (Brouquisse et al, 1987; Courtois-
Verniquet and Douce, 1993). The absence of aconitase activity within the
glyoxysome is believed to be due to the presence of ROS, as the [4Fe-45] cluster of
aconitase is susceptible to damage by ROS, rendering the enzyme inactive

(Verniquet et al., 1991).

Isoforms of aconitase are believed to function as part of both the TCA and
glyoxylate cycle. Acetyl-CoA enters these cycles for metabolism to citrate. As part
of these cycles aconitase converts citrate to isocitrate. The site of fluoroacetate

toxicity in both plants and animals is believed to be aconitase. Exogenously supplied
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fluoroacetate is metabolised to fluoroacetyl-CoA and subsequently fluorocitrate,
which binds and inhibits aconitase activity (Figure 1.8). Fluoroacetate was used as a
systemic insecticide prior to the identification of its toxicity to humans (Treble et al.,
1962). Plants species such as Dichapetalum cymosum (Marais, 1944) and Acacia
georgina (Oelrichs and McEwanm, 1961) are both able to produce fluoroacetate.

However, the mechanisms that enable these species to survive are unclear.
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Figure 1.8: The metabolic reaction of aconitase from A) citrate and B) fluorocitrate (Images
taken from Lauble et al,, 1996).

Lycopersicon pennellii aconitase (Ipacol) mutants showed a reduction in aconitase
activity and an increase in both photosynthetic activity and fruit yield (Carrari ef al,
2003). The lpacol mutants also showed reduced levels of aspartate, glutamine,
phenylalanine and leucine (Carrari ef al., 2003). The reduction in amino acid levels
is consistent with a role in the TCA cycle, providing carbon skeletons for amino acid

biosynthesis (Carrari ef al., 2003).

Nitric oxide (NO) is known to act as a signalling molecule in both plants and
animals. Within plants NO signalling is believed to be involved in leaf expansion,
root growth and activating defence responses to pathogens (Leshem, 1996; Gouvea
et al., 1997; Delledonne et al.,, 1998; Durner et al., 1998). Navarre et al, (2000)
examined the effect of NO in tobacco and showed that NO inhibits aconitase
activity. The reduction in aconitase activity is believed to result in an increase in

citrate (Navarre et al, 2000). Other work has previously implicated citrate as a
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signalling molecule, as raised levels were found to increase the level of alternative
oxidase protein in tobacco cells exposed to potassium cyanide (Vanlerberghe and
MclIntosh, 1996; Navarre et al., 2000). Aconitase within plant cell cultures has also
been shown to be inhibited by salicylic acid (SA) (Ruffer er al, 1995). The
signalling molecule SA activates plant defence genes through elevated levels of
hydrogen peroxide (Ruffer ez al., 1995). The binding of SA to aconitase could result
in the release of iron and the production of hydrogen peroxide through the fenton

reaction, reducing aconitase activity further.

Arabidopsis contains three isoforms of aconitase, ACO1, ACO2 and ACO3 (Arnaud
et al., 2007; Moeder et al., 2007). ACOI1 is believed to be located within the cytosol
where it is constitutively expressed at low levels during most developmental stages
(Peyret et al, 1995; Arnaud et al, 2007; Bernard et al., 2009). However, during
germination, pollen maturation and seed production the expression of ACO1 was
shown to increase (Peyret ef al., 1995), suggesting a role within the glyoxylate cycle.
Additional research has also suggested that ACO1 is located within the mitochondria
(Kruft et al,, 2001; Arnaud ef al., 2007). The identification of an aconitase isoform in
two locations has also been identified in Saccharomyces cerevisiae (Regev-Rudzki ef
al., 2005). The additional aconitase isoforms, ACO2 and ACO3, have both been
identified within the mitochondrial proteome (Millar et al., 2001; Sweetlove ef al,
2002; Lee et al, 2008). Mitochondria were isolated from Arabidopsis cells by
percoll gradient density centrifugation. Isolated mitochondria were lysed and the
resulting mitochondrial proteins separated by two dimensional gel electrophoresis.
The protein spots were subsequently identified from trypsinated peptides by mass
spectrometry (Millar ef al., 2001; Lee et al., 2008).

Multiple aconitase isoforms have also been identified in maize (Wendel ez al., 1988),
soybean (Cots and Widmer, 1999) and pumpkin (De Bellis ef al, 1993). Three
aconitase isoforms (ACO I, ACO II and ACO III) were identified by native PAGE
separation in pumpkins (De Bellis er al., 1993). The ACO I and ACO II isoforms
were subsequently purified by anion exchange chromatography. Native PAGE and
isoelectric focusing analysis showed that ACO I and ACO II are both very similar
proteins. ACO I and ACO II are both monomeric proteins with a molecular mass of

approximately 98 kDa and pl values of 5.0 and 4.8, respectively (De Bellis ef al,
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1993). The molecular mass of ACO III was also shown to be approximately 98 kDa
(De Bellis ef al., 1995). Levels of ACO I were shown to be high in cotyledons but
gradually fell as the cotyledons developed, suggesting a role in the glyoxylate cycle
(De Bellis et al., 1994; 1995). The ACO II and ACO III isoforms were found in
cotyledons, leaves and hypocotyls (De Belli ef al, 1995). Subcellular localisation
suggested that ACO I and ACO III are located within the cytosol and ACO II within
the mitochondria (De Bellis et al., 1995). This is in contrast to Arabidopsis as ACO1
is believed to be cytosolic and ACO2 and ACO3 are believed to be mitochondrial
proteins (Arnaud et al, 2007; Bernard er al, 2009). However, a reduction in
cytosolic aconitase activity was observed in both acol and aco3 (Arnaud et al,
2007).

Within H. sapiens aconitase is a dual functioning protein with both aconitase and
RNA binding functions. Moeder ef al. (2007) addressed the question of a dual
functioning aconitase in Arabidopsis. Evidence suggested that whilst aconitase was
unable to bind to human ferritin IRE, it was able to bind the 5° UTR of the
Arabidopsis chloroplastic copper / zinc superoxide dismutase 2 mRNA (Moeder ef
al, 2007). This could suggest an involvement in oxidative stress as superoxide
dismutase catalyses the conversion of superoxide to oxygen and hydrogen peroxide,
and analysis of Arabidopsis cell cultures has shown that aconitase is inhibited by

hydrogen peroxide (Sweetlove et al., 2002).

Aluminium toxicity and phosphorous deficiency have also been shown to result in a
reduction in aconitase activity and an increase in citric acid levels (Hoffland ef al.,
1992; Neumann and Romheld, 1998; Neumann et al., 1999; Yang et al., 2004). The
increase in citric acid during aluminium toxicity is believed to result from aconitase
inactivation (Yang et al, 2004). This could be caused by the direct interaction of
aluminium with aconitase or indirectly through the production of superoxide or
hydrogen peroxide (Yang ef al., 2004). During conditions of phosphorus deficiency
citric acid levels were elevated within roots and root excludes of white lupin
(Neumann and Romheld, 1999). Citric acid and protons are believed to be released
from root clusters to acidify the rhizosphere and mobilise any phosphorus present, in
a similar manor to iron deficiency (Neumann et al., 1999). Microarray analysis of the

Arabidopsis aconitase isoforms conducted with seedlings showed that the mRNA
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levels of ACO1, ACO2 and ACO3 were all reduced in roots under phosphorous
deficient conditions (Hruz et al., 2008). The reduction in mRNA levels of all three
aconitase isoforms could therefore result in an increase in citrate, which in turn could

suggest an involvement in plant responses to phosphorus and/or iron deficiency.
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Materials
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Methods

26



Chapter 2

2.1 General solutions and equipment

All general laboratory chemicals and biological solutions were obtained from Sigma
Aldrich Ltd. (Dorset, U.K.), Fisher Scientific U.K (Leicestershire, U.K.) or VWR
International Ltd. (Leicestershire, U.K.) and were of Molecular biology grade or
equivalent unless otherwise stated. All centrifugation steps were either conducted
with bench-top Boeco centrifuge M-25 or a 12 ml Hettich EBA12 bench-top
mircocentrifuge unless otherwise stated. Optical density measurements were
conducted on a UniCam UV 500 spectrophotometer with Vision 32 Software
(Thermo Spectronic, New York, U.S.A). Seedling photography was conducted with
a Nikon D50 with an 18-55 mm lens and selective magnifying filters when needed.
All primers were synthesised by MWG biotech and all PCR reactions were carried
out in 200 pl thin-walled PCR tubes (VWR, Leicestershire, U.K.) in a PTC-150
MiniCycler (MJ Research Inc., Massachusetts, U.S.A.) unless otherwise stated. The
pQE31-AAE7/ACN1 E. coli expression vector in MIS[REP4] cells has been
previously described (Turner et al., 2005). Aconitase full-length cDNA clones were
obtained from RIKEN plant sciences
(http://www.brc.riken.go.jp/lab/epd/catalog/cdnaclone.html).  ACOl (MIPS No.
At4g35830), ACO2 (MIPS No. At4g26970) and ACO3 (MIPS No. At2g05710)
correspond to clones pda 03083, pda 04401 and pda 09788 respectively.
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2.2 Structural and enzymatic characterisation of AAE7/ACNI1

2.2.1 Induction and purification of AAE7/ACN1

Selective Luria Bertani (LB) broth (1 % (w/v) tryptone, 0.5 % (w/v) yeast extract,
0.02 M NaCl) with a final concentration of 100 pg ml™" ampicillin and 50 pug ml™
kanamycin was prepared and inoculated with E. coli expressing AAE7/ACNI. A 5
ml starting culture was incubated overnight at 37°C with gentle agitation. 250 ml LB
was inoculated with the starting culture creating a starting ODggo of 0.075 and
agitated at 250 rpm at 37°C until an ODgg of 0.6 was reached. With an ODggo of 0.6
the culture was induced by addition of filter sterilized isopropyl-beta-D-
thiogalactopyranoside (IPTG) to a final concentration of 1 mM and incubated for 24
hrs at 20°C with gentle agitation.

Cells were harvested at 4°C in a Beckman centrifuge using a JA-14 rotor at 4000x g
for 20 min. Pelleted cells were re-suspended in binding buffer (10 mM imidazole,
0.5 M NaCl, 20 mM phosphate buffer, pH 7.4), broken by sonication with a Sanyo
Soniprep 150 MSE sonicator. Cells were exposed to 2 pulses for 30 seconds at an
amplitude of 5 with approximately 30 seconds cooling in between episodes. Cell
debris was removed by centrifugation in a Beckman centrifuge at 15000 x g for 10
min using a JA-20 rotor pre-cooled to 4°C. The cleared lysate was loaded onto a
HisTrap Ni-chelating column (GE Healthcare Life Sciences, Buckinghamshire,
U.K.). The column was washed sequentially with 10 ml of 10 mM imidazole buffer
(0.5 M NaCl, 20 mM phosphate buffer, pH 7.4), 5 ml of 50 mM imidazole buffer, 5
ml of 100 mM imidazole buffer, and lastly eluted with 5 ml of 250 mM imidazole
buffer and collected in 1 ml fractions. Aliquots from each fraction were run on a 10
% SDS-PAGE gel (Laemmli, 1970) to check the quality of purification. Suitable
fractions were combined, dialysed against a solution of 0.02 M KH;PO4, pH 7.4,
0.05 M KCI and 10 % glycerol and concentrated by centrifugation in a Viva Spin 2
ml concentrator, 10,000 MWCO PES (Sartorius, Surrey, U.K.). Protein
concentration was determined by the Bradford method (BioRad) using BSA as a
quantification standard (Bradford, 1976).

2.2.2 Visualisation of proteins by gel electrophoresis
All protein samples were mixed with loading dye (250 mM Tris / HCI pH 6.8, 2 %
SDS, 10 % glycerol, 20 mM DTT and 0.01 % bromophenol blue) and visualised on a
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10 % SDS-PAGE gel to check for either protein induction or purity. SDS-PAGE gels
consisted of a stacking gel (0.1 M Tris / HCI pH 6.8, 3 % Acrylamide / Bis
acrylamide, 0.1 % SDS, 0.05 % ammonium persulphate, 0.01 % TEMED) cast with
a comb for sample application over a set resolving gel (0.4 M Tris / HCI pH 8.8, 10
% Acrylamide / Bis acrylamide, 0.1 % SDS, 0.05 % ammonium persulphate, 0.04 %
TEMED). Gels were run with 300 ml of bottom tank buffer (0.05 M Tris / HCI pH
8.5) and 200 ml of top tank buffer (0.03 M Tris base, 0.2 M glycine, 0.1 % SDS).
SDS-PAGE gels were stained with Coomassie stain (50 % IMS, 0.2 % coomassie
brilliant blue and 10 % acetic acid) for 30 min and de-stained (20 % IMS and 10 %
acetic acid) overnight with gentle agitation. SDS-PAGE gels at 8 % acrylamide

concentration were constructed in a similar way.

2.2.3 Assay of AAE7/ACNI activity

Acetyl-CoA synthetase activity was determined in a coupled assay using citrate
synthase and malate dehydrogenase (Figure 2.1). The rate of reaction was followed
by monitoring NADH formed by the conversion of malate to oxaloacetate, which
was withdrawn into the citrate synthase reaction. All assays were conducted at room
temperature with a total assay volume of 1 ml which comprised of 0.1 M Tris, pH
8.0, 8 mM MgCly, 10 mM glutathione, 0.9 mM NAD, 0.04 mM CoA, 23 units
malate dehydrogenase, 21 units citrate synthase, 10 mM L-malate, 10 mM NaAc, 5
mM ATP and AAE7/ACNI. The reaction was initiated by addition of ATP at a final
concentration of 5 mM. In the AMP analogue inhibitor studies, the assay mix also
included the appropriate concentration of AMP analogue (see chapter 3). K, Kn
apparent, Vmax 80 Vinax apparent WeTe determined from Lineweaver burk plots. Inhibition
constants for competitive and uncompetitive inhibition, Ki. and Ki, respectively,

were determined using Kic = [1] / (K apparent / Km) -1) and Kiy = [I]/ ((Vmax / Vmax

apparenl) -1 )
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Acetate
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Figure 2.1: Schematic of coupled enzyme assay of AAE7/ACNI.

2.2.4 Calculating of the MgATP concentration within the enzyme assay of
AAE7/ACN1

The concentration of ATP was varied in kinetic inhibition studies of AAE7/ACNI to
determine their mechanism of action. ATP forms a metal-ligand complex in solution
with Mg** with a ratio of 1:1. Therefore altering the concentration of ATP affects the
concentration of the MgATP complex. The stability constant of the metal-ligand
complex is 20000 M in 0.1 M Tris, pH 8.0 at 30°C (Purich and Fromm, 1972;
Dawson et al., 1987). The enzyme assay conditions set up for kinetic analysis of
AAE7/ACNI1 were also conducted with 0.1 M Tris, pH 8.0. However the lower
temperature of 25°C was used. The dissociation constant of 20000 M was corrected
for the 5°C temperature difference to 19997 M (equation 1) using the method
derived by O’Sullivan and Smithers (1979).
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Equation 1: Dissociation constant corrected to 25°C

The temperature at which the dissociation constant was measured at (Tm) =303 k

The experimental temperature (Tc) =298 k

Alog k =750 (AT)
Therefore AT = /303 — /a0s
AT =-5.537 x 107
Alogk=-5.537x 107
=0.9998
=0.9998 x 20000
k at 25°C = 19997 M™!

Due to the small difference observed between the dissociation constant calculated at
25°C and that obtained at 30°C the dissociation constant used to calculate the
concentration of MgATP was 20 mM™'. The concentration of free ATP was
estimated (equation 2) and subtracted from the concentration of ATP (Dawson et al.,

1987).

Equation 2:
free ATP = [ATP] / (20 ([Mg®"] - [ATP])

Magnesium ions bind to the nucleosides tri-, di- and mono-phosphate with
decreasing degrees of tightness (Igamberdiev and Kleczkowski, 2001). This
difference in affinity for tri- di- and mono-phosphates is reflected in the dissociation
constants 20000, 2000 and 100 M™' (Purich and Fromm, 1972). The weak binding of
magnesium to the mono-phosphate results in the metabolic participation of AMP in a

magnesium free form (Igamberdiev and Kleczkowski, 2001).

2.2.5 Crystallisation trials of AAE7/ACN1
Purified AAE7/ACNI1 was prepared as described in section 2.2 and concentrated as
detailed in section 2.2.1. AAE7/ACNI crystallisation trials were set up using the

Structure screen 1 kit (Molecular Dimensions Limited, Cambridgeshire, U.K.) at 4°C
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and 18°C. All trials were set up using the hanging drop method with 2 pl protein
mixed with an equal volume of reservoir solution. The protein and reservoir solution
were mixed on a cover slip that was inverted and sealed over 0.5 ml of reagent.

Initial crystallisation trials were conducted with 15 mg ml” purified AAE7/ACNI.

A second crystallisation trial was conducted with the Structure screen 1 kit with 16
mg ml" purified AAE7/ACNI. Crystallisation solutions were incubated at 4°C and
18°C both in the presence and absence of 1 mM AMPP and 1 mM CoA. Due to the
observation of putative crystals with the reservoir solution 2.0 M ammonium
sulphate and 0.1 M Tris, pH 8.5 further crystallisation trials were conducted. Trials
were set up with 0.5 — 3 M ammonium sulphate (at 0.5 M increments) at 4°C and
18°C with 18 mg ml” AAE7/ACNI. Protein solutions were incubated with a) 1 mM
AMPP and 1 mM CoA, b) 1 mM AMPP and ¢) 1 mM CoA. Crystallisation trials
were repeated at 4°C with 10 mg ml" and 15 mg ml" AAE7/ACNI1 incubated with 1
mM AMPP and 1 mM CoA. The concentration range of ammonium sulphate was

narrowed to 2 — 2.5 M at 0.1 M increments.

The hanging drop method with 8 mg ml! AAE7/ACN1was modified from Gulick et
al. (2003) with a reservoir solution of 10 — 14 % PEG 8000, 10 % ethylene glycol
and 50 mM MES, pH 6.5. The protein solution was incubated with a) 1 mM AMPP
and b) 1 mM AMPP plus 1 mM CoA. After 5 days the droplets were microseeded

with a cat whisker.

2.2.6 Determining the composition of the putative crystals

Putative crystals were tested to determine if they were comprised of purified protein
or salt. The crystal’s strength and ability to take up the dye bromophenol blue was
tested. The strength of the crystals was tested with a needle in an attempt to break
them. One pl of 2.5 % bromophenol blue was added to the crystallisation solution to
distinguish protein from salt. Crystals that took up the blue dye were classified as

protein crystals.
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2.2.7 Crystallisation of Lysozyme
Lysozyme was crystallised using the hanging drop method. Two ul of protein (10 -
40 mg ml™") was mixed with an equal volume of reservoir solution (5 - 8 % NaCl, 0.1

M sodium acetate, pH 4.2) and incubated at 18°C.

2.2.8 Small angle x-ray scattering

Small angle x-ray scattering (SAXS) is a technique used in the study of biological
macromolecules to determine their overall size and shape in solution. SAXS
measurements were collected at angles close the primary beam by measuring the
scattered intensity I(s) as a function of the momentum transfer q (q = 4msin0/A,
where 20 is the angle between incident and scattered radiation). SAXS allows the
structure of a native protein under near physiological conditions to be analysed with
changing external conditions at low (1-2 nm) resolution. Dilute protein solutions are
random orientations of identical particles that are averaged to produce the scattering
profile of a single particle. The resulting scattering profile can be used to predict a
protein’s overall shape. This is possible as each profile has a unique signature
dependent on the size and shape of the macromolecule. Theoretical x-ray scattering
curves can be predicted from crystallographic data. Predicted curves are
distinguishable in the small angle region but not the high angle region (Figure 2.2).
This demonstrates that SAXS data contains information about the protein’s shape

and fold but not its secondary structure (Svergun ef al., 2001).
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Figure 2.2: Theoretical x-ray scattering curves predicted from 25 different proteins (Svergun ef

al., 2001).

2.2.9 Small angle x-ray scattering sample preparation and data collection of
AAE7/ACNI1 in the absence and presence of adenosine monophosphate propyl
ester

A purified sample of AAE7/ACN1 was prepared as described in section 2.2.1.
Purified, buffer exchanged protein was concentrated to 10 mg ml" and specific
activity determined as described in section 2.2.3. Small angle scattering data was
collected at the synchrotron radiation source Daresbury, Beamline 2.1 (Towns-
Andrew et al., 1989). Data was collected at a fixed wavelength of 1.54 A with beam
currents between 124 and 184 mA. Diffraction data was collected with 1 mg ml™, 2
mg ml” and 5 mg ml" purified AAE7/ACN1 at 5.5 m and with 10 mg ml’
AAE7/ACNI at 1 m camera length. Data was also collected at 5.5 m with 1 mg ml?
and 2 mg mlI! AAE7/ACNI and at 1 m camera length with 10 mg ml”? AAE7/ACN1
in the presence of 0.45 mM AMPP, a propyl ester of adenosine monophosphate.
Low and high angle data was collected at two camera lengths (5 m and 1 m)
covering a scattering vector range of 0.01 Al <q>0.15 A (q = 4nsin/), where 26
is the scattering angle). Frames of 60 second bursts were collected and averaged
creating a total exposure time of 20 — 45 min per sample. The first and last frames of
data collected were compared to ensure that no aggregation or radiation damage

occurred during data collection. Samples were prepared and 100 pl transferred to a 1
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mm mica cell and data collected at 4°C. The data was calibrated with either silver
behenate, for high angle data (1 m camera length) or wet rat tail collagen, for low
angle data (5.5 m camera length) and reduced from a 2-dimensional image to a 1-
dimensional scattering profile using Beamline software (OTOKO, SRS Daresbury,
U.K.). During data reduction the profile was normalised to the intensity of the
incident beam, corrected for detector artefacts and the scattering buffer subtracted
(OTOKO, SRS Daresbury, U.K.). Resulting data sets, collected at different camera

lengths, were merged with Microsoft Excel.

2.2.10 Determining the Rg and Dmax of AAE7/ACNI

Guinier analysis gives a linear relationship between the natural log of the scattering
intensity and the square of the scattering vector, at low angles (data collected at 5.5
m camera length). This region is also known as the Guinier region and is used to
calculate the radius of gyration (Ry). The R, is an estimate of the mass distribution of
a molecule and is determined from the gradient of the Guinier region, R, / 3. The R,
was also estimated from the merged scattering profile with the indirect transform
program GNOM (Svergun, 1992).

GNOM was also used to determine the maximum particle dimension (Dmax). The
Dmax is the distance (r) at which the distance distribution function p(r) reaches zero
(Figure 2.3). The p(r) function is very useful, unlocking valuable information about
particle shape. Molecules with the same maximum size can have very different
geometrical shapes. Differences in the shape of the curve and the maximum position
are important structural markers. A globular protein has a bell shaped distribution
with a maximum at Dmax / 2. An elongated structure has a maximum at a small
distance corresponding to the particle’s radius. Flat particles have a wide maximum
that is smaller than Dmax. Figure 2.3 demonstrates the differences in distance

distribution function of a variety of geometrical shapes.
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Figure 2.3: Scattering intensities and distribution functions of geometric bodies (Svergun and
Koch, 2003).

2.2.11 Shape reconstruction of AAE7/ACN1

Low resolution shape reconstruction was performed using the ab initio program
GASBOR (Petoukhov and Svergun, 2003). The program GASBOR reads the
solution scattering profile and p(r) output files from GNOM (Svergun ef al., 2001).
GASBOR utilises dummy residues to construct a chain compatible model with a
specified number of amino acid residues. The dummy residues are separated by a
distance of 0.38 nm at a resolution of 0.5 A inside a sphere of diameter Dmax. The

program calculates and compares scattering profiles from thousands of
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configurations of dummy residues to the measured scattering pattern by randomly

moving dummy residues.

Sixteen iterations of GASBOR were implemented, providing sixteen models for
analysis by the DAMAVER suite (Kozin and Svergun, 2000; Volkov and Svergun,
2003). The resulting models were superimposed and averaged to obtain a
representative model. DAMAVER aligns two models, represented by ensembles of
points, and provides a dissimilarity measure called normalized spatial discrepancy
(NSD) between them. The NSD is compared between models and a reference model,
with the smallest average dissimilarity measure being selected for subsequent

averaging.

2.2.12 Techniques implemented to determine the multimeric state of
AAE7/ACN1

2.2.12.1 CRYSOL prediction and comparison of solution scattering profiles
CRYSOL (Svergun et al., 1995) was implemented to predict the solution scattering
profile from known crystal structures and compare them to AAE7/ACNI SAXS
data. Namely, these were monomeric acetyl-CoA synthetase (1PG4.pdb) from
Salmonella enterica (seACS) (Gulick er al., 2003), dimeric long chain fatty acyl-
CoA synthetase from Thermus thermophilus (tLC-FACS) (1ULT.pdb) (Hisanaga et
al., 2004) and trimeric Saccharomyces cerevisiae acetyl-CoA synthetase (scACS)
(1IRY2.pdb) (Jogl and Tong, 2004).

CRYSOL (Svergun ef al., 1995) calculates the theoretical x-ray scattering pattern
from the atomic coordinates of a crystal structure and then alters the volume and

hydration contact parameters to obtain the best fit to the experimental SAXS data.

The scattering intensity from a particle in solution is:

I(s) = ((Au(s) — psAs(s) + 3ppAn($))2)€2
Where A,(s) is the atomic scattering in vacuum, Ay(s) is the scattering from the

excluded volume, Ay(s) is the scattering from the hydration shell, ps is the electron

density of the solvent and dpy is the contrast in the salvation shell.
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The level of confidence in the data fit is determined by chi-square analysis (y). x is a
measure of the ‘goodness of fit’ of the theoretical data created from a crystal
structure and experimental SAXS data. The lower the y value returned by CRYSOL

the better the theoretical data fits the experimental data.

% is calculated by:
2 (ro, 8p) = 1/Np Z [L(Si) — cI(Si,ro,8p) / o(Si)]*

Where cl(Si,10,0p) is the SAXS intensity, I(S;) is the experimental curve, Np is the

number of experimental points and o(S;) are the experimental errors.

2.2.12.3 Native polyacrylamide gel electrophoresis to determine the molecular
weight of AAE7/ACN1

Native PAGE was conducted in a similar way to SDS-PAGE (see section 2.2.2). The
only modifications were the removal of SDS from the stacking and resolving gel, the
loading dye and the running buffer. Native PAGE gels were run with either the
running buffers stated in section 2.2.2, minus the SDS or with 0.05 M Tris / HCI at
pH 7.3, 8.8 or 10.0.

2.2.12.4 Isoelectric focusing to determine the isoelectric point of AAE7/ACNI
Purified AAE7/ACN1 was prepared as described in section 2.2.1 and buffer
exchanged on a PD10 column with 25 mM Tris / HCI, pH 8.0. Isoelectric focusing
(IEF) was conducted with a PhastGel IEF pH 3-9 (GE Healthcare Life Sciences,
Buckinghamshire, U.K.). The gel was pre-focused for 75 Vh (2000 V, 2.5 mA, 3.5
W) prior to sample application. The sample applicator, containing 5 ng
AAE7/ACN1, was lowered onto the centre of the gel and run for 15 Vh (200 V, 2.5
mA, 3.5 W). The applicator was raised and the gel focused for 410 Vh (2000 V, 2.5
mA, 3.5 W).

IEF gels were fixed (20 % trichloroacetic acid) for 5 minutes, washed for 2 minutes
in solution A (50 % ethanol, 10 % acetic acid) and 6 minutes in solution B (10 %
ethanol, 5 % acetic acid). Gels were submerged in 8.3 % glutaraldehyde for 6
minutes, washed with solution B for 8 minutes and washed in water for 4 minutes.

Gels were stained for 10 minutes with 0.5 % (w/v) silver nitrate, developed with
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0.015 % formaldehyde in 2.5 % sodium carbonate for 4 minutes and stopped with 5

% acetic acid.

2.2.12.5 Determining the molecular weight of AAE7/ACNI1 by gel filtration

AAE7/ACN1 was purified as described in section 2.2 and buffer exchanged as
described in section 2.2.1. A 100 ul sample, containing approximately 0.26 mg
AAE7/ACNI1, was loaded onto a Superose 12 HR 12/30 column and run at 0.2 ml
min’ on a FPLC. All buffers were filtered and de-gassed prior to use. B-

galactosidase, BSA and cytochrome C were run as standards.

2.2.12.6 Electro spray ionisation mass spectrometry to determine the molecular
weight of AAE7/ACNI1

AAE7/ACNI samples prepared as described in section 2.2.1 were dialysed into 10
mM ammonium formate and analysed at 10 pM under non-native (50 % methanol,
0.1 % formic acid) and native (10 mM ammonium formate plus 10 % methanol)
solvent conditions. Mass spectra were obtained on a Q-ToF Ultima Global and the
deconvoluted mass spectrum (mass scale) from the native ESI data were generated
by the transform algorithm in Masslynx (Waters Micromass Technologies,
Manchester, U.K.) by Dr M. McCullough.

2.2.13 Construction of a homology model

Homology modelling is a method implemented to construct a 3D model from a
protein’s amino acid sequence based on similar crystallographic structures. The
quality of a predicted model will depend on the quality of the template and the
alignment of the primary sequences. Comparative models are useful as small
changes in a protein’s sequence usually results in small changes in structure (Sali
and Overington, 1994). Homology models are valuable tools used in the
identification of conserved residues and the prediction of important active site
residues. The creation of a comparative model involves the identification of a
suitable template, target - template sequence alignment followed by model creation

and evaluation (Marti-Renom et al., 2000).

The online server Phyre (Kelley and Sternberg, 2009) was used to identify a suitable

template structure for homology modelling. This was achieved by comparing the
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amino acid sequence of AAE7/ACNI to known crystallographic structures. The
amino acid sequence of the chosen template structure (ttLC-FACS) was aligned to
AAE7/ACN1 with the default settings of Multalin (Corpet, 1988) and a dimeric

homology model was constructed using the default settings of Modeller 9v1.

Modeller 9v1 constructs a comparative model by satisfaction of spatial restraints
(Sali and Blundell, 1993; Sali et al., 1995; Marti-Renom ef al., 2000). The restraints
are derived from the alignment of the template and target sequences. Restraints
include C-C distances, main chain N-O distances and main chain and side chain
dihedral angles. In the core region there may be a high degree of sequence identity
between the unknown protein and the template. This could result in the direct
transfer of side chain conformations from the template structure. Within the core
region amino acid changes are often very conservative, for example phenylalanine
for tyrosine. High sequence identity between the template and target sequence also
allows side chains to be easily modelled. Where there is less conservation between
the amino acid sequences then the side chains must be added without reference to the
template. Once the backbone conformations of the protein have been defined it is

then possible to assign conformations to the side chains (Sali and Blundell, 1993).
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2.3 Cloning and subsequent expression of Arabidopsis thaliana aconitase genes,
ACO1, ACO2 and ACO3 in Pichia pastoris

The three full length aconitase cDNAs ACO1 (At4g35830), ACO2 (At4g26970) and
ACO3 (At2g05710) were sub-cloned from the pda vector into E. coli prior to cloning
into pPiczC and transformation into Pichia pastoris X-33 cells for protein
expression. Glycerol stocks were made at every stage of the sub-cloning process by
adding 15 % glycerol to 300 pl of an overnight liquid culture to a final volume of 1
ml. All glycerol stocks were stored at -80°C. Primer sequences used throughout the

cloning process are listed in Table 2.1.

Table 2.1: Primers required for amplification and cloning of aconitase isoforms in Pichia

pastoris (F = forward and R = reverse).

Primer name Primer sequence 5’ — 3’
AOXI1-F GACTGGTTCCAATTGACAAGC
AOXI-R GCAAATGGCATTCTGACATCC
MI13-F GTAAAACGACGGCCAG
MI13-R CAGGAAACAGCTATGAC
ppAco26970-1F ATATATATATGGTACCCAAAATGTCTCGACGCGCCACT
ppAco26970-1R ATATATATATCCGCGGCTTGGCGCTCAAACTCC
ppAco35830-1F ATATATATATGGTACCCAAAATGTCTTCCGAGAATCCTTT
ppAco35830-1R ATATATATATCCGCGGTTGTTTGATCAAGTTCCTGATAACG
ppAco05710-1F ATATATATATCTCGAGCAAAATGTCTTTAACCGCTTCATCTTCC
ppAco05710-1R ATATATATATCCGCGGTTGCTTGCTCAAGTTTCTGATAAC

2.3.1 Sub-cloning and transformation into the E. coli vector Topo2.1
Prior to transformation into P. pastoris the aconitase isoforms were first sub-cloned

into E. coli.

2.3.2 Preparation of electrocompetent E. coli DHSa

A volume of 200 ml of LB was inoculated with an overnight culture of DH5a. to a
starting density (0.Dggo) of 0.05 and agitated at 250 rpm at 37°C until an O.Dggo of
0.6 was reached. Cells were harvested by centrifugation at 4000 x g for 15 min at
4°C (Beckman coulter, JA-14) and re-suspended in 50 ml 1 mM Hepes pH 7.4. Cells
were centrifuged at 4000 x g for 15 min, re-suspended in 20 ml 1 mM Hepes pH 7.4
and centrifuged at 4000 x g for 15 min. Cells were re-suspended in 10 ml 10 %
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glycerol and centrifuged at 4000 x g for 15 min (Beckman coulter, JA-20). The
supernatant was removed, cells were re-suspended in 400 ul 10 % glycerol,

dispensed in 50 pl aliquots, frozen on dry ice and stored at -80°C.

2.3.3 Amplification of aconitase genes ACO1, ACO2 and ACO3

The ¢cDNAs of ACOl and ACO2 were amplified with 1 unit Phusion DNA
polymerase and 1 x HF PCR buffer (New England Biolabs, Hertfordshire, U.K.) and
ACO3 with 2 units Accuzyme DNA polymerase and 1 x PCR buffer (Bioline,
London, U.K.). The PCR mix also contained 0.5 uM of the appropriate forward and
reverse aconitase gene primer pair (Table 2.1), 0.2 mM dNTP and 10 ng of the
corresponding pda clone in a final volume of 25 pl. PCR cycling conditions were 1
cycle of 98°C for 30 seconds; 35 cycles of 98°C for 15 seconds, 59°C for 30 seconds
and 72°C for 45 seconds. A final elongation step of 72°C for 10 min and a holding
temperature of 4°C were included. PCR products were checked by agarose gel
electrophoresis and the bands extracted and cleaned prior to ligation and

transformation.

2.3.4 Phenol / chloroform / IAA extraction and ethanol precipitation for
cleaning PCR products prior to ligation

An equal volume of phenol / chloroform / IAA (25:24:1) was added to the isolated
DNA sample and mixed well by vortexing. The sample was centrifuged at 13000 x g
for 4 min and the supernatant transferred to a fresh tube. An equal volume of
chloroform / IAA was added, mixed well, centrifuged at 13000 x g for 4 min and the
top aqueous layer transferred to a fresh tube. The previous step was repeated to
remove traces of phenol. A 1/10 volume of sodium acetate, pH 5.0 and two volumes
of ice-cold 100 % ethanol were added and incubated at -20°C for 2 hours to
precipitate the DNA. The mixture was centrifuged for 10 min at 13000 x g, the
supernatant discarded and the DNA pellet washed twice with 70 % ethanol followed
by centrifugation for 3 min at 13000 x g between each wash. The pellet was air

dried, re-suspended in 10 pl distilled H,O and stored at -20°C.
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2.3.5 Cloning into the TOPO2.1 vector

The protocol for T/A cloning of PCR amplified fragments was derived from the
TOPO2.1 PCR cloning manual. Adenine overhangs were added to blunt ended PCR
fragments by incubating in 1 x PCR buffer, 3 mM MgCl,, 0.2 mM dATP and 1 unit
Taq DNA polymerase (Promega Corporation Southampton, U.K.) for 20 min at
72°C. The resulting A-tailed PCR product was incubated for 5 min at room
temperature with 1 pl salt solution (kit reagent) and 1 pl TOPO2.1 vector
(Invitrogen, Paisley, U.K.) in a total volume of 6 ul. Two pl of the TOPO2.1 cloning
reaction was added to one vial of Topl0 chemically competent cells (Invitrogen,
Paisley, U.K.) and incubated on ice for 30 min. Cells were heat shocked for 30
seconds at 42°C and incubated on ice for 1 min. A volume of 250 ul of S.0.C
medium (20 g I tryptone, 5 g 1! yeast extract, 0.5 g I NaCl, 250 mM KCl, 20 mM
glucose, 10 mM MgCl,) was added and the tubes gently agitated at 37°C for 1 hour.
Two volumes of 50 ul and 100 ul were spread onto pre-warmed LB plates
containing 100 pg ml” ampicillin and incubated at 37°C overnight. Resulting
colonies were re-streaked onto fresh LB plates containing 100 pg ml™ ampicillin and
analysed for positive transformants containing the appropriate insert by colony PCR
with M13-F and ppAco-1R primers (Table 2.1).

2.3.6 Colony PCR to identify positive transformants

E. coli and P. pastoris colonies were tested by adding a small amount of a colony to
a 10 ul PCR reaction containing 1x PCR buffer, 0.8 units Tag DNA polymerase, 3
mM MgCly, 0.2 mM dNTP’s, 0.5 uM forward primer and 0.5 pM reverse primer.
Colony PCR conditions consisted of a denaturing step of 95°C for 2 min; 35 cycles
of a denaturing step of 94°C for 30 seconds, an annealing step of 58°C for 30
seconds and an elongation step of 72°C for 2.5 min; a final elongation step of 72°C
for 5 min and a holding temperature of 4°C. Agarose gel electrophoresis (1 %) was
used to visualise DNA. Plasmids were purified from positive colonies with either the
PureLink™ Mini Plasmid purification kit (Invitrogen, Paisley, U.K.), as

manufacturer’s instructions, or by alkaline lysis (see section 2.3.7).
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2.3.7 Isolation of plasmids from E. coli using alkaline lysis

Cells were harvested by centrifugation at 13000 x g for 1 min in a 1.5 ml microfuge
tube from an overnight culture incubated at 37°C. The supernatant was discarded and
the pellet re-suspended in 100 pl of an ice-cold solution of Buffer 1 (50 mM glucose,
10 mM EDTA and 25 mM Tris, pH 8.0). After incubation at room temperature for 5
min, 200 pl of a freshly prepared solution (Buffer 2) containing 0.2 M NaOH and 1
% SDS was added. The contents were mixed by inverting the tube three times and
the tube placed on ice for 5 min. A volume of 150 pl of an ice-cold solution of
Buffer 3 (3 M potassium, 5 M acetate) was added and the tubes gently vortexed in an
inverted position. The tubes were stored on ice for 5 min then centrifuged for 5 min
at 13000 x g. The supernatant was transferred to a fresh microfuge tube containing
450 pl of phenol/chloroform/IAA (25:24:1), vortexed and centrifuged for 2 min. The
supernatant was transferred to a fresh 1.5 ml microfuge tube containing 900 ul of
100 % ethanol, incubated on ice for 2 min, and followed by centrifugation at 13000 x
g for 10 min. The supernatant was discarded and the pellet washed with 500 pl of 70
% ethanol by vortexing. The DNA was re-pelleted by centrifugation for 5 min at
13000 x g. The supernatant was discarded and the pellet air-dried by inverting the
open tube for 20 min. DNA was re-suspended in 20 pl of TE, pH 8.0, and incubated
at 37°C for 20 min after addition of 20 pg ml” RNase.

2.3.8 Restriction digest to create compatible ends for ligation into pPiczC

Double digests of both the purified TOPO2.1 plasmids containing an aconitase gene
and the pPiczC vectors were conducted with the appropriate restriction enzymes
(Table 2.2) by incubation at 37°C for 1 hr with 1 x buffer B (10 mM Tris / HCI pH
7.5, 10 mM MgCl, 0.1 mg ml' BSA), 20 ul of plasmid and 5 units of each
restriction enzyme in a total volume of 50 ul. The resulting digests were visualised
on agarose gels, excised, and purified by centrifugation at 13000 x g for 15 minin a
Whatman microfuge tube with a 10 um polyprolene mesh (VWR International Ltd.,
Leicestershire, U.K.). Several digests were combined to provide enough DNA to
proceed with ligation reactions. The combined, isolated DNA samples were purified
with either a phenol / chloroform / IAA extraction followed by ethanol precipitation
(see section 2.3.4) or with a QIAquick PCR purification kit according to

manufacturer’s instructions with the following modifications (QIAGEN Ltd., West
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Sussex, U.K.). DNA was eluted with two applications of 15 pl elution buffer by
centrifugation for 1 min. The eluted DNA was freeze-dried (Edwards Modulyo,
Pirani 10) and re-suspended in 10 pl autoclaved distilled water and an aliquot

visualised on a 1 % agarose gel.

Table 2.2: Double digest combinations for cloning into the P. pastoris vector pPiczC and

linearization of pPiczC for transformation into P. pastoris.

Restriction enzyme
Xhol | Sac II Kpn I Pmel
ACOl X X
ACO2 X X
ACO3 X X
pPiczC vector X X
pPiczC vector X X
pPiczC plus insert X

2.3.9 Ligation and transformation of the pPiczC vector into E. coli

Ligation of the purified, restricted genes and pPiczC vector was conducted overnight
in a 10 pl reaction volume, incubated at room temperature. The reaction contained
4.5 pl of pPiczC, 4 pl of restricted DNA, 3 units of T4 DNA ligase (Promega
Corporation Southampton, U.K.) and 1 pl of 1 x ligation buffer (30 mM Tris, pH 7.8,
10 mM MgCly, 10 mM DTT and 10 mM ATP). A 3 ul aliquot was incubated with 50
ul DH5a electrocompetent cells on ice for 30 min, and then pulse shocked using a
BIO RAD Micropulser at 2.5 kv immediately followed by the addition of 1 ml of
S.0.C medium. The transformed cells were incubated at 37°C with gentle agitation
for 1 hr. Cells were harvested by centrifugation at 10000 x g for 1 min and the
supernatant discarded. Cells were re-suspended in 250 pl of S.0.C medium and 150
ul and 100 pl were spread onto pre-warmed LB plates containing 25 pg ml™ zeocin,
before overnight incubation at 37°C. Resulting colonies were tested by colony PCR
(see section 2.3.6). Positive plasmids were isolated and transformed into Pichia

pastoris X-33 electrocompetent cells.

2.3.10 Preparation and transformation of electrocompetent Pichia pastoris X-33
cells with the pPiczC vector
A volume of 500 ml of YTP (1 % yeast extract, 2 % tryptone, 2 % glucose) was

inoculated with 5 ml of an overnight culture and agitated at 200 rpm at 28°C until
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and O.Dgo of 1.5 was reached. The cells were harvested by centrifugation at 1500 x
g for 5 min at 4°C (Beckman coulter, JA-14) and re-suspended with 250 ml ice-cold
sterile water. Cells were harvested by centrifugation at 1500 x g for 5 min, re-
suspended with 20 ml ice-cold 1 M sorbitol and centrifuged at 1500 x g for 5 min in
a Beckman coulter centrifuge using a pre-cooled JA-20 rotor. Cells were re-
suspended in 1 ml of ice-cold sorbitol and divided into 50 pl aliquots. Freshly

prepared electrocompetent cells were kept on ice and used the same day.

Prior to transformation into P. pastoris, the pPiczC positive constructs were
linearised with Pmel (Fermetas U.K., York, U.K.) at 37°C for 1 hr by restriction
digest as previously described in section 2.3.8. Two pg of linearised plasmid DNA
were added to 50 pl of electrocompetent X-33 P. pastoris cells, incubated on ice for
20 min and pulsed on a Bio-Rad MicroPulser at 2.0 kv. One ml of ice-cold 1 M
sorbitol was immediately added to the cuvette, the contents transferred to a sterile
1.5 ml microfuge tube and incubated at 28°C for 2 hours. The resulting cells were
harvested by centrifugation at 10000 x g for 1 min. A volume of 800 pl of the
supernatant was removed and the pellet re-suspended in the remaining 250 pl, which
was subsequently spread onto two pre-heated YTPS plates (1 % yeast extract, 2 %
tryptone, 1 M sorbitol and 2 % agar) containing 100 pg ml™” zeocin and incubated at
28°C for two to three days. Resulting colonies were streaked onto a fresh YTPS plate
and analysed by colony PCR, see section 2.3.6.

2.3.11 Small scale induction analysis for the identification of colonies expressing
aconitase

P. pastoris cells were inoculated from an overnight culture of YTD (1 % yeast
extract, 2 % peptone, 2 % glucose) and grown in 50 ml minimal media (1.34 % yeast
nitrogen base with ammonium sulphate, 4 x 10" % biotin, 0.5 % methanol) at 28°C
for 24 hrs with shaking at 200 rpm. Cells were harvested by centrifugation at 13000
x g for 5 min and the cells re-suspended in 5 ml of binding buffer (10 mM imidazole,
pH 7.4, 500 mM NaCl and 20 mM phosphate). Re-suspended cells were divided into
1.5 ml microfuge tubes with an equal volume of acid washed glass beads. The

mixture was vortexed four times for forty-five seconds with a thirty second pause on
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ice to prevent over-heating the samples. The vortexed solution was removed from

the glass beads and centrifuged for 5 min at 13000 x g at room temperature.

The resulting pellet was re-suspended in 10 pl of loading buffer and analysed by
SDS-PAGE. A volume of 200 pl of supernatant was mixed with 800 ul of 100 %
acetone and left on ice for 1 hr to precipitate the proteins. Precipitated proteins were
pelleted by centrifugation at 13000 x g for 15 min, the supernatant removed and the
protein pellet re-suspended in 20 pl of loading buffer. Samples were boiled for 5 min
prior to loading onto an 8 % SDS-PAGE gel.

2.3.12 Large scale induction analysis for purification of ACO1 and ACO2

Cell cultures were agitated in minimal media (1.34 % yeast nitrogen base with
ammonium sulphate, 4 x 10 % biotin, 0.5 % methanol) at 100 rpm at 28°C for 7
days. Ferrous ammonium sulphate was added to a final concentration of 0.06 mM at
48, 96 and 144 hr, and induction of the protein expression instigated with 0.5 %
methanol every 24 hrs. Cells from 6 x 0.5 L of minimal media were harvested by
centrifugation at 1500 x g for 5 min at 4°C (Beckman coulter, JA-14). Pelleted cells
were re-suspended in binding buffer (10 mM imidazole, 0.5 M NaCl, 20 mM
phosphate buffer, pH 7.4) and ruptured by sonication on a Sanyo Soniprep 150 MSE
sonicator. Rupturing cells consisted of 3 pulses for 5 min at an amplitude of 10.
Lysed cells were centrifuged at 15000 x g for 10 min in a Beckman Coulter
centrifuge, equipped with a JA-20 rotor, and the cleared lysate was purified on
HisTrap Ni-chelating columns (GE Healthcare Life sciences, Buckinghamshire,
U.K.). Protein was eluted with 5 ml of 100 mM imidazole buffer (20 mM phosphate,
pH 7.4, 0.5 M NaCl, 100mM imidazole) and the eluted fractions were desalted on a
pd10 desalting column (GE Healthcare Life Sciences, Buckinghamshire, U.K.)
equilibrated with 1 M Tris pH 7.4. The elutes were concentrated with a Viva Spin 2
ml concentrator 10,000 MWCO PES (Sartorius, Surrey, U.K.). Protein concentration
was determined by the Bradford method (BioRad, U.K.) using BSA as quantification
standard (Bradford, 1976).
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2.3.13 Enzymatic assay for measuring aconitase activity

Aconitase activity was determined in a coupled assay modified from Rose and
O’Connell (1967) using isocitrate dehydrogenase. The rate of reaction was followed
by monitoring NADH formed by the conversion of isocitrate to a-ketoglutarate. All
assays were conducted at room temperature with a total assay volume of 1 ml that
comprised of 100 mM triethanolamine, pH 8.0, | mM magnesium chloride, 1 mM
NADP, 0.7 units isocitrate dehydrogenase, 1 mM cis-aconitic acid and aconitase.
The reaction was initiated by adding cis-aconitic acid to a final concentration of 1

mM. The assay procedure was tested using commercial porcine heart aconitase.

A crude extract of porcine heart aconitase was purchased from Sigma Aldrich Ltd
(Dorset, U.K.) as a control to identify possible techniques for activation of
At4g26970 and At4g35830. Half a ml of a 1.4 mg ml” solution was prepared in
distilled water, activated for 1 hr with 0.02 mM ferrous ammonium sulphate and 2.3

mM cysteine at 4°C (Morrison, 1954) and assayed.
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2.4 Preparation of Arabidopsis thaliana plant material for identification of acol,
aco2 and aco3 homozygous mutants and metabolic analysis

2.4.1 Plant material

T-DNA insertion lines were obtained through the Nottingham Arabidopsis Stock
Centre (NASC) from the SIGnAL (Alonso et al., 2003) and GABI-KAT (Rosso et
al., 2003) projects. Mutants in the three aconitase genes ACO1, ACO2 and ACO3
were identified from GABI-KAT for ACO1 (138A08) and ACO3 (298E10) and
from SALK for ACO2 (090200). The SALK and GABI-KAT mutants were
generated in a Columbia (Col-0) background using the vector pROK2 and pAC161
respectively. The pROK2 vector contains a kanamycin resistance gene and the
pAC161 vector contains a sulfonamide resistance gene. Along with PCR analysis,
these were used to confirm that the seedlings were mutants. Only one copy of the T-
DNA was confirmed by obtaining mendelian inheritance ratios for homozygous and
heterozygous lines. The SALK line 090200 (ACO2) was backcrossed to the parent
line, Col-0.

2.4.2 Preparation of plant material and growth conditions

Seeds were surface sterilised with Covclor 1000 chlorine in a 1.5 ml microfuge tube.
Sterilisation solution was produced by dissolving 0.125 g ml™! Covclor in distilled
water with 1 drop of 1 % tween20. This stock solution was diluted 1:10 with 100 %
industrialised methylated sprits (IMS), allowed to stand for 5 min, and then
centrifuged for 5 min at 3000 x g to remove precipitated perchlorate. Seeds were
incubated in the solution at room temperature for 30 min in 1 ml with periodic
agitation. The solution was decanted and seeds were washed twice in 100 % IMS in
a laminar flow hood. The remainder of the IMS was removed using a pipette and the

seeds allowed to dry before sowing onto agar plates.

Surface sterilised seeds were germinated onto 0.8 % agar plates containing, %2-
strength Murashige and Skoog (MS) salts (Murashige and Skoog, 1962) with and
without 20 mM sucrose. The media was adjusted to pH 5.7 with 0.01 M KOH prior
to the addition of agar and subsequently sterilised by autoclaving at 121°C for 20
min. Plates were poured in a laminar flow cabinet once the media had cooled to

approximately 55°C. Selection plates were created by the addition of 50 pg ml”
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kanamycin, 50 pg ml" sulfadiazine or 500 uM fluoroacetate prior to pouring for

analysis of T-DNA insertion lines.

Surface sterilised seeds were scattered on Y:-strength MS plates and sealed with
Micropore™ surgical tape to prevent contamination. Seeds were imbibed in the dark
at 4°C for 4 days prior to germination at 20°C under constant illumination of 70
umol of photons m*' s, After 10-14 days, seedlings were transferred to a soil
mixture compromised of 4 parts of multipurpose compost (John Innes 1, Bord Na
Mona Horticulture Ltd, Kildare, Ireland, U.K.) and 1 part J. Arthur Bower’s
Vermiculite (William Sinclair Horticulture Ltd, Lincolnshire, U.K.). The soil was
pre-sterilised by autoclaving at 121°C for at least 30 min. Prior to planting seedlings,
the soil was soaked overnight in distilled water and subsequently treated with 0.2 g I

! of the insecticide Intercept (Ropax, Lancaster, U.K.).

For metabolic analysis seeds were imbibed for four days in the dark prior to transfer

> 57 Due to the varied time period

to constant illumination of 70 pumol of photons m
required for all three mutants to reach the same growth stage the length of time under
constant illumination was varied. Triplicate measurements of fifty seeds were
weighted every twenty four hours for 4 days to obtain an average weight and
estimate the time required for all three mutants to reach the same growth stage.
Seedlings were illuminated for 56, 52, 52 and 59 hrs before harvesting for metabolic

analysis for Col-0, acol, aco2 and aco3 respectively.

2.4.3 Genomic DNA isolation

DNA was isolated from leaf or seeding material with the Gentra puregene tissue kit
(QIAGEN Ltd., West Sussex, U.K.) according to the manufacturer’s instructions.
Approximately 100 mg fresh weight of tissue was ground in 300 ul lysis solution in
a 1.5 ml microfuge tube. The ground tissue was incubated at 65°C in a water bath for
60 min. After 60 min the sample was cooled to room temperature followed by the
addition of 1.5 pl RNase A solution. The solution was mixed well by inverting the
tube 25 times and incubated at 37°C for 30 min. Once the solution had cooled to
room temperature, 100 pl protein precipitation solution was added, the tube vortexed

for 20 seconds, and incubated on ice for 1 hr. The sample was centrifuged at 13000 x

50



Chapter 2

g for 9 min and the supernatant transferred to a clean microfuge tube containing 400
ul 25:24:1 phenol : chloroform : IAA. The sample was vortexed thoroughly and
centrifuged for 3 min at 13000 x g. The supernatant was transferred to a clean
microfuge tube containing 300 pl of 100 % isopropanol, mixed gently and kept at -
20°C overnight. Precipitated DNA was centrifuged at 13000 x g for 15 min. The
supernatant was discarded and the pellet washed twice with 300 pl of 70 % ethanol.
The ethanol washes were discarded and the pellet was dried in air. DNA was re-
suspended in 20 pl of TE (10 mM Tris / HCI pH 8, 1 mM EDTA) and incubated
overnight at 4°C to rehydrate the DNA.

The quality and quantity of the isolated DNA was determined by UV spectrometry.
The absorbance at 260 nm and 280 nm was read with 1 pl of sample diluted with 69
ul TE (10 mM Tris / HC1 pH 8.0, 1 mM EDTA).

2.4.4 PCR identification of acol, aco2 and aco3 homozygous mutants
Homozygous T-DNA insertion lines were created by self pollination and confirmed
by PCR following the suggestions of SALK Institute
(http://signal.salk.edu/tdnaprimers.html/) or GABI-KAT (http://www.gabi-kat.de/)
using the primers listed in Table 2.3.
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Table 2.3: Primer sets implemented to determine the presence of a T-DNA insert within the

genome and determine if the mutant was heterozygous or homozygous.

Combination Primer sequence (5°-3")
SALK
Lbal - TGGTTCACGTAGTGGGCCATCG
090200-F LBal TCCCTCGTCCATTCCACGATCT
090200-R 090200-F TGCTCAGAAGCTGCGTTTTTCACA
090200-R2 090200-F CCCATGGTTGCGTATTTCCGTTC
037286-F LBal TCGGTTTCCAGACAGCACAGCAG
037286-R 037286-F TGCTCCAGGGTCTAGAGTTGTCGAG
030717-F LBal CACCTGTGCACGTCCCCACAA
030717-R 030717-F GGCCCCAACACTGTTCACATTCC
122247-F LBal GCGTCCTCCCCAGCCTTGAA
122247-R 122247-F GGACCGTGGTGTGATTTCGGAAG
090112-F LBal TTGATTTGCCGCCATGTATCGAC
090112-R 090112-F CCCATGGTTGCGTATTTCCGTTC
090112-R2 090112-F TGCTCAGAAGCTGCGTTTTTCACA
079922-F LBal TGCTCAGAAGCTGCGTTTTTCACA
079922-R 079922-F CTGCGTCGTCGCTTCGCAAT
079922-R2 079922-F GCCATGTATCGACGCGCCACT
054196-F LBal ACACCCCACCCAGCGACTCCTA
054196-R 054196-F CACTGAAAACCCCTCCAGGCCTCT
054196-R 054196-F CAAGGTCAGAAGATGCCGCACAG
122245-F LBal AACGCAGGGTGCAGACAAAGGA
122245-R 122245-F CGATCATCCTGGCTGGTGCTG
122245-R 122245-F AGTCGAAGGGGAAACGACGAGGT
090196-F LBal CCCTCGTCCATTCCACGATCTTC
090196-R 090196-F CCCATGGTTGCGTATTTCCGTTC
090196-R 090196-F TGCTCAGAAGCTGCGTTTTTCACA
031352-F LBal GAGGCCTGGAGGGGTTTTCAGTG
031352-R 031352-F CGCAACCATGGGTATGTCTGTTTG
009537-F LBal TTGGATCGAAGGTCTGTTGGAGTCA
009537-R 009537-F CGGAGGAAGCACAATGGACCAA
008620-F LBal TCCTGGGATCGTTCAAAGCAGGT
008620-R 008620-F TGCCATGTGAAATTGAGAAACCTGA
008620-R2 008620-F TCCTGGGATCGTTCAAAGCAGGT
014661-F LBal CCAGAGCCAGGAGGCACAACAA
014661-R 014661-F GGACTTTACGGGAGTCCCAGCTGTT
013368-F LBal GCGTCATGCTTGGTGCTGGTCT
013368-R 013368-F GAACCCATACCGCTTTGGTCCAT
013368-R2 013368-F CACGATCATGTGGCCTGCAAAG
GABI-KAT
Lb - ATATTGACCATCATACTCATTGC
110E12-F Lb ACGTATCTTTGACCGTAGCA
110E12-R F AGCCACGAATTGATAAGGAT
138A08-F Lb CCAAATGTCCCTGAAAAATA
138A08-R F CCAGTTGCACAAATACTTCA
298E10-F Lb GAGTATGGTATTGCCTGGTG
298E10-R F GTCAGCTTTCATTTCCTTCA
423C03-F Lb GATTGATCACTCGGTTCAAG
423C03-R F ACCAGGCAATACCATACTCA
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2.4.5 RNA extraction and expression in acol, aco2 and aco3
Tissue was grown under constant light conditions as previously stated, harvested and

frozen in 4 mg aliquots for no longer then 1 week before RNA extraction.

RNA was extracted from 4 mg of frozen tissue using the Dyna bead Kit (Invitrogen,
Paisley, U.K.) according to the manufacturer’s instructions. Tissue was kept frozen
by dipping in liquid nitrogen and ground in a 1.5 ml microfuge tube with a pestle in
100 pl lysis / binding buffer (100 mM Tris / HCI, pH 7.5, 500 mM LiCl, 10 mM
EDTA, pH 8.0, 1 % LiDS, 5 mM dithiothreitol). The lysate was cleared by
centrifugation for 5 min at 14000 x g to remove cell debris. The supernatant was
added to 20 pl of pre-washed Dynabeads and incubated for 5 min at room
temperature with gentle agitation. The beads were harvested using the DYNAL
magnetic rack and the supernatant discarded. The beads were washed twice with 100
ul buffer A (10 mM Tris / HCI, pH7.5, 0.15 M LiCl, 1 mM EDTA, 0.1 % LiDS), re-
suspend in 100 ul buffer B (10 mM Tris / HCI, pH 7.5, 0.15 M LiCl, 1 mM EDTA)
and transferred to a fresh microfuge tube. The beads were washed twice with buffer
B and re-suspended in 50 pl 10 mM Tris / HCI (pH 7.5) at 4°C. The supernatant was

removed immediately before DNase treatment.

RNA potentially contaminated with DNA was treated with DNase (Promega
Corporation, Southampton, U.K.) by re-suspending the beads in a total volume of 10
ul consisting of 1 x reaction buffer plus 1 ul of DNase I solution. The mixture was
incubated at room temperature for 15 min followed by addition of 1 pl stop solution

and 10 min incubation at 70°C.

DNase treated RNA was added to a final volume of 20 pul cDNA synthesis reaction
mixture containing 1 pl OmniscriptTM reverse transcriptase stock (QIAGEN Ltd.,
West Sussex, U.K.), 1 x of the provided RT buffer, 0.5 mM each dNTP, 1 uM Oligo
dT;s primer and 10 units rRNAsin (Promega Corporation, Southampton, U.K.). The
mixture was incubated at 37°C for 1 hr and an aliquot added to the PCR mix.

One pl cDNA was added to 10 ul PCR reactions containing, 1x buffer, 0.8 units Taq
DNA polymerase (Promega Corporation, Southampton, U.K.), 3 mM MgCl,, 0.2
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mM dNTPs, 0.5 pM forward primer and 0.5 pM reverse primer (Table 2.4). PCR
cycling conditions consisted of a denaturing step of 94°C for 60 seconds; 35 cycles
of a denaturing step of 94°C for 60 seconds; an annealing temperature step of 58°C
for 45 seconds and an elongation step of 72°C for 120 seconds. A final elongation

step of 72°C for 5 min and a holding temperature of 4°C were added at the end. PCR

products were visualised on 2 % agarose gels.

Table 2.4: Primers used in RT-PCR reaction.

Forward primer sequence (5°-3") Reverse primer sequence (5°-3)
ACO1 CATGTCTGGAATTGAATCTCG CAGAGCCTGGAGCAAGACTA
ACO2 ATCTTGCGTCACCACCATTA TTTCCTGCTGGAGAGATGTG
ACO3 GCTGACTGGCATTCATGTCT AATTCCCGATGCATGTAGTG
Actin?2 | CTAAGCTCTCAAGATCAAAGGCTTA | ACTAAAACGCAAAACGAAAGCGGTT
RBCS CTATGGTCGCTCCTTTCAACGG TGCAACCGAACAAGGGAAGC

2.4.6 Specific activity of aconitase in wild type, acol, aco2 and aco3

Seedlings were weighted at 24 hr time periods after imbibition for 8 days and ground
in 200 pl extraction buffer (100 mM Tris pH 7.0, 1 mM EDTA, 10 mM KCl and 10
% glycerol). The extract was centrifuged for 15 min at 4°C to remove cell debris and

170 pul was assayed immediately for aconitase activity as described in section 2.3.13.

2.4.7 Metabolic analysis of wild type, acol, aco2 and aco3

Radiolabel feeding studies were conducted as described in Turner ef al. (2005). One
hundred seedlings were harvested from %2-MS plates (Murashige and Skoog, 1962)
and placed in 0.2 ml of 1 mM sodium [2-[4C] acetate (American Radiolabeled
Chemicals, Missouri, U.S.A.) and 50 mM MES, pH 5.2. One pl of the incubation
solution (1 mM sodium [2 - "*C] acetate, 50 mM Mes, pH 5.2) was removed and
added to 10 ml of Perkin Elmer™ Optiphase HiSafe3 liquid scintillation cocktail
(Fisher Scientific U.K., Leicestershire, U.K.) to determine the starting specific
radioactivity. Seedlings were bubbled in the dark for 4 hours and evolved CO; was
collected with two tandem traps of 200 pl of 5 M KOH. After four hours the
bubbling solution was removed and the seedlings washed twice with 0.3 ml of

distilled H,O. The seedlings were re-bubbled in 0.2 ml of 1 mM unlabelled sodium
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acetate and 50 mM MES, pH 5.2. After 10 min the bubbling solution was removed
and the reaction stopped by addition of 1 ml boiling 80 % ethanol. The CO; traps

were combined and added to 10 ml HiSafe3.

The ethanol was removed from the seedlings, 200 pl 80 % ethanol was added and
incubated at 100°C. After 10 min the seedlings were ground using a micropestle and
a further 1 ml 80 % ethanol was added. After incubation for 10 min at 100°C, the
ethanol was removed and 1 ml boiling water was added. After 10 min at 100°C, the
water was removed and 1 ml of 50 % ethanol was added. The sample was incubated
at 100°C for another 10 min. The resulting extracts were combined and vacuum
filtered through a 25 mm GF/A glass microfiber filter (Whatman®, Brentford,
Middlesex, U.K.). The filtrate was dried with a Biichi Rotavapor-R to remove the
ethanol and the residue re-suspended in 0.6 ml of sterile HyO. The re-suspended
extract was washed three times with 1 volume of water-saturated ethyl ether, allowed
to evaporate in air, re-suspended in 150 ul 80 % ethanol, and added to 10 ml HiSafe3
liquid scintillation cocktail for determining the amount of radioactivity present. The
ethanol insoluble residue retained by the filter was burnt in a Biological Material
Oxidiser — 0X400 (R.J. Harvey Instrument Corporation, New Jersey, U.S.A.) and
%CO, trapped in 15 ml of Oxosol™ (National Diagnostics, Hessle, East Riding of
Yorkshire, U.K.).

The remaining aqueous fraction was passed through two successive columns, firstly
a cation exchange resin (AG50 W-X8, mesh 100-200, H+ form, Bio-Rad,
Hertfordshire, U.K.) equilibrated with water followed by an anion exchange resin
(AG1-X8, mesh 100-200, H+ form, Bio-Rad, Hertfordshire, U.K.) also equilibrated
with water. Disposable columns were created for each resin by placing a small
amount of deactivated borosilicate glass wool (Restek, Pennsylvania, U.S.A.) at the
bottom of a 1 ml pipette tip and applying 250 pl of resin. The columns were washed
well with distilled water prior to applying the sample. The neutral fraction containing
the carbohydrates was eluted with 2 ml of distilled H,O. The two columns were
separated, the cation exchange column was washed with 2 ml of 1.2 M ammonium
hydroxide to elute the amino acids (basic fraction), and the anion exchange column
was washed with 2 ml of 4 M formic acid to elute the organic acids (acidic fraction).

One ml of each eluted fraction was combined with 10 ml of HiSafe3. All samples
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were dark adapted, the outside of the bottles cleaned with 100 % Methanol and then
analysed on a Wallac Winspectral 1414 liquid Scintillation counter. Two background
samples of both HiSafe3 and Oxosol were counted and a mean background count

was determined for the calculation of net DPM values.

2.4.8 Quantification of citrate levels in wild type, acol, aco2 and aco3

Seedlings were surface sterilised, cold treated and germinated under constant
illumination at 20°C for varying amount of time as described in section 2.4.2. Fresh
tissue was harvested, frozen immediately in liquid nitrogen, freeze-dried and stored

at -80°C prior to metabolite extraction.

Metabolites were extracted based on the integrated RNA, metabolite and protein
extraction protocol (Weckworth et al, 2004). Only the steps relevant to the
extraction of metabolites are detailed here. The sample tissue was homogenised
under liquid nitrogen with a pre-cooled pestle in an eppendorf. To the sample, 1 ml
of a single phase solvent mixture of methanol / chloroform / HO (2.5:1:1 v/v/v),
stored at -20°C, was added and the sample was mixed at 4°C for 30 min. The sample
was centrifuged at 13000 x g at 4°C for 10 min. The supernatant was removed to a
new eppendorf and chilled on ice. To the remaining pellet, 1 ml of a single phase
solvent mixture of methanol / chloroform (1:1 v/v), stored at -20°C, was added and
the sample vortexed. The sample was centrifuged at 13000 x g at 4°C for 10 min and
the supernatant removed to a new eppendorf and chilled on ice. The two supernatants
were combined and 500 ul H,O was added to separate the hydrophobic phase from
the hydrophilic phase. The sample was centrifuged at 13000 x g at 4°C for 5 min and
the two phases separated using a pipette. The separated phases were dehydrated and

stored under desiccation at -20°C prior to analysis.

Samples were re-suspended in water and added directly to a 1 ml assay containing

citrate lyase, malate dehydrogenase and lactate dehydrogenase.

citate lyase o cetate + oxaloacetate

citrate
oxaloacetate ™A dehvdrogenase 00y, + pyruvate

lactate dehydrogenase
pyruvate + NADH . lactate + NAD
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The decrease in absorbance at 340 nm of NADH was monitored in a 1 ml assay
containing 100 mM triethanolamine pH 7.6, 0.5 mM zinc chloride, 0.23 mM NADH,
100 units lactate dehydrogenase, 50 units malate dehydrogenase, 15 mM ammonium
sulphate and 0.02 units citrate lyase (Bergmeyer et al., 1974). The reaction was
initiated by addition of extracted metabolites and the change in absorbance measured
to determine the concentration of citrate, oxaloacetate and pyruvate present in the

extract.

2.4.9 GC-MS analysis of Col-0, acol, aco2 and aco3

Seedlings were surface sterilised, cold treated and germinated under constant
illumination at 20°C for varying periods of time as described in section 2.4.2. Fresh
tissue was harvested, frozen immediately in liquid nitrogen, freeze dried and stored

at -80°C prior to metabolite extraction.

Metabolites were extracted based on the extraction protocol of O’Fiehn et al. (2008).
Prior to extraction samples were transferred to a 2 ml microcentrifuge tube, weighted
and finely ground on a Retsch Mixer Mill MM 200 with a 5 mm ball bearing for 90
seconds. To the sample, 1000 pl of a single phase mixture of chloroform / methanol /
water (1:2.5:1 v/v/v), stored at -20°C, and 100 pl of the internal standard ribitol (0.17
mg ml™) was added. The solution was vortexed for 10 sec and mixed at 4°C for 15
min. The sample was centrifuged at 13000 x g at 4°C for 5 min, the supernatant
removed to a sterile 15 ml tube and chilled on ice. To the remaining pellet, 1000 pl
of a single phase solvent mixture of chloroform / methanol / water (1:2.5:1 v/v/v),
stored at -20°C, and 100 pl of the internal standard ribitol (0.17 mg ml'l) was added.
The solution was vortexed for 10 sec and mixed at 4°C for 15 min. The sample was
centrifuged at 13000 x g at 4°C for 5 min and the supernatants combined. One ml of
water was added, the sample was vortexed and centrifuged at 13000 x g at 4°C for 5
min. A 200 pl aliquot of the polar phase was transferred to a sterile tube, cooled in
liquid nitrogen and stored at -80°C. The polar phase was divided into three 1000 pl
aliquots, combined with 50 pl Myristic acid (0.25 mg ml™ in methanol), cooled in

liquid nitrogen and stored at -80°C.

Prior to data collection samples were dried by vacuum centrifugation and derivatised

with methoxyamine hydrochloride and N-methyl-N-trimethylsilytrifluoroacetamide.
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The resulting samples were analysed by gas chromatography mass spectroscopy at
Manchester Interdisciplinary Centre by Dr J.W. Allwood. The obtained cdf files
were visually compared wusing the freely available software, AMDIS
(http://chemdata.nist.gov/mass-spc/amdis/). The raw data was processed by Dr J.W.
Allwood and the abundance of the resulting compounds compared using Microsoft
Office Excel.

GC-MS data was analysed using SPSS 17. The equality of variances in the samples
was confirmed using a Levene’s test. Data sets with equal variances were analysed
with a one way analysis of variance (ANOVA) with post-hoc analysis conducted
using a multiple comparison Tukey test. Data sets with unequal variances were
analysed with a Kruskal-Wallis non-parametric test with a Dunnett C test used for
post-hoc analysis. Statistical analysis was conducted between the entire seedling
groups (Col-0, acol, aco2 and aco3) for each metabolite (citric acid, fumaric acid,

isocitric acid, malic acid, myristic acid, pyruvic acid, succinic acid and sucrose).
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Structural properties
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synthetase
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3.1 Introduction

The acyl-CoA synthetase, AAE7/ACNI, is a member of the AMP forming family
responsible for a range of catalytic activities. Other proteins that belong to this
family, recently re-named the ANL superfamily (Gulick, 2009), include firefly
luciferase and non-ribosomal peptide synthetases. AAE7/ACNI is also a member of
the adenylate activating enzyme (AAE) superfamily of Arabidopsis thaliana. This
large superfamily was identified during an amino acid based search for a second
family of long-chain acyl-CoA synthetase (LACS) enzymes (Shockey et al., 2002).
The search identified sixty three family members, grouped phylogenetically into
seven distinct categories (Shockey et al.,, 2003). AAE7/ACNI1 belongs to clade VI

along with fourteen other plant specific genes.

Functional analysis conducted by Shockey et al. (2003) showed that AAE7/ACNI is
active against short chain substrates. When membrane fractions expressing
AAET7/ACNI1 were isolated, greater activity was observed against butyrate compared
to acetate. This is in contrast to latter studies that show greater activity against
acetate compared to butyrate in the absence of an artificial membrane (Turner ef al.,
2005). Shockey et al. (2003) identified AAE7/ACN1 during the search for a second
family of membrane proteins, LACS, and therefore believed that this newly
identified family were also bound to the plasma membrane. AAE7/ACNI was
identified by Turner ef al. (2005) during screening experiments with fluoroacetate,
the toxic analogue of acetate, suggesting an involvement in acetate metabolism.
Seedling screening experiments also identified an ABC transporter, COMATOSE,
which is believed to transport acetate into the glyoxysome for catalysis (Hooks et al.,
2007).

Within Arabidopsis thaliana the monomeric plastid acetyl-CoA synthetase (atACS),
characterised within clade II (Shockey et al.,, 2003), is also responsible for the two
step activation (Figure 3.1) of acetate to acetyl-CoA (Ke et al., 2000). Although both
enzymes are responsible for the same reaction, the respective processes are spatially
separate. AAE7/ACNI is located within the glyoxysome providing acetyl-CoA for
the glyoxylate cycle (Turner et al, 2005) and atACS is responsible for the
biosynthesis of fatty acids within the plastid (Ke ez al., 2000).
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Adenylate (first step) reaction:
Acetate + ATP

v

Acetyl-AMP + '/}
Thioester (second step) reaction: l

Acetyl-AMP + CoA
Acetyl-CoA + AN
Figure 3.1: Two step reaction catalysed by acetyl-CoA synthetase. Acetate and ATP bind to the

enzyme with the production of acetyl-AMP and PPi in the first reaction step with the release of

PPi. CoA enters during the second reaction step with the production of acetyl-CoA and AMP.

This reaction, conducted by Salmonella enterica’s acetyl-CoA synthetase (seACS),
is responsible for acetyl-CoA production at low acetate concentrations (Reger ef al.,
2007); although at higher concentrations acetyl-CoA synthesis is carried out by
acetate kinase and phosphotransacetylase (Reger et al., 2007). The crystallographic
structure of monomeric seACS shows a two domain structure with the active site at
the domain interface (Gulick ef al., 2003). Other structuralised members of the AMP
binding superfamily, 4-coumarate-CoA ligase, acyl-CoA ligase and firefly
luciferase, also show a two domain structure attached by a flexible hinge (Conti et
al., 1996; Stuible et al., 2000; Reger ef al., 2007).

The linker sequence, (also known as the A8 motif) that joins the large N-terminal
domain and the smaller C-terminal domain, contains a conserved aspartate residue
that allows ACS to adopt two different conformations for each of the reaction steps.
The consensus linker sequence is conserved in a number of AMP binding proteins
that include acyl-CoA synthetase (Gulick er al, 2003; Hisanaga et al., 2004; Jogl
and Tong, 2004; Brasen ef al., 2005), CBAL (Gulick et al., 2004; Reger et al., 2008)
and Phe (Conti et al., 1997).

Crystallised structures of ACS have been characterised as a monomer (Gulick ef al,

2003) and a trimer (Jogl and Tong, 2004), though ACS has also been identified as a
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dimer (Preston ef al., 1990; Martinez-Blanco ef al., 1992) and an octomer (Brasen ef
al., 2005). Oligomerisation can result in both structural and functional advantages
such as providing protection from degradation (Goodsell and Olson, 2000), for
example by reducing the surface area exposed to solvent compared to a monomeric
structure (Jones and Thornton, 1995; Goodsell and Olson, 2000). Other advantages
include reducing translational errors by providing an extra step for proofreading that
allows defective subunits to be discarded (Goodsell and Olson, 2000), adding an
extra level of control through allosteric regulation (Marianayagam et al., 2004) and
increasing the concentration of active sites in a particular region (Marianayagam el
al., 2004). The multimeric state of AAE7/ACN1 is currently unknown and will be

investigated within this chapter.

Currently, no structural information is known about the AAE superfamily of
Arabidopsis. Whilst metabolic analysis of a limited number of family members has
helped to determine the function of the superfamily members (Shockey er al., 2003;
Turner et al., 2005; Kim and Guerinot, 2007; Lin and Oliver, 2008; Wiszniewski et
al., 2009), analysis of their structural properties will characterise their mechanism of

action.

Structural analysis of AAE7/ACNI1 is important in order to determine if the
enzyme’s mode of action is similar to that of atACS, even though both enzymes are
involved in different, spatially separated pathways. Work presented within this
chapter aims to determine the multimeric state of AAE7/ACN1 and determine if it

undergoes a conformational change during catalysis.

3.2 Crystallisation trials of AAE7/ACNI

Determining the crystallographic structure of AAE7/ACN1 would be beneficial in
order to understand its method of activating both acetate and butyrate (Shockey et
al., 2003; Turner et al, 2005). Characterisation of the enzyme’s active site and

residues involved in catalysis will help to identify the true substrate of AAE7/ACNI.

Crystallisation trials were set up with the Structure Screen 1 kit from Molecular
Dimensions Limited (Cambridgeshire, UK) with purified AAE7/ACNI1 (Turner et
al., 2005) at 4°C and 18°C. Putative crystals (Figure 3.2C and D) were identified
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after 3 days with the Structure Screen 1 kit reservoir solution 33. To determine if the
observed crystals were comprised of purified protein or salt their strength and ability
to take up the dye bromophenol blue was tested (Bergfors, 1999).

The methods used to distinguish between protein and salt crystals were tested with
crystallised Lysozyme (Figure 3.2A and B). The protein crystals were easily re-
dissolved with a needle and turned blue after incubation with 1 pul of 2.5 %
bromophenol blue (Figure 3.2B). Unfortunately the putative crystals, observed with
AAE7/ACNI1, could not be broken with a needle and did not turn blue after
incubation with bromophenol blue (Figure 3.2D) suggesting that they were

comprised of salt rather than protein.

Figure 3.2: A) Lysozyme crystals B) Lysozyme crystals that have taken up the bromophenol
blue dye. C) Salt crystals surrounded by protein precipitate identified with 0.2 M Magnesium
chloride hexahydrate, 0.1 M Tris HCl, pH 8.5 and 30 % w/v PEG 4000 (number 33) of
Structure Screen 1 (Molecular Dimensions Ltd, Cambridgeshire, UK). D) Salt erystals obtained

under the same conditions as C in the presence of bromophenol blue.

In a second experiment, putative crystals were also observed using the modified

reservoir solution of Gulick ef al. (2003) (section 2.2.5). Despite repeating these

63



Chapter 3

conditions with a range of ammonium sulphate concentrations this result was never
re-produced, indicating that it was not a protein crystal but was in fact
contamination. Common impurities within the droplet include dust particles and

fibres (Bergfors, 1999; Thakur et al., 2007).

3.3 Small angle x-ray scattering
Structural analysis of AAE7/ACN1 was implemented in the form of solution

scattering to establish a model of the protein’s overall conformation.

3.3.1 Sample preparation and data collection

AAE7/ACNI1 was over-expressed, purified and concentrated to 10 mg ml™? as
detailed in section 2.2.1 (Figure 3.3). The specific activity was determined prior to
small angle x-ray scattering (SAXS) data collection as 2390 nmol min” mg" protein.
Previous specific activity measurements of AAE7/ACN1 have ranged from 1700 —
3160 nmol min™ mg™ protein (Turner, 2003).

kDa
76— e
B6——N - -

R
43— NS
E IR

Figure 3.3: 12 % SDS-PAGE analysis of the purification of AAE7/ACN1 in 0.02 M KH,PO,,
0.05 M KCl and 10 % glycerol, pH 7.4 from E. coli using a HiTrap Ni chelating column. Lane I;
Molecular weight marker, 76, 66, 43 kDa. II; Cleared cell lysate loaded onto the HiTrap column
prior to purification. III, IV, V; 5 ml elution with 250 mM imidazole buffer collected in 1 ml
fractions, the first three fractions of purified AAE7/ACN1 are shown.

Solution scattering data was collected at Beamline 2.1, SRS Daresbury Laboratory as
outlined in section 2.2.7 with 1 mg ml”, 2 mg ml! and 5 mg ml’' purified
AAE7/ACNI at 5.5 m camera length and 10 mg ml' AAE7/ACNI1 at 1 m camera
length. Data was normalised and processed to produce a merged 1-dimensional

scattering profile (Figure 3.4).
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Figure 3.4: Solution scattering data collected at Beamline 2.1, SRS Daresbury. Data collected

with 1 m SAXS camera (1 mg mlI" AAE7/ACN1) and 5.5 m camera (10 mg mI" AAE7/ACNI in

0.02 M KH,PO,, 0.05 M KCI and 10 % glycerol, pH 7.4) was merged to create the solution

scattering profile over the entire available scattering range. Note that the x-axis represents the

magnitude of the scattering vector q (in inverse A) and the y-axis shows the scattering intensity

(using logarithmic scale).

Scattering data was collected at increasing protein concentrations to check that
AAE7/ACNI remained monodisperse in solution. The Guinier region (Figure 3.5)
showed a linear relationship between the natural log of the scattering intensity and
the square of the scattering vector q between 0.019 A'<q<0.044 A" indicating the
protein solution to be monodisperse (Figure 3.5). The radii of gyration (Rg) were
calculated from the Guinier region with 1 mg ml™', 2 mg ml" and 5 mg ml’
AAE7/ACNI and found to be 38.9 A, 40.8 A and 42.7 A, respectively.
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Figure 3.5: Guinier region of small angle x-ray scattering data collected at Beamline 2.1, SRS
Daresbury of 1 mg ml”’, 2 mg mI'' and 5 mg ml"' purified AAE7/ACN1 in 0.02 M KH,PO,, 0.05
M KCl and 10 % glycerol, pH 7.4.
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As discussed in section 2.2.8 the indirect transform program, GNOM (Svergun,
1992), was utilised to determine the radius of gyration and the maximum particle
dimension (Dmax) of AAE7/ACNI in solution. GNOM reads the merged one
dimensional scattering profile (Figure 3.4) and determines the particle distance
distribution function p(r) and subsequently Dmax (Figure 3.6). GNOM estimates the
R, of AAE7/ACNI as 41 A and the Dmax, obtained when p(r) drops to zero as 140
A. The R, estimated by GNOM using the whole scattering profile was similar to the
average R, of 40.8 + 1.9 A predicted from the Guinier region of increasing
concentrations of AAE7/ACNI1. The distance distribution function suggests that
AAE7/ACNI is an elongated protein as the maximum p(r) is smaller than Dmax / 2

with a skewed distribution (section 2.2.8).
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Figure 3.6: Pair distribution function, p(r) of AAE7/ACN1 with a Dmax of 140 A was
determined with the program GNOM (Svergun, 1992).

p(r)

3.4 Determining the multimeric state of AAE7/ACN1
Prior to the creation of a topology model from the solution scattering profile the
multimeric state of AAE7/ACN1 needs to be established for insertion of a symmetry

restraint.

3.4.1 CRYSOL comparison of the AAE7/ACN1 solution scattering profile to
known crystallographic structures

CRYSOL (Svergun et al., 1995; as described section 2.2.10.1) was used to generate
theoretical solution scattering profiles from the crystal structures of a variety of acyl-

CoA synthetases to predict the multimeric state of AAE7/ACNI1 (Figure 3.7).
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Namely, these were monomeric acetyl-CoA synthetase (1PG4.pdb) from Salmonella
enterica (seACS) (Gulick et al, 2003), trimeric Saccharomyces cerevisiae acetyl-
CoA synthetase (scACS) (1RYZ2.pdb) (Jogl and Tong, 2004) and dimeric long chain
fatty acyl-CoA synthetase from Thermus thermophilus (tLC-FACS) (1ULT.pdb)
(Hisanaga et al., 2004). Profile comparisons show that AAE7/ACNI is not a
monomeric protein in solution as the SAXS profile differs greatly in both the high
and low angle regions to the generated theoretical profile of the monomeric seACS
(Figure 3.7A). These observed differences are reflected in the large y value of 14.84
obtained by CRYSOL that evaluates how well the structure fits the SAXS data. The
predicted profile of the trimeric scACS is similar to AAE7/ACNI in the low angle
region but differs in the high angle region suggesting differences in overall
conformation, indicating that AAE7/ACNI is not a trimeric protein in solution
(Figure 3.7C). These differences are reflected in the large y value of 14.66. A high
degree of similarity between AAE7/ACNI1 and ttLC-FACS in both the high and low
angle regions strongly suggests that AAE7/ACNI is a dimeric protein in solution
(Figure 3.7B). This is reflected in the lower y value of 3.03, and indicates that the
crystal structure of ttLC-FACS is similar to the structure of AAE7/ACNI.
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Figure 3.7: Comparison of AAE7/ACN1 small angle x-ray scattering data (shown in black),
collected at Daresbury laboratory Beamline 2.1, with predicted small angle x-ray scattering
data from (A) a monomeric acetyl-CoA synthetase, protein data bank 1PG4 (y=14.84) (B) a
dimeric long chain acyl-CoA synthetase, protein data bank 1ULT (3=3.03) and (C) a trimeric
acetyl-CoA synthetase, protein data bank 1YR2 (3=14.66). Small angle x-ray scattering data
was generated from crystallographic data using the default settings of CRYSOL (Svergun et al.,
1995). Low resolution structural images were created from crystallographic structures with

Pymol (DeLano, 2002).
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3.4.2 Native polyacrylamide gel electrophoresis of AAE7/ACN1

In order to experimentally confirm the multimeric state of AAE7/ACNI1 predicted by
CRYSOL, purified protein was subjected to native PAGE analysis. Despite altering
the pH of the running buffer, sample buffer and the gel, together with the analysis
being repeated on several occasions, the results were inconclusive. Initially the gels
were run at pH 6.8 and 8.8 (PhastSystem, 1986a; PhastSystem, 1986b), however
when protein remained in the gel wells, pH 10 was investigated, though without

Success.

3.4.3 Gel filtration of AAE7/ACNI1

Purified AAE7/ACN1 was also run through a Superose 12 HR 12/30 column on a
FPLC to elucidate its multimeric structure. Gel filtration analysis suggested that
AAET7/ACN1 was monomeric (Figure 3.8 and 3.9) though further investigations
showed that only around 30 % of the applied protein ran through the column with the
remainder staying on its surface. During a typical experiment 0.26 mg of
AAE7/ACNI was loaded onto the column in a volume of 100 pl but only 0.08 mg
eluted from the column, after 13 ml, in a similar position as BSA. The eluted protein
was assayed (section 2.2.3) but no activity was recorded. This implies that
AAET7/ACNI1 is not monomeric and the protein is dissociating either before or

during transport through the column.

Cytochrome C

400 1 15.87

300 1

Absorbance 900 -
(mAU) BSA
100 4 B-galaclosli(lltrl;;z 13.57
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Figure 3.8: Gel filtration standards eluted from a Superose 12 HR 12/30 column. Beta
galactosidase eluted at 11.35 ml, BSA at 13.57 and cytochrome C at 15.87 ml. The x-axis shows
the volume eluted from the column in ml and the y-axis shows that absorbance at 280 nm (solid

blue line) and 550nm (red line).
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Figure 3.9: Gel filtration analysis with a Superose 12 HR 12/30 column of AAE7/ACNI.
AAE7/ACNI1 eluted at 13.64 ml. The x-axis shows the volume eluted from the column in ml and

the y-axis shows that absorbance at 280 nm (solid blue line) and 550nm (red line).

3.4.4 Electrospray ionisation mass spectrometry of AAE7/ACN1
Mass spectroscopy analysis was conducted in order to determine the multimeric state

of AAE7/ACNI.

Monomeric and dimeric forms of AAE7/ACN1 were detected in solution by
electrospray ionisation (ESI) mass spectrometry (Figure 3.10) as described in section
2.2.10.5. Mass spectrometers measure mass-to-charge ratio (m/z) and whilst a
monomer with n charges and a dimer with 2n charges will have the same m/z ratio
and be indistinguishable in a spectrum, the presence of a dimer can be identified by

peaks representing odd numbers of charges.
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Figure 3.10: ESI mass spectrum of AAE7/ACN1 dissolved in 10 mM ammonium formate. The
main figure shows the raw mass-to-charge (m/z) data. Peaks labelled with D and M correspond

to m/z of both monomeric and dimeric form while the peaks labelled D only correspond to m/z

of dimeric species.

The deconvoluted mass spectrum (Figure 3.11) shows that the dimeric structure is
the dominant species in solution and the ratio of dimer to monomer is estimated to be
2:1. The presence of monomer in the spectrum is the result of the dissociation of

dimer into monomers caused by the ionisation process (electric field, desolvation,

heat).
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Figure 3.11: The deconvoluted mass spectrum (i.e. data presented in mass scale only) showing
that the dominant form is dimeric AAE7/ACNI.

3.5 Shape reconstruction of AAE7/ACNI1

A dummy residue model of AAE7/ACNI1 was constructed with GASBOR (Svergun
et al., 2001) from the solution scattering profile and the size dimensions produced by
GNOM. Sixteen independent shape reconstructions were performed with GASBOR
using a two-fold symmetry constraint to ensure a homodimeric structure. The ¥
values produced by GASBOR demonstrate how close the model fits to the
experimental scattering data of AAE7/ACNI. The y values range from 1.86 to 1.97
(Table 3.1) suggesting that the predicted models are all very similar. The fit of the
sixteen models (Models A to P) produced by GASBOR were compared to the
experimental solution scattering data of AAE7/ACNI (Figure 3.12).
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Figure 3.12: Comparison of the sixteen models created by GASBOR to the solution scattering
profile of AAE7/ACNI.

In-turn the similar y values from GASBOR models implies a close relationship

between the different models (Table 3.1).

Table 3.1: GASBOR  value for the predicted models of AAE7/ACN1

. value from GASBOR
GASBOR Model showing the
experimental fit

Model A 1.89
Model B 1.86
Model C 1.88
Model D 1.90
Model E 1.95
Model F 1.89
Model G 1.87
Model H 1.92
Model 1 1.88
Model J 1.88
Model K 1.88
Model L 1.97
Model M 1.89
Model N 1.90
Model O 1.93
Model P 1.94

The scattering profile of the model with the lowest y value (Model B) of 1.86 and
therefore the ‘best fit” model was compared to the experimental scattering data of
AAE7/ACNI1 (Figure 3.13A). Comparison of the profiles shows that they are very
similar in both the low and high angle regions (Figure 3.13A) and a side view of the
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dummy residue model suggests that AAE7/ACNI1 is comprised of two domains
(Figure 3.13B).
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Figure 3.13: Shape reconstruction of AAE7/ACN1 implemented with GASBOR (Svergun ef al.,
2001). A) Experimental scattering profile of AAE7/ACN1 in 0.02 M KH,PO,, 0.05 M KCI and
10 % glycerol, pH 7.4 compared to the scattering profile calculated from the ‘best fit’ GASBOR
model with a y value of 1.86. B) Top, side and end view of AAE7/ACN1 dummy residue model B
created with the two-fold symmetry constraint of GASBOR. Sizes were determined and

structural images created with Pymol (DeLano, 2002).
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The model with the highest y value (Model L) of 1.97 and therefore the ‘worst fit’
model was compared to the experimental scattering data of AAE7/ACN1 (Figure
3.14A). The profiles were found to be very similar in the low angle region, but less
so in the high angle region (Figure 3.14A). A side view of the dummy residue model
L shows a similar structure to model B but with less detail, for example separate
domains for the C- and N- terminal are not visible (Figure 3.14B). The top view of

model L also shows a different two fold symmetry compared to model B.
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Figure 3.14: Shape reconstruction of AAE7/ACN1 implemented with GASBOR (Svergun ef al.,
2001). A) Experimental scattering profile of AAE7/ACN1 in 0.02 M KH,PO,, 0.05 M KCI and
10 % glycerol, pH 7.4 compared to the scattering profile calculated from the ‘worst fit’
GASBOR model with a y value of 1.97. B) Top, side and end view of AAE7/ACN1 dummy
residue model L created with the two-fold symmetry constraint of GASBOR. Sizes were

determined and structural images created with Pymol (DeLano, 2002).

The sixteen dummy residue models produced by GASBOR were aligned and
averaged with the DAMAVER program suite (Volkov and Svergun, 2003).

Prediction of the average models scattering profile and comparison to the solution
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scattering profile of AAE7/ACN1 shows similarities in the very low angle region but
large differences at high angles (Figure 3.15; o section). These differences are
reflected in the high y value of 11. Images of the model (Figure 3.15B) show an

averaged structure with little detail.
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Figure 3.15: Shape reconstruction of AAE7/ACN1 implemented with DAMAVER. A)
Experimental scattering profile of AAE7/ACN1 in 0.02 M KH,PO,, 0.05 M KCI and 10 %
glycerol, pH 7.4 compared to the scattering profile produced by DAMAVER averaging of the
sixteen GASBOR models with a  value of 11. The section highlighted with a red a represents
the high angle region B) Top, side and end view of AAE7/ACNI1 averaged model created by
DAMAVER. Sizes were determined and structural images created with Pymol (DeLano, 2002).

78



Chapter 3

In view of these three comparisons, the model with the lowest y value of 1.86 is

believed to be the structure closest to that of AAE7/ACNI.

3.6 Identification of AAE7/ACNI inhibitors

To investigate the type of inhibition kinetic analysis was conducted with two AMP
analogues AMPE and AMPP (Figure 3.16). The apparent K., and Vpna values were
estimated by varying the concentration of substrate, MgATP (section 2.2.4). These
kinetic studies were conducted in preparation for future solution scattering

experiments (section 3.7).

These kinetic studies reveal that the product of AAE7/ACNI catalysis, AMP, is a
mixed inhibitor of AAE7/ACNI against ATP. A decrease in the maximum velocity
(Vmax) and an increase in the K, (the substrate concentration at half the maximum
velocity) was observed (Table 3.2; Lineweaver Burk plots shown in the Appendix).
The equation of the straight line, produced by the Lineweaver Burk plot of
AAET7/ACN1 without the presence of an inhibitor, was calculated to be y= 0.0358x +
0.3015. Using this equation the kinetic parameters, K., and V., were calculated as

0.12 mM and 3.32 mM min™ respectively.

Inhibitors classified as mixed inhibitors act both competitively and uncompetitively
altering the K, and V.. However they can be further categorised into:
i) predominantly competitive inhibition where the uncompetitive inhibition
constant (K;,) is greater than the competitive inhibition constant (K;)
ii) true mixed inhibition where K;; equals Kj,

iii) predominantly uncompetitive inhibition where Kj. is greater than Kj,

AMP, AMPE and AMPP are all mixed inhibitors that show a decrease in V. and
an increase in K;; though compared to AMP the latter two analogues have a greater
inhibitory effect on AAE7/ACN1. AMP can be categorised as a predominantly
competitive mixed inhibitor (group i) whereas AMPE and AMPP can be categorised

as true mixed inhibitors (group ii).
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Table 3.2: Kinetic studies of AAE7/ACNI1 conducted at room temperature in a total volume of 1

ml with a coupled assay using citrate synthase and malate dehydrogenase varying the

concentration of ATP and subsequently MgATP. A) Kinetic parameties, K,, and V,,,, of native
AAE7/ACNI. B) Kinetic parameters of AAE7/ACN1 with AMP, AMPP or AMPE. K, K,

apparents Ymax 80d Vigy apparent Were determined from a Lineweaver burk plot.

A)

B)

Km (mM) (m\&?fn}?n)
native
AAE7/ACNI1 0.12 3.32
Inhibitor Km Vmax _ Kiu
Inhibitor concentration | apparent appareflt Kic (mM) (iM/min)
(mM) {mM) (mM/min)
AMP 50.00 3.050 1.000 2.040 21.550
25.00 1.900 1.140 1.690 13.070
5.00 2.487 2.700 0.250 21.770
AMPE 0.10 26.500 6.710 0.000 -0.198
0.05 3.900 1.960 0.002 0.072
0.01 5.380 5.090 0.000 -0.029
AMPP 0.05 2.580 0.497 0.002 0.009
0.01 2.180 1.510 0.001 0.008

In light of these results, the strongest mixed inhibitor AMPP was added to the

following AAE7/ACNI solution scattering experiments (section 3.7) as it has the

greatest potential to alter protein conformation upon binding.
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Figure 3.16: Chemical structure of adenosine triphosphate, adenosine monophosphate and
synthesised inhibitors adenosine monophosphate ethyl ester and adenosine monophosphate

propyl ester created with ChemDraw.
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3.7 Solution scattering of AAE7/ACN1 in the presence of adenosine
monophosphate propyl ester (AMPP)

Small angle x-ray scattering data was collected at beamline 2.1, SRS Daresbury for 1
mg ml” and 2 mg ml?! AAE7/ACNI at 5.5 m camera length and 10 mg ml”! at 1 m
camera length in the presence of adenosine monophosphate propyl ester (AMPP).
Examination of the Guinier region showed a linear relationship between the natural
log of the scattering intensity and the square of the scattering vector q between 0.019
A" < q <0.044 A" indicating the solution to be monodisperse (Figure 3.17). The
radii of gyration (Rg), estimated from the Guinier region was, 38.9 A and 40.2 A for
1 mg ml" and 2 mg ml™' respectively. The R, values for native AAE7/ACNI were
found to be 38.9 A and 40.8 A at 1 mg mlI” and 2 mg ml™" respectively (Table 3.3).
These comparable radii of gyration values indicate that the overall conformation of

AAE7/ACNI does not change significantly in the presence of AMPP.
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Figure 3.17: Guinier region of the small angle x-ray scattering data collected at Beamline 2.1,
SRS Daresbury of 1 mg ml" and 2 mg mI" purified AAE7/ACNI incubated with adenosine
monophosphate propyl ester in 0.02 M KH,PO,, 0.05 M KCl and 10 % glycerol, pH 7.4.

Table 3.3: Radius of gyration calculated from the small angle region of the scattering profile of
AAE7/ACN1 and AAE7/ACN1 incubated with adenosine monophosphate propyl ester (AMPP)
in 0.02 M KH,PO,, 0.05 M KCl and 10 % glycerol, pH 7.4.

Sample concentration _ Radius of gyration (A)
native AAE7/ACNI1 AAE7/ACNI plus AMPP
1 mg ml” 38.9 38.9
2 mg ml” 40.8 40.2
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The solution scattering profiles obtained for AAE7/ACNI in both the absence and
presence of the mixed inhibitor AMPP are very similar (Figure 3.18). The two
profiles, even though slightly displaced, have the same scattering profile pattern
(Figure 3.18). The similarity between the two profiles further suggests that the
protein does not undergo a conformational change upon addition of AMPP under the

experimental conditions implemented.

Log;, Intensity
S = R W R Lty
/

Log;, Intensity
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= AAE7/ACN1 with AMPP
AAET/ACNI1

0 0.1 02 03 04 05 06 07 08
q (A1)

Figure 3.18: Small angle scattering of AAE7/ACNI1 in the presence and absence of the mixed
inhibitor adenosine monophosphate propyl ester (AMPP). The scattering profiles were
constructed from scattering data collected at Daresbury, Beamline 2.1 in 0.02 M KH,PO,, 0.05
M KCI and 10 % glycerol, pH 7.4. The insert is an enlarged image of the small angle region of
the scattering profile of AAE7/ACNI in the presence and absence of the mixed inhibitor AMPP.

Supporting this, the small angle region of the solution scattering profile of
AAE7/ACNI1 was compared to the predicted scattering profile of the crystallised
monomeric, dimeric and trimeric acyl-CoA synthetase (Figure 3.19). Visual
comparisons clearly show that the scattering profiles of both AAE7/ACN1 with and
without AMPP are very similar to each other. However they do not mimic the

predicted scattering profiles as closely as they do each other (Figure 3.19).
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Figure 3.19: Solution scattering profile of AAE7/ACNI both in the presence and absence of
AMPP compared to the predicted solution scattering profile of the monomeric (Gulick ef al,
2003) and trimeric (Jogl and Tong, 2004) acetyl-CoA synthetase and the dimeric long chain
fatty acyl-CoA synthetase (Hisanaga et al, 2004) predicted from their atomic structure by
CRYSOL (Svergun et al., 1995).

Previous studies have determined the three dimensional crystallographic structure for
the dimeric long chain fatty acyl-CoA synthetase (LC-FACS) from Thermus
thermophilus (Hisanaga et al., 2004). The protein’s structure was determined in the
absence of ligand (protein data bank 1ULT) and in the presence of the ligand
analogue phosphoaminophosphonic acid adenylate ester (AMP-PNP) (Figure 3.20)
(protein data bank 1V25).
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Figure 3.20: Chemical structure of the AAE7/ACNI1 inhibitor AMPP and the ligand,
phosphoaminophosphonic acid adenylate ester of ttLC-FACS crystal structure (protein data
bank 1V25).

The unbound crystallographic structure of ttLC-FACS shows an open conformation
whilst the structure ligated to AMP-PNP shows a closed conformation (Figure 3.21A
and B). A comparison between the predicted scattering profiles of the bound and
unbound ttLC-FACS to the solution scattering data of AAE7/ACN1 shows greater
similarity to the unbound predicted profile (Figure 3.21C). This similarity, reflected
in the 7y values of 3.03 and 10.00 (comparison to protein data bank files 1lULT and
1V25 respectively), suggests that the structure of AAE7/ACN1 may resemble an

open conformation.
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Figure 3.21: A) Sphere image of the unligated (1ULT.pdb) B) Sphere image of the ligated
crystallographic strueture (1V25.pdb) C) SAXS analysis predicted by CRYSOL (Svergun ef al,
1995) of ttLC-FACS crystallographic structures with citric acid bound (1ULT) and
phosphoaminophosphonic acid-adenylate ester and magnesium ion (1V25) compared with the
SAXS profile of AAE7/ACNI1 with y values of 3.03 and 10.00.
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3.8 Discussion

3.8.1 AAE7/ACNI crystallisation trials

Crystallisation trials of AAE7/ACN1 conducted with the Structure screen kit 1 were
unsuccessful, yielding only precipitated protein and crystallised salt. Obtained
crystals were confirmed as salt crystals by their inability to take up dye (Figure 3.2)
and break with a needle (Bergfors, 1999). The presence of precipitate demonstrates
that AAE7/ACNI is precipitating out of solution at a high rate, whereas slow rates of
precipitation are believed to result in the formation of crystals held together by non-

covalent interactions (Bergfors, 1999).

In order to try and correct this situation a modification of the methodology was made
(section 2.2.5) by microseeding crystals using cat whisker (Gulick er al., 2003) as a
nuclei onto which crystallisation commences more readily. Initial results, prior to
microseeding, revealed a putative crystal. Despite repeating these conditions with a
range of ammonium sulphate concentrations and microseeding this result was never
re-produced. This could indicate that impurities, such as dust particles and fibres

were present in the initial droplet (Bergfors, 1999; Thakur e al., 2007).

AAE7/ACNI crystallisation trials outlined in this chapter were based on the
crystallisation conditions of the monomeric, bacterial acetyl-CoA synthetase, seACS
(Gulick et al., 2003). These conditions were mimicked as, at this time, AAE7/ACNI1
was thought to be a monomeric protein. Subsequent work conducted within this
chapter showed that AAE7/ACNI is a dimeric protein. The crystallisation conditions
of ttLC-FACS could be replicated in future studies as work presented within chapter
4 has shown greater sequence identity between AAE7/ACNI and ttLC-FACS,
compared to seACS.

The crystallographic conditions of other acetyl-CoA synthetases (Jogl and Tong
2004; Reger ef al., 2007) could also be mimicked in future trials to obtain protein
crystals of AAE7/ACNI1. However there are no common elements to the
crystallisation conditions of adenylate forming enzymes, with aryl acid 2,3-
dihydroxy-benzoate (DhbE) and acyl-CoA synthetase both requiring different
conditions in the presence and absence of ligands (May et al., 2002; Kochan et al,

2009). In order to obtain crystals of AAE7/ACN1 a much larger screening process is
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required covering a variety of reservoir solutions. Reservoir solution factors that
could be investigated in future studies include pH, differing buffers, ionic strength
and ligands to increase the probability of the protein precipitating out of solution
(McPherson, 2004).

Crystallisation requires a supersaturated solution for crystals to form as the protein
slowly drops out of solution (Bergfors, 1999). Trials are typically set up with a
saturated solution and a supersaturated solution created over time (Bergfors, 1999).
Supersaturation is obtained when the amount of water available no longer supports
the high concentration of protein, commonly as a result of evaporation (Bergfors,
1999; McPherson, 2004). These conditions can also be obtained by altering the ionic
strength of the reservoir solution leading to nucleation. The addition of salt reduces

the amount of water available to maintain the high protein solution.

Another variable that can be altered to obtain protein crystals is pH (McPherson,
2004). Different pH levels change the structural attractions between the protein’s
amino acids altering the stability and packing orientation of the structure, which in
turn affects the quality of the crystals produced (Bergfors, 1999). This can be
achieved by either altering or omitting a buffer from the reservoir solution. The
Structure Screen kit implemented within these trials covered a large pH range from
4.6 to 8.5. Further studies could be conducted at pH levels above and below this
range in an attempt to obtain crystals. Whilst the Structure screen kit covered a large
pH range of 4.6 to 8.5, the range was quite sparse, including pH 4.6, 5.6, 6.5, 7.5 and
8.5. Future trials could concentrate on pH values not tested within this kit. Therefore
a pH gradient could also be trialled using evaporation of volatile compounds such as

HCI to alter the pH of the droplet over the course of the experiment (Bergfors, 1999).

3.8.1.1 The addition of substrates

Trace elements, such as magnesium, may be essential to stabilise the protein
enabling crystals to form. An example of this is the crystallisation of insulin, which
is only possible in the presence of zinc (McRee, 1993). Interestingly, acyl-CoA
synthetases have been crystallised both in the presence (Hisanaga er al, 2004;
Kochan et al., 2009) and absence (Gulick ef al., 2003; Jogl and Tong, 2004; Kochan

et al, 2009) of magnesium implying that it is not an essential element for
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crystallisation. However repeating and expanding the crystallisation conditions in the
presence of magnesium ions could be conducted in order to investigate this factor

further.

Whilst within these experiments AAE7/ACN1 was incubated prior to crystallisation
with either 1) CoA and AMPP 2) CoA or 3) AMPP within this chapter other
combinations of ligands have been successfully used to crystallise ACS (Gulick ef
al, 2003; Jogl and Tong, 2004; Reger ef al, 2007). The variety of ligand
combinations used to crystallise acyl-CoA synthetase (Table 3.4) highlights the
individually of each protein. The unique conditions required for successful
crystallisation of each acyl-CoA synthetase reveals the extensive amount of work
still required to determine the exact conditions for successful AAE7/ACNI

crystallisation.

Table 3.4: Ligands implemented in the successful erystallisation of acyl-CoA synthetase.

Protein Ligand Reference
seACS AMPP + CoA Gulick er al., 2003
scACS AMP Jogl and Tong, 2004
ATP
AMPCPP
MACS2 CoA Kochan et al., 2009
butyryl-CoA + AMP + Mg
AMP
ttLC- AMP-PNP + Mg :
FACS Myristoyl-AMP + Mg Hisanaga et al., 2004

A combination of ligands (ATP, CoA, AMP, AMP analogue and Magnesium) could
be incubated with purified AAE7/ACNI prior to future crystallisation trials in an

attempt to stabilise the proteins structure.

3.8.1.2 Temperature

Another variable that can be altered to identify successful crystallisation conditions
for AAE7/ACNI is temperature. The temperature at which crystallisation occurs is
very important as it determines the speed at which crystallisation occurs from a
supersaturated solution. Crystallisation trials conducted within this chapter were set

up at both 4°C and 18°C. Trials were conducted at 4°C as AAE7/ACNI is stable and
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can be stored at this temperature for a number of weeks prior to complete loss of
activity (James Turner, personal communication). Trials were performed at 18°C as
this is only slightly lower than the room temperature at which enzyme activity was
measured. This slightly lower temperature was used to maintain activity for as long
as possible during the lengthy period that may be required to obtain protein crystals.
Future crystallisation trials could be incubated at a variety of different temperatures
as differing ACS molecules have reported to successfully crystallise at 4°C, 14°C,
20°C and 22°C (Gulick et al, 2003; Hisanaga et al., 2004; Jogl and Tong, 2004;
Kochan ef al., 2009). A temperature gradient could be a further development of this,
where the experiment is set up at a high temperature and gradually cooled over time

(Bergfors, 1999).

3.8.1.3 Tags

There are a variety of different affinity tags available to aid over-expression and
purification of proteins. These include both large tags such as glutathione-s-
transferase (GST) and maltose binding protein (MBP), and small tags such as
histidine and arginine. The removal of any affinity tag is desirable before
crystallisation trials as the presence of a tag could introduce a flexible surface region
that may inhibit the formation of crystals (Stevens, 2000). However, the cleavage of
such tags presents additional difficulties with extra purification steps to remove the
protease and the cleaved tag (Waugh, 2005). Unfortunately, even if the affinity tag is
removed it is not usually possible to remove all the residues that attach the tag to the

expressed protein (Waugh, 2005).

Cloned AAE7/ACNI (Turner, 2003; Turner ef al.,, 2005) contains an N-terminal six
residue histidine tag that cannot be removed prior to expression without cloning the
gene into another vector as a protease cleavage site is not present on the pQE-31
vector used in this work (section 2.1). The histidine tag is the smallest tag available,
and furthermore small tags have been frequently used successfully by many research
groups without the need for removal prior to crystallisation (Jogl and Tong, 2004;
Kochan ef al., 2009). Bucher et al. (2002) compared the His tag, Arg tag, FLAG tag,
Strep tag II and the biotin acceptor peptide (BAP) to the native, untagged protein and
concluded that the sequence of certain tags (BAP, Strep, Arg) can have negative

effects on both the formation of crystals and their ability to diffract, whereas His tags
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did not. Another advantage of the histidine tag is its ability to purify proteins under
denaturing conditions (Waugh, 2005), although this is not desirable as the protein
needs to be re-folded, which in turn creates additional steps and potential problems.
The successful purification of AAE7/ACNI in an active form (section 3.3.1) would
suggest that the affinity tag is surface exposed and therefore does not interfere with
the protein’s internal structure. It may however, introduce instability into the
protein’s external structure, stopping it from forming ordered crystals (Bergfors,
1999). For this reason, one possibility for further work would be to attempt to
remove the histidine affinity tag, by cloning the gene into another vector, prior to
crystallisation trials of AAE7/ACNI.,

Large affinity tags are generally considered more problematic than smaller ones
introducing greater heterogenerity to the protein (Bergfors, 1999). However, large
tags such as GST have been used to aid crystallisation of small peptides in a
technique called GST-driven crystallisation (Zhan et al., 2001). Whilst AAE7/ACNI
is not a small peptide, large affinity tags such as GST, MBP and thioredoxin can be
used for proteins, notably membrane proteins (section 3.8.1.7), that are difficult to
crystallise (Smyth et al, 2003). As discussed in section 3.8.1.7 and 3.8.8, if
AAE7/ACNI is a membrane associated protein then the use of these larger tags

could provide another avenue for further work.

Finally, other studies have shown the possibility of protein crystallisation after
purification without the use of an affinity tag. This may prevent introducing
instability into AAE7/ACN1’s external structure. However, as discussed in section

3.8.1.4, these non-tag methods of purification may not be suitable for AAE7/ACNI.

3.8.1.4 Purification

The purity of AAE7/ACN1 after IMAC was visualised by gel electrophoresis
(Figure 3.3). Along with a large band at 66 kDa smaller bands were also present
showing that AAE7/ACN1 was not 100 % pure. The purity of a protein sample used
in crystallisation trials is important to achieve a well ordered crystal that is
comprised of only the desired protein. If the protein sample contains contaminants,
not only may this decrease the likelihood of crystal formation (Bergfors, 1999) but

furthermore any crystals obtained may not form a well-ordered pattern and
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consequently not diffract x-rays during crystallography. Even the presence of small
quantities of contaminants could compromise confidence in the final protein

structure.

An additional purification step could be implemented to purify ACS after IMAC
(Stevens, 2000). These include size exclusion chromatography (Kochan ef al., 2009)
and anion exchange chromatography (Hisanaga et al., 2004; Kochan ef al., 2009).

3.8.1.5 Protein aggregation

Whilst it is important to optimise over-expression conditions in order to obtain the
largest quantity of soluble, purified protein as possible. It is also important to ensure
that the protein has not aggregated as this could also hinder crystal formation
(Schlieben et al, 2004; Yoshida et al, 2005). Whilst it is possible to observe
aggregated protein during solution scattering analysis it would have been preferable
to test for protein aggregation prior to structural analysis. This would have ensured
that native protein was being used for structural analysis. A variety of techniques
could have been implemented to identify aggregation, and include analytical
ultracentrifugation, quasielastic light scattering (Asherie, 2004), size exclusion
chromatography multiangle laser light scattering (SEC-MALLS) (Ye, 2006),
dynamic light scattering (Chayen, 2008) or electrospray differential mobility analysis
(ES-DMA) (Pease, 2008).

3.8.1.6 Protein concentration

The concentration of protein included in the described crystallisation trials may not
have been high enough to obtain a supersaturated solution before protein activity was
lost. Whilst the concentration of AAE7/ACNI utilised within these trials fell within
the Structure Screen 1 kits’ recommended protein range of 5 - 25 mg ml”, other
studies have obtained crystals using levels up to 60 mg ml™ (Stevens, 2000), which
therefore could be investigated in further work in order to maximise the potential for

crystal formation.

3.8.1.7 Properties of AAE7/ACN1
The identification of a glyoxysomal targeting sequence, SRL, at the C-terminal of

AAE7/ACN1 together with enzymatic analysis of organelle fractions, indicates that
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the protein is located within the glyoxysome of Arabidopsis (Turner et al., 2005).
AAE7/ACNI activity measurements prove that it is able to activate both acetate and
butyrate but there is some discrepancy over which substrate has the greater activity
level (Shockey et al.,, 2003; Turner ef al., 2005). This discrepancy arises because it
is unclear whether or not AAE7/ACNI is a membrane protein. Shockey et al. (2003)
identified AAE7/ACN1 during amino acid comparison searches based on the
membrane bound LACS family (Shockey et al., 2002) and subsequently believed
that it was a membrane bound protein. However, Turner et al. (2005) identified
AAE7/ACNI during screening studies with fluoroacetate, the toxic analogue of
acetate, indicating that it is involved in acetate metabolism. This agreed with activity
measurements that showed greater activity with acetate in the absence of an artificial
membrane (Turner ef al., 2005). During screening experiments an ABC transporter
was also identified that was believed to transport acetate into the glyoxysome prior
to activation by AAE7/ACNI1 (Hooks et al, 2007). Even though a transporter has
been identified it does not rule out the association of AAE7/ACNI with the plasma
membrane. Fatty acids may be transported in a similar manor to that observed in E.
coli, where fadD encodes an inner membrane associated acyl-CoA synthetase and
fadL encodes an outer membrane protein that binds fatty acids (Black et al., 1991;
Black et al., 1992; Schaffer et al., 1995).

Previously characterised membrane proteins, E. coli FACS (Black et al., 2000),
mammalian FACS (Soupene and Kuypers, 2006) and ttLC-FACS (Hisanaga e al,
2004), are only active in the presence of a detergent. The solubility of AAE7/ACNI1
in the absence of a detergent suggests that the protein is not associated with the
membrane. However, this evidence alone is not enough to rule out the possibility of
membrane association as other proteins have been previously characterised as
soluble and membrane bound (Delgado e al., 1998). Further work in the form of
enzymatic activity measurements in the presence of a detergent, to identify any
potential effect on AAE7/ACNI, and glyoxysomal membrane isolation from
Arabidopsis seedlings, followed by enzymatic activity measurements, are required to

determine if AAE7/ACNI is associated with the plasma membrane (section 3.8.8).

If AAE7/ACNI is identified as a membrane bound protein then this may explain

why the formation of crystals was unsuccessful as membrane proteins are
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particularly difficult to crystallise (Smyth ef al., 2003; Asherie, 2004). Detergents
have been shown to aid in the crystallisation of membrane proteins by binding to
hydrophobic surfaces (Garavito ef al, 1996) and forming a micelle around the
protein (O’Stermeirer and Michel, 1997; Garavito and Ferguson-Miller, 2001),
mimicking the lipid bilayer (Bergfors, 1999). Crystallisation trials of AAE7/ACN1
could be repeated with a variety of detergents in an attempt to obtain protein crystals.
Unfortunately the identification of a successful detergent is usually obtained by trial
and error (Bergfors, 1999). However, a promising detergent to trial would be triton-x
as it was successfully used to solubilise and crystallise the membrane associated
protein, tLC-FACS (Hisanaga et al, 2004). Once a suitable detergent has been
identified that successfully solubilises AAE7/ACN1, then conventional

crystallisation trials could commence.

If the entire structure of AAE7/ACNI cannot be crystallised as one then one option
would be to structuralise the protein in sections. The N-terminus or C-terminus of
AAE7/ACNI could be truncated to prevent the formation of a dimer or remove the

glyoxysomal targeting sequence respectively (section 3.8.3.4 and 3.8.3.5).

If a high quality crystal of AAE7/ACNI still remains elusive, then another
alternative could be to structuralise a protein that shares a large degree of amino acid
homology with AAE7/ACNI1. This structure could then be compared to
AAE7/ACN1 and used as a template for homology modelling in an attempt to
indirectly obtain structural information about AAE7/ACNI. A member of the AAE
superfamily of Arabidopsis, in particular clade VI, would be an obvious candidate
for this. Unfortunately, attempts to over-express AAE2 (a member of clade VI) in a
native state have proved unsuccessful as the protein is produced only in inclusion
bodies that require purification under denaturing conditions (Dr Barry Grail,
personal communication). However, the structuralisation of AAE2 may prove to
yield un-transferable information as a function or substrate range has not been
identified. Enzymatic analysis of AAE2 conducted by Shockey ef al. (2003) showed
that the protein was inactive against C2 to C14 straight chain acid substrates, unlike
AAE7/ACNI. The only member of clade VI that showed any activity against straight
chain acid substrates, C6 and C8, was AAE11 (Shockey et al., 2003). Despite the
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observed differences between substrate chain length, structural characterisation of

AAE11 could aid in the characterisation of AAE7/ACNI.

Another alternative to determine the mechanism of AAE7/ACNI action could be to
over-express and crystallise an acyl-CoA synthetase from another organism.
Phylogenetic analysis placed AAEL14 and AAEL15 both from Oryza sativa and
AAEL8 from Populus trichocarpa within the same group as AAE7/ACNI
(Azevedo-souza ef al., 2008).

3.8.1.8 Nucleation

As described previously, microseeding was conducted with a cat whisker in an
attempt to produce protein crystals of AAE7/ACN1. Unfortunately, nucleation with a
cat whisker was unsuccessful. This could have been caused by incompatibility of the
nucleating agent and a component of the reservoir solution. For example, the success
of horse hair as a nucleate was increased in the absence of PEG (Thakur er al.,
2007). Variability could also be introduced via operator inconsistencies. As
microseeding using animal fibres is conducted by the researcher, variability will
occur between replicates and researchers in factors such as fibre length in contact
with the droplet and duration/speed of transit. It is plausible that these could
therefore be responsible for the difference in the reported success of this technique
(Gulick et al, 2003) and the results reported in section 3.2. Other methods of
nucleation that have been reported to be successful include dried seaweed, cellulose
and hydroxyapatite (Thakur e al., 2007), and thus could provide avenues for further

exploration.

3.8.1.9 Crystallisation methods

The hanging drop, vapour diffusion method was employed in crystallisation trials of
AAE7/ACN1 section 3.2, where the solvent evaporates from the droplet creating a
supersaturated protein solution that is more likely to crystallise. Other methods such
as the sandwich drop (Bergfors, 1999) or sitting drop (Bergfors, 1999) could be
investigated in future work. Whilst financial constraints meant that the latter
technique was not investigated in this work, future experiments could be conducted
using the sitting drop methodology. This has been reported to give more favourable

conditions for crystal formation as the drop position results in less disruption during
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nucleation and protects the drop from the outside environment (Bergfors, 1999). As
the rate of diffusion is slower with the sitting drop technique it requires greater than
twenty microlitres of sample. By contrast, the hanging drop method used during
these trials requires only a few microlitres of sample (Bergfors, 1999) and was thus

used in these experiments.

3.8.1.10 Crystallisation trial summary

As discussed above every protein is unique with a tendency to aggregate and
precipitate from different solutions at different rates. This variety makes it
impossible to predict the optimal protein concentration or buffer solution required
for successful crystallisation (Bergfors, 1999). In the quest for the successful
crystallisation of AAE7/ACNI a large range of conditions and variables still remain
unexplored. These variables include solvent conditions, temperature and the
presence/combination of cofactors and affinity tags. A pre-crystallisation screen
should be set up to analyse the monodispersity and stability of protein-detergent
complexes in an attempt to identify successful conditions (Kawate and Gouaux,
2006). This mammoth task, of identifying optimal conditions for successful
crystallisation of AAE7/ACNI, could be implemented with an automated robotic
system allowing a large range of conditions to be screened at once (Heinemann ef

al., 2003; Thakur et al., 2007).

3.8.2 Structural analysis of AAE7/ACN1

Solution scattering analysis, resulting in the creation of the ‘best fitt GASBOR
model, and CRYSOL analysis both suggests that AAE7/ACNI to be a dimeric
protein (Figure 3.7 and 3.13). The Guinier region of the solution scattering data,
collected at increasing protein concentrations, demonstrated that the protein
remained monodisperse and did not aggregate at higher concentrations. Both graphs
(Figure 3.5) show no difference between the radii of gyration for AAE7/ACNI.
However, the observed differences in the Guinier region intensity between the
graphs are a result of the increase in protein concentration. At higher concentrations

there is more protein present to attenuate the x-ray intensity.

The solution scattering profile of AAE7/ACNI was used to generate sixteen
GASBOR models (A to P) with very similar profiles to the raw data (y values of 1.86
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to 1.97). Visualisation of the ‘best fit” model clearly shows a dimeric structure with
each monomer comprising of two domains (Figure 3.13). The ‘best fit’ model with
the lowest y value of 1.86 is believed to be the structure closest to that of
AAE7/ACNI. This dimeric model shows a two domain structure similar to that of
ttLC-FACS (Hisanaga ef al., 2004). A two domain structure has also been observed
in the crystallographic structure of other acyl-CoA synthetases (Gulick ef al., 2003;
Jogl and Tong, 2004; Hisanaga et al., 2004; Kochan ef al., 2009).

Subsequently the sixteen GASBOR models (A to P) were aligned and averaged,
using the program DAMAVER, to generate an averaged model. The averaging of
more than ten models by DAMAVER to produce an averaged model that aims to
represent the general structural features of each reconstruction is an established
technique (Costenaro et al., 2005; Hammel ef al., 2007; Edwards et al., 2008; Jain et
al., 2009). Unfortunately, the alignment and averaging of the sixteen GASBOR
models (A to P) resulted in the creation of a representative model that did not
accurately represent the solution scattering data of AAE7/ACNI (Figure 3.15). It is
believed that this loss of detail was caused by model averaging and the variation in
the rotation of the two monomers. Others have reported similar issues regarding
DAMAVER averaging of GASBOR models, explained by the presence of hollow
cavities within the cores and peripheral regions of the molecule (Vijayakrishnan et

al., 2010).

3.8.3 The multimeric state of AAE7/ACN1
A suite of methods were implemented to determine the multimeric state of
AAE7/ACN1 with varying levels of success, namely native PAGE, gel filtration and

mass spectroscopy.

3.8.3.1 Native PAGE analysis of AAE7/ACN1

The first method attempted to determine the multimeric state of AAE7/ACNI was
native PAGE, which proved inconclusive. Native gels were run in the absence of
sodium dodecyl sulphate (SDS) with firstly 0.4 M Tris at pH 6.8 followed by 0.4 M
Tris at pH 8.8 (section 2.2.10.2). The pH of the running buffer, loading buffer and
gel were all altered with no effect. Subsequently the protein was either dialysed into

the same buffer used for SAXS analysis or buffer exchanged with a pd10 column
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into Tris. Unfortunately this also had no effect as the protein appeared to drop out of

solution during electrophoresis and remained on the gel surface within the well.

The isoelectric focusing point (pI) of AAE7/ACN] was determined as 8.6 (see
appendix) in an attempt to establish a suitable pH for native PAGE analysis. Due to
the identification of a relatively high pl the pH of the running buffer, loading buffer
and the gel was increased to pH 10.0. The buffer was altered to a higher pH as it has
been reported that proteins with a pl at or above the pH of the buffer do not migrate
through the gel towards the anode (Su et al. 1994). Unfortunately, this also proved
unsuccessful and the protein remained on the gel surface. One explanation may be
the stability of AAE7/ACN1 at pH 10.0. If AAE7/ACNI1 is not active at this high pH
then it is plausible that the protein might be unstable and dissociate. In order to
determine whether this is the case, the activity of AAE7/ACNI1 at pH 10.0 could be
investigated in order to determine if the protein is active and in its native multimeric

form.

AAE7/ACNI appeared to remain on the surface of the gel within the well during all
of the native PAGE conditions implemented. Future native PAGE analysis could be
implemented with horizontal gel apparatus such as the PhastSystem (GE Healthcare,
Buckinghamshire) as smaller quantities of soluble protein are required for detection.
However this further study using the PhastSystem was not conducted due to
financial resource constraints precluding the purchase of the necessary gel and buffer

strips.

A native gradient gel could also be implemented before narrowing the acrylamide
concentration in a homogenous gel. A gradient gel contains a lower acrylamide
concentration near the well. This lower concentration will present less resistance and
increases the likelihood that AAE7/ACNI will enter the gel. The concentration of

acrylamide is then increased through the gel to allow separation of mixed samples.
Another alternative is the addition of the PAGE compatible detergent perfluoro-

octanoicacid (PFO) (Ramjeesingh ef al., 1999). PFO could be added to AAE7/ACNI

prior to electrophoresis to increase solubility which may prevent it from remaining
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within the well. However, prior to this it is essential to conduct trials in order to

ensure that this detergent does not denature AAE7/ACNI.

3.8.3.2 Gel filtration of AAE7/ACNI1

The second method used to try and determine the multimeric state of AAE7/ACNI
was gel filtration. AAE7/ACN1, dissolved in the same buffer used for solution
scattering analysis, eluted in the same fraction as BSA suggesting a monomeric
structure. However, only about 30 % of the loaded protein ran through the column
with the remainder staying on the gel surface. It is plausible that the difference in
temperature observed between the solution scattering analysis, conducted at 4°C, and
gel filtration, at room temperature, explains why the protein appeared to drop out of
solution and remained on the columns surface. Further experiments could be
conducted at 4°C in the presence of ligands to increase the stability of AAE7/ACNI.
However these were not conducted due to lack of resources. Decreasing the
temperature of the column to 4°C would cause the gel to contract and thus make it
unsuitable for further work at room temperature (Loretta Murphy, personal

communication).

3.8.3.3 Mass spectrometry of AAE7/ACN1

The third experimental method implemented to determine the multimeric state of
AAE7/ACN1 was mass spectrometry. Analysis revealed both monomeric and
dimeric forms of AAE7/ACNI1 within the spectrum (Figure 3.10). The measured
mass of the monomeric AAE7/ACN1 was 64823 Da (theoretical mass = 64480) and
the measured mass of dimeric AAE7/ACN1 was 129513 Da (theoretical mass =
128900). The discrepancy between measured and theoretical mass was due to the
retention of water and the buffer molecules by the protein. The deconvoluted
spectrum showed that the dimeric form of AAE7/ACN1 was more prominent in
solution. Furthermore the presence of monomeric AAE7/ACNI in the spectrum was
believed to be due to the harsh buffers used in this technique disassociating dimeric

molecules to form monomers.
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3.8.3.4 Confirming the multimeric state of AAE7/ACN1

Other methods that could have been used to determine the multimeric state of
AAE7/ACNI include analytical ultracentrifugation (Schuck, 2003) or dynamic light
scattering (Phillies, 1990).

3.8.3.5 Sequence comparison of residues involved in the dimerisation of acyl-
CoA synthetase

Experimental evidence in sections 3.4.1 and 3.4.4 suggests that AAE7/ACNI is a
dimeric protein with each monomer comprising of two domains. Currently, the only
structuralised dimeric acyl-CoA synthetase is the ttLC-FACS that catalyses long
chain substrates (Hisanaga et al., 2004). Despite the difference in substrate
specificity, AAE7/ACN1 and ttLC-FACS share 30 % amino acid sequence identity
(see chapter 4). The dimeric structure of ttLC-FACS is created by swapping N-
terminal domain residues. The dimeric structure of AAE7/ACNI thus may be
created in a similar manner as three residues are conserved out of the five (Table 3.5)
that Hisanaga ef al. (2004) state as important in domain swapping. However, it could
be argued that four out of these five important residues are in effect conserved and
able to contribute to the dimerisation of AAE7/ACNI as the effect of the substitution
of a glutamic acid to an aspartic acid in AAE7/ACNI (Table 3.5) is minimal.

The major difference observed between these important residues is the substitution
of Arg'™® for tyrosine in AAE7/ACNI1. However, aromatic residues have been
reported to be effective at attaching subunits together (Jones and Thornton, 1995)
and it is therefore not surprising to find an aromatic residue at the domain interface

helping to maintain the tertiary structure.

The ttLC-FACS Asp" and Arg199 residues, believed to be abundant at protein-
protein interfaces (Jones and Thornton, 1995; Crowley and Golovin, 2005), are both
conserved in AAE7/ACN1 but not in the monomeric seACS adding further
credibility to the dimeric structure of AAE7/ACNI.
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Table 3.5: Important residues involved in the dimerisation of ttLC-FACS (Hisanaga ef al.,, 2004)
along with the corresponding residues in acyl-CoA synthetase (Gulick ef al,, 2003).

ttLC-FACS position
15 16 175 176 199
seACS Tyr Lys Ala Glu Gly
ttLC-FACS Asp Glu Glu Arg Arg
AAE7/ACNI Asp Asp Glu Tyr Arg

3.8.4 The advantages of an oligomeric AAE7/ACN1

Previously crystallised ACS structures have been characterised as monomeric
(Gulick ef al., 2003) and trimeric (Jogl and Tong, 2004). Whilst the dimeric structure
of AAE7/ACNI is not unique for an ACS (Jetten ef al.,, 1989; Martinez-Blanco et
al., 1991) little attempt has been made to identify the advantages of an oligomeric

ACS over a monomeric ACS.

Protein oligomers are believed to have many advantages over their monomeric
equivalents. Some of these advantages include allosteric control (Marianayagam ef
al., 2004; Ali and Imperiali, 2005), a higher local concentration of active sites
(Marianayagam ef al., 2004) and the creation of new active sites at subunit interfaces

(Jones and Thorton, 1995; Goodsell and Olson, 2000).

3.8.4.1 Increased enzymatic control by acetylation?

The activity of seACS can be regulated by the acetylation of Lys®”

, with acetylation
rendering the enzyme inactive (Starai et al, 2002; Gulick er al, 2003). The
conservation of the corresponding residue in the trimeric scACS (Jogl and Tong,
2004) may result in increased acetylation sites and level of enzymatic control. The
corresponding lysine residue (Lys"*") is also conserved in the dimeric AAE7/ACNI,
which may result in increased control over enzyme activation in response to rapidly
changing physiological conditions (Gardener ef al, 2006) leading to increased
control of acetate levels within the glyoxysome. However this lysine residue is also
important in the adenylation step of the reaction where it is believed to interact with

the oxygen of AMP (Gulick ef al., 2003; Hisanaga et al., 2004). Analysis is required

to determine what, if any, affect acetylation has on the enzymatic activity of
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AAE7/ACN1 in order to establish if dimerisation increases the level of enzymatic

control.

3.8.4.2 Increased local concentration of AAE7/ACNI active sites?

AAE7/ACNI is involved in the utilisation and detoxification of the weak acid,
acetate. The toxic effects of a build up of acetate caused cotyledon bleaching in the
AAE7/ACNI1 mutant (Hooks ef al., 2004). Long term exposure to reduced cytosolic
pH, produced by an increase in acetate levels, is believed to be detrimental to
seedling development (Hooks ef al., 2004). Therefore the control of acetate levels, to
reduce cytosolic acidification, is important during development. The dimerisation of
AAE7/ACN1 increases the local concentration of active sites, enabling the fast
climination of acetate before levels become toxic. Acetate feeding studies of
AAE7/ACNI1 mutants show that approximately 80 % of the external supply enters
the glyoxysome, and of this roughly 75 % is metabolised through AAE7/ACNI
(Turner et al., 2005). To date, the fate of the remaining acetate remains unclear.
However a plastidal atACS, active during germination, has been previously
identified by Ke et al. (2000). The identification of a second ACS located within a
different subcellular compartment is not surprising as acetyl-CoA, an important
branch point in metabolism, and other CoA derivatives are impermeable to
membranes (Fatland ef al., 2002). Acetyl-CoA is an important molecule involved in
the TCA cycle, the glyoxylate cycle, fatty acid biosynthesis and biosynthesis of
isoprenoids, flavonoids and malonated derivatives. This makes ACS and other
enzymes involved in the activation of acetate very important. During conditions of
low acetate, seACS is responsible for acetyl-CoA synthesis, while at higher
concentrations, acetyl-CoA production is carried out by acetate kinase and
phosphotransferase (Reger et al., 2007). Homologous proteins of either acetate
kinase or phosphotransferase have not been identified in Arabidopsis (Tair, 2009)

increasing the importance of ACS.

3.8.4.3 The creation of an additional allosteric site?

Previous structural analysis of ACS has shown that the active site is situated at the
interface between the large and small domain (Gulick et al., 2003; Jogl and Tong,
2004). The competitive inhibition of AMPP against ATP for propionyl-CoA
synthetase (Gulick ef al, 2003) suggests that the inhibitor binds only at the active
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site. The mixed inhibition of AMP analogues for AAE7/ACN1 suggests that they
may bind allosterically to a second position on the protein, created by dimerisation
(Ali and Imperiali, 2005), as well as competing with ATP at the active site. The
presence of a second binding site may be a result of dimerisation as a second site has
not been identified in previous studies or any crystallised structures (Black er al.,
1997; Gulick er al, 2003; Jogl and Tong, 2004). Further structural analysis of
AAE7/ACNI, in the form of crystallisation, is required to determine if this second

allosteric site could be located at, or near the dimer interface.

The mechanism of AAE7/ACNI action should also be structurally and enzymatically
investigated to determine if, like ttLC-FACS, there are separate entrance sites for the
fatty acid and ATP. If AAE7/ACNI functions in a similar manner to ttLC-FACS
then there are two locations for AMPP to compete or bind to the protein and thus

inhibit catalysis.

3.8.4.4 Improved stability?

The site of AAE7/ACNI activity, the glyoxysome, has been previously referred to as
the “garbage pail of the cell” (Schrader and Yoon, 2007). However, within seedlings
it is the site of aerobic respiration and, as a result, ROS production (Apel and Hirt,
2004). These ROS (hydrogen peroxide, hydroxyl radicals and superoxide radicals)
can cause oxidative damage to proteins, DNA and lipids (Scandalios, 1993; Apel and
Hirt, 2004; Schrader and Yoon, 2007) which has already resulted in a glyoxylate
cycle detour via the cytosol (Courtois-Verniquet and Douce, 1993). Whilst plant
cells have evolved mechanisms to detoxify ROS (Apel and Hirt, 2004) the formation
of an oligomer is believed to protect against degradation by reducing the exposed
surface area (Jones and Thornton, 1995; Goodsell and Olson, 2000). Therefore the
dimerisation of AAE7/ACNI1 may have a protective function against degradation and

thus an advantage over a monomeric form.

The peroxisomal scACS has also been characterised as an oligomeric protein (Jogl
and Tong, 2004). This unique protein, characterised as a trimer, is also required to
activate acetate as the peroxisomal membrane is impermeable to acetyl-CoA (van
Roermund et al., 1995). However, the advantages of a trimeric protein were reported

as being unknown (Jogl and Tong, 2004) and no subsequent publications have shed
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light on this matter. An octameric ACS (paACS) has been characterised from the
hyperthermophilic organism Pyrobactulum aerophilum (Brasen et al, 2005).
Unsurprisingly paACS is thermostable and thermoactive at temperatures around
100°C. The ability of paACS to activate acetate under these conditions could be due
to its homooctameric structure. The higher oligomeric state could be a significant
stabilizing mechanism for hyperthermophilic proteins. Other ACS proteins that are
active at high temperatures, 65-70°C, include the dimeric and trimeric proteins from
Methanothermobacter thermautotrophicus and Archaeoglobus respectively (Ingram-
Smith and Smith, 2006; Ingram-Smith et al., 2006). Thermus thermophilus is also a
thermophilic organism that may increase the oligomeric state of its proteins as a
stabilisation strategy (Ali and Imperiali, 2005). Unfortunately this may not explain
why ttLC-FACS is a dimeric protein as a large proportion of LC-FACS function as
homodimers (Stinnett ez al., 2007). Perhaps then, AAE7/ACN1 evolved from a LC-
FACS as it shares greater sequence homology with the MC-ACS, AAEIl], than
atACS (see chapter 4).

3.8.5 Kinetic analysis of AAE7/ACN1

Kinetic studies with the AMP analogues, AMPP and AMPE, were conducted to
identify the degree and type of inhibition for future solution scattering experiments
with AAE7/ACNI1. Results showed that AMP, AMPP and AMPE are all mixed
inhibitors, with AMPP and AMPE reducing the specific activity to a greater extent.
The mixed inhibitors, AMPP and AMPE, are believed to form a larger number of
interactions with the protein and are therefore more likely to cause a conformational
change in shape than AMP. Greater inhibition also indicates that ATP cannot
displace AMPP or AMPE as easily as AMP, which may be due to tighter binding of
these inhibitors at or near the active site. With this in mind, solution scattering data
was collected both in the presence and absence of the mixed inhibitor, AMPP, to
determine if AAE7/ACNI1 undergoes a conformational change in shape during
catalysis (section 3.8.6). AMPP has also been identified as an inhibitor of the related
propionyl-CoA synthetase (Gulick et al., 2003) but inhibition analysis has not been

previously conducted on ACS.

The kinetic analysis of AAE7/ACN1 with AMP analogues should be refined and

repeated with lower concentrations of MgATP to confirm their mixed inhibition
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nature as previous kinetic analysis of AMP inhibition against ATP has demonstrated
competitive inhibition (Behal ef al., 2002). A reduction in the substrate concentration
will result in increased accuracy of the calculated kinetic parameters and reduce the
variability observed within the data (see appendix). The enzymatic assays
implemented by Reger ef al. (2007) could also be used to study the inhibitor’s
kinetic parameters of AAE7/ACNI. Implementing the same method of analysis will

allow a direct comparison between the two enzymes.

3.8.6 Does AAE7/ACNI1 undergo a conformational change during catalysis?

Under the experimental conditions implemented within this chapter results suggest
that AAE7/ACN1 does not undergo a conformational change during catalysis.
Comparison of AAE7/ACNI1 solution scattering profiles in the absence and presence
of AMPP showed that the profiles both follow the same pattern, despite a slight
displacement (Figure 3.18). The displacement observed between the two profiles is
likely to be due to a slight variation in protein concentration, resulting from the

addition of AMPP.

The solution scattering profile was predicted, from the bound (1V25.pdb) and
unbound (1ULT.pdb) crystallographic structure of ttLC-FACS, to determine if a
change in conformation can be detected with this technique. The difference observed
between the predicted profiles of the crystallographic structures (Figure 3.21) clearly
demonstrates that a conformational change in shape is detectable by solution
scattering. Therefore if a conformational change in shape is induced by the addition
of AMPP it should be detectable.

The crystallographic structure of seACS was determined bound to both AMPP and
CoA revealing a new conformation of the enzyme family for the thioester forming
reaction (Gulick e al., 2003). Perhaps then, the addition of CoA is also required to
create a domain rotation into the thioester forming conformation and explains why a
conformational change was not observed for AAE7/ACNI. A CoA induced
structural change was also suggested by Bar-Tana and Rose (1968) for butyryl-CoA
synthetase and by Bar-Tana and colleagues (1973) for palmitoyl-CoA synthetase.
However, crystal structures have also been obtained in the thioester conformation

(Table 3.6) bound only to AMP or CoA (Kochan et al., 2009) suggesting that the
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presence of AMPP alone may be enough to generate a conformational change in
shape. Despite this observation, structural analysis of AAE7/ACNI1 should be
conducted with the addition of CoA to determine if a conformational change can be

induced.

Table 3.6: Conformation undertaken by acyl-CoA synthetase crystallised in the presence of a
range of ligands. Acyl-CoA synthetase catalyses a two-step reaction: a) the adenylation reaction

followed by b) the thioester forming step.

Protein Ligand Sug‘gested Suggeste.d Reference
reaction step conformation
seACS AMPP + CoA Thicester Start of thc_a second Gulick et al.,
reaction 2003
scACS AMP Adenylation | First conformation Jogl 3%%;011&
i) ATP . . :
i) AMPCPP Adenylation | First conformation
; Close to
1) CoA Adenylation adenylation
conformation Kochan ef al.,
MACS2 i) Butyryl-CoA + — 2009
AMP + Mg Thioester conformation
ii) AMP rmat
i) Unligated Thioester End ol.the scfcond
conformation
) . Shah ef al,,
AAE Unligated Thioester Second 2009
Unligated Adenylation Open
- #tLC- AMP-PNP + Mg | Adenylation Closed Hisanaga et al.,
FACS MyrlstogfdléAMP + ST Closed 2004

The binding of AMPP alone to AAE7/ACNI may not create the necessary
interactions required to generate a closed structure and perhaps a second ligand is
required to induce a conformational change in shape. The addition of magnesium
along with AMPP may increase the number of interactions between the ligand and
AAE7/ACNI enabling it to undergo a conformational change in shape. Structural
analysis of AAE7/ACN1 should be repeated in the presence of magnesium to try to
identify a conformational change as ttLC-FACS and MACS2 (crystallised in the
closed conformation) both contain a magnesium ion (Hisanaga et al., 2004; Kochan
et al., 2009). However, magnesium may prove not to be critical as the scACS,

MACS2 and AAE structures that also represent the thioester conformation, were

107




Chapter 3

obtained in the ion’s absence (Gulick et al., 2003; Kochan et al, 2009; Shah et al.,
2009).

The crystallographic structure of tLC-FACS bound to myristoyl-AMP shows that
Thr'* and Glu*®® are bound to the magnesium ion. Sequence alignment analysis
shows that both of these residues are conserved in AAE7/ACN1 (Thr®® and Glu*")
indicting the importance of magnesium. Whilst ttLC-FACS is inactive in the absence
of both detergent and magnesium, detergent is not required to activate AAE7/ACNI.
Whilst the necessity of magnesium ions for AAE7/ACNI activity has not been
explored, it is widely believed to be important for ATP binding (Behal et al.,, 2002;
Schmelz and Naismith, 2009). Magnesium binds tightly to ATP with a high
dissociation constant of 20000 M this is in contrast to AMP which has a much
lower dissociation constant of 100 M and weaker binding (Purich and Fromm,
1972). Webster (1963; 1967) showed that magnesium stimulates the first half
reaction but is not required for the formation of acetyl adenylate from acetyl-CoA
and AMP. The omission of magnesium has been shown to reduce activity, but does
not result in the complete inactivation of adenylate forming enzymes (Webster and

Campagnari, 1962; Reger et al., 2008; Kochan et al., 2009).

AMP, like its analogue AMPP, is a mixed inhibitor of AAE7/ACNI. The crystal
structure of scACS with AMP alone represents the adenylation conformation (Jogl
and Tong, 2004). Perhaps a conformational change was not detected as the binding
of AMPP simply mimics the actions of AMP and the solution scattering models
represent the same catalytic step. In order to investigate this further structural
analysis could be repeated with AMP-PNP and magnesium as ttLC-FACS has been
crystallised in the second step conformation in their presence (Hisanaga et al., 2004).
The addition of magnesium to MACS2 along with butyryl-CoA and AMP also lead
to the creation of the second step conformation and therefore could be replicated for
AAE7/ACNI analysis. Surprisingly the addition of an ATP analogue (AMPCPP)
without magnesium to MACS2 resulted in an adenylate conformation (Kochan ef al.,
2009) highlighting the potential importance of magnesium in the formation of the

second step conformation.
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Crystal structures of the adenylate forming family show that the unligated enzyme is
able to form both the adenylate (May er al., 2002; Reger et al., 2008; Hisanaga et al.,
2004) and thioester (Kochan et al.,, 2009; Shah et al., 2009) conformation making it
difficult to predict which conformation unligated AAE7/ACN1 has adopted during
structural analysis. Comparison between the predicted scattering profiles of the
bound and unbound ttLC-FACS to AAE7/ACNI1 showed that AAE7/ACNI shares
greater similarity to the unbound profile (Figure 3.21). This suggests that, under

these experimental conditions, AAE7/ACNI1 adopts an open conformation.

Further structural analysis of AAE7/ACNI1 is required to determine if the protein is
able to undergo a conformational change during catalysis both in the absence and
presence of ligands. Structural techniques that could be implemented include x-ray
crystallography and circular dichroism (CD). T he far-UV region of the circular
dichroism (CD) spectrum is especially useful since it provides a quantitative measure

of the average secondary structure content (Pain, 1994).

3.8.7 Conservation of important hinge residues in AAE7/ACN1

The hinge region, also known as the A8 sequence, is important in catalysis for the
movement of the small domain towards the larger domain in ACS. Sequence
comparison of AAE7/ACNI to the structurally characterised seACS, scACS and
ttLC-FACS (Table 3.7) suggests that the protein may be capable of undergoing a

conformational change as important residues within the linker region are conserved.
The A8 sequence contains a conserved Dx¢GxR motif with an invariant glycine

(Gly™**) residue (Gulick et al,, 2003) that is also conserved in AAE7/ACNI1 (Table
3.7).
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Table 3.7: Hinge sequence of AMP binding proteins. Italicised resides show the glycine residue
that is believed to add flexibility to the linker allowing two conformations to be formed.
Underlined residues indicate the conserved aspartate hinge residue and the highly conserved
glycine residue is depicted in bold. Sequence alignment was conducted with Multalin (Corpet,
1988).

Enzyme Multimeric A8 sequence Reference
state
seACS Monomer | °"'GRVDDVLNVSGHR>® | Gulick ef al,, 2003
scACS Trimer GRVDDVVNVSGHR Jogl and Tong, 2004
ttLC-FACS Dimer DRLKDLIKSGGEW Hisanaga ef al., 2004
AAE7/ACNI1 Dimer DRSKDVIISGGEN This study

Crystallographic analysis conducted by Gulick ef al. (2003) showed that Asp’’ (D)
is the hinge residue responsible for the two structural conformations of seACS
(Gulick, 2009). Whist this residue appears to be involved in domain movement
Reger et al. (2007) have shown, by mutagenesis, that an aspartate residue at this
position is not essential for catalysis. However, substitution to a proline residue
reduced enzymatic activity and conformational flexibility, making it difficult for the
protein to enter a stable adenylate conformation. The corresponding residue in
luciferase, like AAE7/ACNI, has been identified as lysine. Despite this residue
change, luciferase is still predicted to undergo a conformational change as the active
site residues of the crystal structure are not in direct contact, requiring domain
movement prior to catalysis (Conti ef al., 1996; Reger et al., 2007; Gulick, 2009).
The presence of a lysine residue at this position is also true for tLC-FACS, which
has been shown to undergo a conformational change prior to catalysis (Hisanaga et
al., 2004). The conservation of a lysine residue in AAE7/ACNI suggests that a

conformational change in shape should be possible.

The Arg526 residue of seACS is not conserved in either ttLC-FACS or AAE7/ACNI.
This residue is part of the conserved DxgGxR motif and forms a salt bridge across

the active site of seACS with Glu*!’

. However, the interaction between these two
residues is not essential for catalysis as 4-chlorobenzoyl-CoA ligase (CBAL)
contains an asparagine residue at this position (Gulick ef al., 2004; Wu er al., 2007).
The corresponding residue in AAE7/ACNI is also an asparagine residue. The
variability observed at the Arg>?® site of seACS suggests that the formation of a salt

bridge is not essential for catalysis as it is not conserved in CBAL, ttLC-FACS or
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AAE7/ACN1. However, Glu*", the residue that Arg526 forms a salt bridge with, is
conserved in AAE7/ACNI. This glutamate residue, within the A5 or GXTE motif
(Gulick et al.,, 2003; Shah et al., 2009), plays an important part in the positioning of
the magnesium ion. The conservation of this residue suggests that the magnesium
ion, which binds with ATP, can be correctly coordinated during catalysis.

The substitution of Gly*'*

in se ACS to an aspartate residue in ttLC-FACS is believed
to reduce the linkers’ flexibility and perhaps explain why seACS and scACS both
adopt two different conformations for the adenylation and thioester reactions (Gulick
et al, 2003; Jogl and Tong, 2004). The presence of an aspartate residue at this
position in AAE7/ACN]1 may suggest that, similar to ttLC-FACS, the same
conformation is adopted for both the adenylation and thioester half reactions. This
may explain why a conformational change was not observed after the addition of

AMPP.

3.8.8 Membrane association

As discussed earlier (sections 3.8.1.3 and 3.8.1.7), it has been suggested that
AAE7/ACNI1 may be a membrane associated protein. Techniques that could be
implemented to determine if AAE7/ACN1 is a membrane protein include
glyoxysomal fractionation followed membrane purification (Leighton et al, 1969;
Schwitzguebel and Siegenthaler, 1984) and enzymatic analysis (Millerd and Bonner,
1954) or construction of a GFP protein fusion followed by confocal microscopy
(Curtis and Grossniklaus, 2003; Koroleva ef al., 2005). Sucrose density gradients
have been previously used to isolate membranes from other organelles prior to
disruption and separation into matrix, core and membrane fractions (Stumpf and

Conn, 1980).

3.8.9 Summary

Work conducted within this chapter clearly demonstrates that AAE7/ACNI is a
dimeric protein in solution. The construction of a structural model suggests that each
monomer of AAE7/ACNI, like other acyl-CoA synthetases, is comprised of two
domains. The solution scattering profiles of AAE7/ACN1 in the absence and
presence of AMPP along with very similar Rg values at increasing protein

concentrations strongly suggest that, under these experimental conditions,
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AAE7/ACNI does not undergo a conformational change in shape. The conservation
of important residues within the hinge sequence between AAE7/ACNI and ttLC-
FACS (section 3.8.7) implies that movement is possible. However, further analysis is
required in the presence of additional ligands and a metal ion to fully determine if a

conformational change in shape occurs during catalysis.
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4.1 Introduction

AAE7/ACNI1 is a member of the adenylate forming superfamily of Arabidopsis
thaliana responsible for the conversion of acetate to acetyl-CoA for entry into the
glyoxylate cycle (Turner et al, 2005). The glyoxysomal acetyl-CoA synthetase,
AAE7/ACNI1 was placed in clade VI by Shockey et al. (2003) along with a medium
chain fatty acyl-CoA synthetase (AAE11), though in a different group to the
previously characterised Arabidopsis short chain acetyl-CoA synthetase (Ke ef al,
2000) which was placed in clade II. The search, based on the presence of an AMP
signature motif, showed that AAE7/ACNI1 shares greater similarity to a medium
chain fatty acyl-CoA synthetase compared to a short chain fatty acyl-CoA synthetase
but is only able to catalyse substrates shorter than four carbons. In chapter 3 of this
thesis, AAE7/ACNI1 was characterised as a dimeric protein that contains the two
domain structure observed in previously characterised members of the adenylate

forming family (Gulick et al., 2003; Hisanaga ef al., 2004; Jogl and Tong, 2004).

Members of the adenylate forming family catalyse the ATP dependent acetylation of
fatty acid in a two step reaction by activating the unreactive carboxylic acid (COOH)
and transforming the hydroxyl (OH) leaving group into AMP (Schmelz and
Naismith, 2009). The activation of various carboxylic acid substrates through the
formation of a thioester bond proceeds via a bi uni uni bi ping-pong mechanism
(Bar-Tana and Rose, 1968; 1973). The uni and bi terms refer to the number of
substrates that enter the enzyme and the number of products that leave the enzyme
(Bisswanger, 2008). Uni describes a situation where a single substrate leaves or
enters the enzyme, pyrophosphate (PPi) and coenzyme A (CoA) respectively, and bi
describes a situation where two substrates enter or leave the enzyme at the same time,
namely ATP and a fatty acid or AMP and fatty acyl-CoA. Ping-pong signifies that a
product is released (pyrophosphate) before another substrate (CoA) can bind to the
enzyme (Sachs, 1980; Frey and Hegeman, 2007) (Figure 4.1 and 4.2).
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Adenylate (first step) reaction:
Acetate + ATP

v

Acetyl-AMP + PPi
Thioester (second step) reaction: l

Acetyl-AMP + CoA
%(_/

Acetyl-CoA + AMP

Figure 4.1: Two step reaction mechanism of acyl-CoA synthetase. Molecules highlighted in grey

represent the three products of the reaction.

In step one (Figure 4.1 and 4.2), ATP and a fatty acid combine with the enzyme to
yield an enzyme bound intermediate, acyl-AMP, before the release of PPi (Bar-Tana
and Rose, 1973; Bar-Tana et al., 1973; Young and Anderson, 1974). The acyl-AMP

intermediate becomes the substrate for the second reaction (Gulick et al., 2003).

In the second step (Figure 4.1 and 4.2), CoA enters the enzyme’s active site and
reacts with acyl-AMP to produce acyl-CoA (Bar-Tana and Rose, 1973). CoA
binding causes a rotation of the C-terminal domain in seACS positioning the CoA
for nucleophilic attack on the acyl group (Gulick et al., 2003). Two products, acyl-
CoA and AMP, are released at the end of the reaction (Starai and Senerena, 2004).

ATP fattyacid PPi CoA  AMP fatty acyl-CoA

v vty

Fatty acyl-AMP

Figure 4.2: Mechanism of acyl-CoA synthetase demonstrating the order molecules are utilised

during the production of fatty acyl-CoA.

Attempts to obtain the crystallographic structure of AAE7/ACNI have so far proved
unsuccessful (section 3.2). Comparative modelling techniques are employed within
this chapter to obtain information about the structure of AAE7/ACNI1. Comparative
modelling of AAE7/ACNI is important. in order to identify potentially important
residues involved in catalysis. This, along with further experiments, may help to

establish if AAE7/ACNI1 is in fact associated with the plasma membrane and able to
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catalyse butyrate at a greater rate than acetate (Shockey et al., 2003) or is free in the
glyoxysome where it catalyses acetate at a greater rate than butyrate (Turner et al.,
2005). It may also help to determine why AAE7/ACNI1 is not active with substrates

that are greater than four carbon atoms in length (Turner ef al., 2005).

4.2 AAE7/ACNI sequence comparison to the protein data bank

The amino acid sequence of AAE7/ACN1 was compared to known crystallographic
structures with the threading program Phyre (www.sbg.bio.ic.ac.uk/phyre/) to
identify potential template structures for homology modelling. The crystallographic
structure of the LC-FACS from Thermus thermophilus (tLC-FACS) (Hisanaga ef al.,
2004) was identified with the largest amino acid sequence identity to AAE7/ACNI
of 30 % (Table 4.1). Other crystal structures identified (sharing between 20 and 25 %
amino acid sequence identity to AAE7/ACN1) include 4-chlorobenzoyl-CoA ligase /
synthetase (CBAL), benzoate coenzyme A ligase, 2, 3-dihydroxybenzoate AMP
ligase (DhbE), acetyl coenzyme A synthetase from Saccharomyces cerevisiae
(scACS) and Salmonella enteric (seACS) (Table 4.1). All of these enzymes are
members of the adenylate forming enzyme family and are comprised of two domains

with the active site at the interface between them.

Table 4.1: Amino acid sequence comparison between AAE7/ACN1 and known crystallographic

structures implemented with the online server Phyre (www.sbg.bio.ic.ac.uk/phyre/).

; ; Sequence identity to
Protein Protein Data Bank AAE7/ACNI (%)
Long chain fatty acyl-CoA synthetase IULT 30
4-C_hlorobenzoyl-CoA 1T5H 26
ligase/synthetase
Benzoate. coenzyme A V7B 23
ligase
2,3-Dihydroxybenzoate AMP ligase IMDB 22
Medium chain acyl-CoA synthetase 3CSE 20
(H. sapiens)
Acetyl coenzyme A
synthetase (Saccharomyces cerevisiae) R >
Acetyl coenzyme A
synthetase (Salmonella enteric) LR 19

Whilst AAE7/ACNI activates short chain fatty acid substrates, sequence analysis
shows that it shares greater sequence identity to ttLC-FACS that utilises long chain
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fatty acid substrates, such as myristate (Figure 4.3). Sequence alignment analysis of
scACS, seACS, ttLC-FACS and AAE7/ACN1 (Figure 4.4) shows that whilst all four
proteins have conserved regions (shown in red on Figure 4.4) there does not appear
to be a particular section that is conserved between scACS, seACS and AAE7/ACNI
that is not present in ttLC-FACS.

o}

/\/\/\/\/\/\)LO- Myristate
o]
)L o~ Acetate

Figure 4.3: Skeletal structure created with ChemDraw of the preferred ttLC-FACS substrate,
myristate (C;4H;30;) and AAE7/ACNI1 substrate, acetate (C,H;0,).
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Figure 4.4: Sequence alignment of seACS (1PG4), scACS (1RY2), ttLC-FACS (1ULT) and
AAE7/ACN1 conducted by multalin (Corpet, 1988). Red represents highly conserved regions
between the four enzymes and blue represents regions that are moderately conserved between

the four enzymes. All other residues are represented in black.

Sequence comparison studies implemented with the default settings of emboss (Rice
et al., 2000) reveal that AAE7/ACNI1 shares greater sequence identity with the
medium chain acyl-activating enzyme (AAE) 11 (Atlg66120) than the monomeric
acetyl-CoA synthetase (At5g36880) characterised by ke et al. (2000). Whilst
AAE7/ACNI1 shares 45.0 % identity and 59.2 % similarity at the amino acid level
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with AAE11 (Figure 4.5), it only shares 18.4 % identity and 30.6 % similarity with
the monomeric acetyl-CoA synthetase (Figure 4.6). Shockey et al. (2003) suggests
that there are two other acetyl-CoA synthetases’ in Arabidopsis, AAE17
(At5g23050) that shares 16.1 % identity and 27.5 % similarity and AAE18
(At1g55320) that shares 15.1 % identity and 26.0 % similarity with AAE7/ACNI.
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Figure 4.5: Sequence alignment of AAE11 and AAE7/ACNI conducted with Multalin (Corpet,
1998). Red represents highly conserved regions between the two enzymes. All other residues are

represented in black.
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Figure 4.6: Sequence alignment of atACS and AAE7/ACNI1 conducted with Multalin (Corpet,
1998). Red represents highly conserved regions between the two enzymes. All other residues are

represented in black.

4.3 Comparative modelling of AAE7/ACNI1
The dimeric structure of ttLC-FACS was chosen as the most suitable template

structure for homology modelling of AAE7/ACNI1. Prior to the construction of a
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comparative model, the suitability of the potential template structures were evaluated
using the default settings of Swiss-pdbViewer (Guex and Peitsch, 1997) to identify

residues that fall within the disallowed region of the ramachandran plot.

4.3.1 Evaluation of the potential template structure

The dimeric structure of ttLC-FACS has been crystallised in both an unbound
(IULT.pdb) and bound state (1V25.pdb and 1V26.pdb) by Hisanaga et al. (2004).
The native structure of ttLC-FACS was crystallised with a resolution of 2.55 A
(IULT). The crystallographic structure of ttLC-FACS bound with adenosine
monophosphate, magnesium ion and myristic acid was structuralised at a similar
resolution of 2.50 A (1V26). The third crystal structure of tLC-FACS bound with
phosphoaminophosphonic acid adenylate ester (AMP-PNP) and magnesium ion was
crystallised at a resolution of 2.30 A (1V25).

4.3.1.1 Evaluation of the crystallographic structure of ttLC-FACS, 1ULT

The crystallographic structure of ttLC-FACS (IULT) was analysed and no bad
contacts or side chain angles were identified. Residues shown in red (chain A:
Thr'®’, His*" and Glu®*® and chain B: Lys*! and Arg’"®) on the ramachandran plot
were identified as unfavourable backbone angles and residues shown in blue
represent unfavourable glycine residues (Figure 4.7). This analysis showed that 3.5
% of the total residues fell within the unfavourable region of the ramachandran plot,

with 86.1 % of these being glycine residues.
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Figure 4.7: Ramachandran plot of the template structure of LC-FACS from Thermus
thermophilus (Protein data bank file 1ULT). Normal residues are shown in black, problem
glycine residues in blue and other problem residues identified by Swiss-pdbViewer (Guex and

Peitsch, 1997) in red.

4.3.1.2 Evaluation of the crystallographic structure of ttLC-FACS, 1V25

The crystallographic structure of the bound ttLC-FACS (1V25) was analysed to
identify residues with unfavourable backbone angles. The ramachandran plot
revealed that 3.7 % of the total residues fell within the unfavourable region with 94.4
% of these being glycine residues (Figure 4.8). Residues shown in red (chain A:
Trp*™ and chain B: Ala®') represent residues with unfavourable backbone angles

and residues shown in blue represent unfavourable glycine residues (Figure 4.8).
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Figure 4.8: Ramachandran plot of the template structure of LC-FACS from Thermus
thermophilus (Protein data bank file 1V25). Normal residues are shown in black, problem
glycine residues in blue and other problem residues identified by Swiss-pdbViewer (Guex and

Peitsch, 1997) in red.
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4.3.1.3 Evaluation of the crystallographic structure of ttLC-FACS, 1V26

The bound crystallographic structure of ttLC-FACS (1V26) was analysed with
Swiss-pdbViewer to identity unfavourable residues. Residues shown in red (chain A:
Ser’®® and chain B: Ser’, Ala’'*) represent residues with unfavourable backbone
angles and residues shown in blue represent unfavourable glycine residues (Figure
4.9). The unfavourable region of the ramachandran plot contains 3.8 % of the

residues, 86.5 % of these are glycine residues.
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Figure 4.9: Ramachandran plot of the template structure of LC-FACS from Thermus
thermophilus (Protein data bank file 1V26). Normal residues are shown in black, problem
glycine residues in blue and other problem residues identified by Swiss-pdbViewer (Guex and
Peitsch, 1997) in red.

Analysis of the protein data bank file 1ULT of tL.C-FACS (Hisanaga et al., 2004) in
the open conformation revealed that three residues from chain A and two residues
from chain B fell within the disallowed region of the ramachandran plot. All three
disallowed residues from chain A are considered important. Residue Thr'®” forms
part of the P-loop, His*" forms part of the G-motif and Glu**® forms part of the A-
motif. Therefore, as a result of these being in the disallowed region, chain B of
protein data bank file 1ULT was used as a template structure for homology
modelling comparisons of AAE7/ACNI.

Other work has crystallised ttLC-FACS in the closed conformation in the presence

of either phosphoaminophosphonic acid adenylate ester (1V25) or AMP and myristic
acid (1V26) (Hisanaga ef al., 2004). The two crystallographic structures of ttLC-
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FACS in the closed conformation are very similar with few disallowed residues.
Therefore, the decision to use 1V26 as a template structure was based on the
presence of AMP and myristic acid and the structural similarities (Figure 4.10)
between the ligands of 1V26 and AMPP, used during experimental analysis in
chapter 3 of this thesis. Chains A and B of 1V26 both contained very few disallowed
residues. Therefore, chain B of 1V26 was also used as a template structure for

homology modelling comparisons.

A) B) C)

Figure 4.10: Ligand comparison. A) The structure of AMPP. B) The ligand structure (AMP and
myristic acid) of 1V26.pdb (Hisanaga ef al., 2004). C) The ligand structure (ANP) of 1V25.pdb
(Hisanaga et al., 2004).

4.3.2 Homology modelling of AAE7/ACN1 with I-TASSER

The amino acid sequence of AAE7/ACNI1 was submitted to the online modelling
server I-TASSER (Zhang, 2008; 2009; Roy et al, 2010). This automated server
showed that the long chain fatty acyl-CoA synthetase, ttLC-FACS shares the greatest
sequence identity (33 %) with AAE7/ACN1 but interestingly predicted the enzymes
function as a short chain acyl-CoA synthetase which supports experimental enzyme
assays (Shockey et al, 2003; Turner et al, 2005; chapter 3). Analysis of the
ramachandran plot of the AAE7/ACNI1-TASSER model showed that 53 residues
(9.3 %) fell within the disallowed region (Figure 4.11 and Table 4.2), and of these 23

(43.4 %) were glycine or proline residues.
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Figure 4.11: Ramachandran plot analysis of AAE7/ACN1-TASSER model. Residues that fall
within the disallowed region of the ramachandran plot of AAE7/ACN1-TASSER model are

represented in red and disallowed glycine and proline residues are present in blue.

The location of the disallowed residues of AAE7/ACN1-TASSER model can be seen
in Figure 4.12.

Figure 4.12: Disallowed residues of AAE7/ACNI-TASSER model are shown as spheres (minus

glycine and proline residues). All other residues are shown as ribbon.
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Table 4.2: All AAE7T/ACN1-TASSER model residues that fall within the disallowed region of

the ramachandran plot.

Disallowed residue in AAE7/ACN1-TASSER model | Aligned residues in ttLC-FACS
Pro” Pro"
Pro”’ Leu™
Ser® Gly® in disallowed region
Glygﬁ Gly%
Asp™® Asp™®
GIn™ Pro’?
Gly'™® No alignment
Ser'*® No alignment
PheMS Vall43
ProlSl Phel46
IlelS4 Metl49
Val'™ No alignment
Tle™® No alignment
Asp™* No alignment
His> No alignment
Ser'® No alignment
Asn™ Asp™
Gly™ Glu™
Prol92 Vall?l
Pro™ Arg’”
Asp™ Pro™™”
G]ul96 Glul'.'S
Gly™’ Gly™ in disallowed region
Th].209 Thr]ﬂ
Ala™ Gly™ in disallowed region
Gly234 AlaZlS
Phe™> Leu™®
Lys™ Gy™
TS Gly™
I]eSOS Hi5290
Pro’" No alignment
Gly™ Gly’" in disallowed region
G]y336 Gl};n
Thl_348 Thr329
PrOSSJ Va]332
Gly'” Gly™" in disallowed region
Gly™® Lew™
Gly™" Gly’™ in disallowed region
Lys'™ Gly™
Gly™* Gly''* in disallowed region
Gly‘m Gly™
Ser454 Leu434
Lys™ Lys™
Gly‘m Gly™
Gly™ Gly™
Gln’" No alignment
Lys™ Gly’® in disallowed region
Gly™ Alr?
G1n550 Leu526
Al Tyr™®
Pro>® Gly™
Arg™™ No alignment
Arg™® No alignment
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4.3.3 Homology modelling of AAE7/ACN1 with MODELLER

The amino acid sequence of AAE7/ACNI1 was aligned to ttLC-FACS using the
default settings of MultAlin (Corpet, 1988) for sequence comparison and homology
modelling (Figure 4.13). The resultant homology model of AAE7/ACN1 was based
on the crystallographic structures of ttLC-FACS in both the unbound (1ULT) and
bound (1V26) form.
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Figure 4.13: Sequence alignment of ACN1 and the dimeric long-chain fatty acyl-CoA synthetase (LC-FACS) from Thermus thermophilus. Sequences

were aligned with the default settings of MultAlin (http://bioinfo.genopole-toulouse.prd.fr/multalin/multalin.html). Conserved residues are visible in

the consensus region in red.
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4.3.3.1 AAE7/ACN1 modelling to the template structure 1ULT in the open
conformation

The resulting model of AAE7/ACN1 (AAE7/ACNI1-A), based on the unbound ttLC-
FACS (1ULT.pdb), was evaluated with the ramachandran plot function of Swiss-
pdbViewer (Guex and Peitsch, 1997). The unfavourable region of the ramachandran
plot contained 6.1 % of AAE7/ACN1-A residues (Figure 4.14; shown in red and
blue) with 52.9 % of these being glycine or proline residues (Figure 4.14; shown in
blue).
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Figure 4.14: Ramachandran plot of the homology model AAE7/ACNI1-A generated with
Modeller 9v1 based on unbound ttLC-FACS (1ULT.pdb). Residues in blue and red represent
residues that fall within the disallowed region of the ramachandran plot. Blue residues
represent glycine and proline residues and red represents all other disallowed residues

identified by Swiss-pdbViewer (Guex and Peitsch, 1997).

Energy minimisation was conducted with Swiss-pdbViewer (Guex and Peitsch,
1997) to improve the structure of AAE7/ACNI-A (to give AAE7/ACNI1-B) and
reduce the number of bonds within the disallowed region (Figure 4.15). Once this
was conducted 5.3 % of the residues fell within the unfavourable region of the
ramachandran plot (Figure 4.15; residues shown in blue and red) and of these 45.8 %

were found to be glycine or proline residues (Figure 4.15; residues shown in blue).

127



Chapter 4

266
- ) b
. 150 p » - .
. . "
. anb e 81100 .
- . -!_':. -
W, 50 i - .
- L] " - e ™ w.l
b - o ».2
LI D}
2p0 5109 " [t " 400 a 200
., A -50
. -
L/ L
. " .100 .
- "
~ et T 150 SR
weae @AV . " -
Phi
» AAE7/ACN1-BEM1
= AAE7/ACN1-B EM1 disallowed gly and pro residues
= AAE7/ACN1-B EM1 disallowed residues

Figure 4.15: Comparative model AAE7/ACN1-B after one energy minimisation (EM1) process
with the default settings of Swiss-pdbViewer (Guex and Peitsch, 1997). All disallowed residues

are present in either red or blue. Blue represents disallowed glycine and proline residues.

Subsequently, a second energy minimisation process was conducted to further refine
the model using the default settings of Swiss-pdbViewer (to give AAE7/ACNI1-
modell). The resulting torsion angles were plotted on a ramachandran plot in figure
4.16. This second energy minimisation step resulted in 5.3 % of the residues within
the unfavourable region (Figure 4.16; shown in red and blue). Of these 45.8 % were

either glycine or proline residues (Figure 4.16; shown in blue).
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Figure 4.16: Ramachandran plot of the comparative model of AAE7/ACN1-modell generated
with Modeller 9v1 based on unbound ttLC-FACS (1ULT.pdb) crystallographic structure. The
ramachandran plot was created with Swiss-pdbViewer 4.0 (Guex and Peitsch, 1997) after two
energy minimisation processes (EM2) with default settings showing all residues with blue
representing the disallowed glycine and proline residues and red representing all other

disallowed residues.
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The homology model constructed of AAE7/ACNI is a dimeric structure comprised
of two monomers. Each monomeric structure contains the same sequence of amino
acid residues that fold to create a three dimensional protein structure. The amino acid
chains that form the two monomeric structures are denoted chain A and chain B.
Using the ramachandran plot of AAE7/ACN1-modell (Figure 4.16) the two chains
(A and B) were differentiated and the respective disallowed residues identified

(Table 4.3 and 4.4).

Table 4.3: Disallowed residues (minus glycine and proline) of AAE7/ACNI1-modell, chain A,
and the corresponding residues in the template structure ttLC-FACS (1ULT.pdb).

AAET7/ACNI-modell chain A | ttLC-FACS (1ULT.pdb) residue
residue
Leu™® No alignment
Glu'' No alignment
Ala™" No alignment
Trp™” Arg™
Ala”"’ Gly' in disallowed region
His™" His™"' in disallowed region
Arg”"” Gly™' in disallowed region
Glu®"’ Glu™ in disallowed region
Thr.i&l Pr03 62
Asn** Gly"™ in disallowed region
Ser4bU Ser44U
Asp™” No alignment
Gl Glu™®
Cys’” Gly’" in disallowed region
Leu™’ No alignment
113541 Ileﬁ 17
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Table 4.4: Disallowed residues (minus glycine and proline) of AAE7/ACN1-modell, chain B, and
the corresponding residues in the template structure ttLC-FACS (1ULT.pdb).

AAE7/ACNI1-modell chain B | ttLC-FACS (1ULT.pdb) residue

residue

Asp™ Gla™”

Glu®" No alignment

Thrb]s Thr49

Th'® Lys™

Trp'™ Arg’™®

Arg®”’ Gly™" in disallowed region
Th™>" Pro’®
Asn™” Gly"” in disallowed region
Lys™™ Lys™" in disallowed region
Glu"® Arg476
Arg No alignment
GIn'™ No alignment

Ser > No alignment
Leu"”2 Glu™
Asp“m Ala>™
MetlUSQ AlaSUj

The location of the disallowed residues of AAE7/ACN1-modell are shown in Figure
4.17. Chain A is represented in red with disallowed residues shown as spheres and

chain B is shown in orange with disallowed residues also represented by spheres
(Figure 4.17).

Figure 4.17: Ribbon structure of AAE7/ACNI1-modell. Disallowed residues (minus glycine and
proline residues) in chain A are represented as red spheres and those in chain B are represented

as orange spheres.
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This final structure, known as AAE7/ACNI1-modell, was used for the subsequent

structural comparisons described in section 4.4.

4.3.3.2 AAE7/ACNI1 comparative modelling to the template structure 1V26 in a
closed conformation

A model of AAE7/ACN1 (AAE7/ACN1-Al) was created with Modeller using the
bound protein data bank file 1V26. Six point one percent of the residues from
AAE7/ACNI1-A1 fell within the disallowed region of the ramachandran plot (Figure
4.18; shown in red and blue), with 50.0 % of these being glycine or proline residues

(Figure 4.18; shown in blue).

Psi

266
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= AAE7/ACN1-A1 disallowed gly and pro residues
= AAE7/ACN1-A1disallowed residues

Figure 4.18: Ramachandran plot of the homology model AAE7/ACNI1-Al generated with
Modeller 9v1 based on bound ttLC-FACS (1V26.pdb). Residues in blue and red represent
residues that fall within the disallowed region of the ramachandran plot. Blue residues
represent glycine and proline residues and red represents all other disallowed residues

identified by Swiss-pdbViewer (Guex and Peitsch, 1997).

The comparative model (AAE7/ACNI1-Al) was then subjected to energy
minimisation by Swiss-pdbViewer, yielding AAE7/ACN1-B1. This gave a model
with, 5.6 % of the residues within the disallowed region of the ramachandran plot
(Figure 4.19; shown in red and blue), with 47.5 % of these being glycine or proline
residues (Figure 4.19; shown in blue).
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Figure 4.19: Comparative model AAE7/ACN1-B1 after one energy minimisation (EM1) process
with the default settings of Swiss-pdbViewer (Guex and Peitsch, 1997). All disallowed residues

are present in either red or blue. Blue represents disallowed glycine and proline residues.

The comparative model (AAE7/ACNI1-B1) was subjected to a second energy
minimisation step, resulting in AAE7/ACN1-modelll. Five point eight percent of the
residues fell within the unfavourable region of the ramachandran plot (Figure 4.20;
shown in red and blue), and of these 47.6 % were glycine or proline residues (Figure
4.20; shown in blue).

Phi

= AAE7/ACN1-modelll EM2
= AAE7/ACN1-modelll EM2 disallowed residues
= AAE7/ACN1-modelll EM2 disallowed gly and proresidues

Figure 4.20: Ramachandran plot of the comparative model of AAE7/ACN1-modelll generated
with Modeller 9vl based on bound ttLC-FACS (1V26.pdb) crystallographic structure. The
ramachandran plot was created with Swiss-pdbViewer (Guex and Peitsch, 1997) after two
energy minimisation processes (EM2) with default settings showing all residues with blue
representing the disallowed glycine and proline residues and red representing all other

disallowed residues.
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The amino acid chains that form the two monomeric structures of AAE7/ACNI-
modelll are denoted chain A and chain B. Using the ramachandran plot of
AAE7/ACN1-modelll (Figure 4.20) the two chains (A and B) were differentiated
and the respective disallowed residues identified (Table 4.5 and 4.6).

Table 4.5: Disallowed residues (minus glycine and proline) in AAE7/ACN1-modelll, chain A,
and the corresponding residues of the template structure ttLC-FACS (1V26.pdb).

AAE7/ACN1-modelll chain A | ttLC-FACS (1V26.pdb) residue
residue
Trp% Phe’!
Phe®’ No alignment
Ser™’ Gly™ in disallowed region
Glu*’ No alignment
Ser” Gly® in disallowed region
Ser?® Ala’™®
Glu'™ No alignment
Lys * No alignment
Liys'** No alignment
Phe'® No alignment
Ala™™ Gly'"” in disallowed region
Arg”" Gly”' in disallowed region
Ala430 Thr409
Va1480 Va1460
A1a499 A1a479
Phe™" No alignment
Thr544 ThrSZU
A1a545 SerSZl

133




Chapter 4

Table 4.6: Disallowed residues (minus glycine and proline) of AAE7/ACN1-modelll, chain B,
and the corresponding residues in the template structure ttLC-FACS (1V26.pdb).

AAET7/ACNI1-modelll chain B | ttLC-FACS (1V26.pdb) residue

residue

Leu”’ No alignment
Arg"” Arg”

Lys'” No alignment

Ser”** No alignment
Leu”™ No alignment
Asp™” No alignment
Ala"” Gly™ in disallowed region
Arg>”’ Gly™" in disallowed region
The™ Pro’®2

Lys™® ArgT
Asn P Gly™° in disallowed region
Glul 051 Glu462

SerIUS3 Ala464
VallU?U Val481

The location of the disallowed residues of AAE7/ACNI1-modelll are shown in

Figure 4.21. Chain A is represented in red with disallowed residues shown as spheres

and chain B is shown in orange with disallowed residues shown as spheres (Figure

421).
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Figure 4.21: Ribbon structure of AAE7/ACN1-modelll. Disallowed residues in chain A are

represented as red spheres and those in chain B are represented as orange spheres.

Thus, by producing both bound and unbound models, AAE7/ACNI1-modelll and

AAE7/ACNI1-modell respectively, these have been used in the following structural

comparisons. Chain B of each model was chosen for structural analysis based on

the number of disallowed residues and the role these residues play in catalysis of

ttLC-FACS. The issues surrounding this are discussed further in section 4.3.1.
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4.4 Structural comparison of AAE7/ACN1-modell, AAE7/ACN1-modelll and
AAE7/ACN1-TASSER model to acyl-CoA synthetase

Potentially important acyl-CoA synthetase residues and motifs were compared
between the three AAE7/ACNI1 models created within this chapter and to known
acyl-CoA synthetase crystallographic structures. Sequence and structural comparison
aims to further understand how AAE7/ACNI catalyses the conversion of acetate to
acetyl-CoA.

4.4.1 Adenosine binding region comparison

There are a number of important motifs and residues conserved in acyl-CoA
synthetases that are considered essential for the positioning and binding of adenosine
5’ monophosphate (Gulick er al., 2003; Hisanaga et al., 2004). Sequence and
structural comparisons have been conducted to determine the level of conservation
between the AAE7/ACNI1-models and both the open and closed crystallographic
structures of ttLC-FACS.

4.4.1.1 Comparison of the ATP/AMP signature motif

AAE7/ACNI was identified as an adenylate forming enzyme, based on the presence
of an AMP signature motif (Shockey et al., 2003). This motif is common to all acyl-
CoA synthetases’ and contains a sequence that is believed to specify AMP binding
(Babbitt et al., 1992; Black et al, 1997). The generic residues that make up this
motif are [LIVMFY]-X-X-[STG]-[STAG]-G-[ST]-[STEI]-[SG]-X-[PASLIVM]-
[KR] (Shockey et al., 2003). The corresponding residues within ttLC-FACS and
AAE7/ACN1 are "' MAYTTGTTGLPK'? and **LGYTSGTTASPK?" respectively
(Figure 4.22), denoted the P-loop by Hisanaga ef al. (2004) (section 4.4.1.3).

Other reports have suggested that the ATP/AMP signature motif is comprised of two
separated sequences, YTSGTTGxPKGV and GYGXTE (Weimar ef al.,, 2002). The
first sequence is similar to the signature motif proposed by Shockey ef al. (2003) but
displaced by two residues, YITGTTGLPKGV and YTSGTTASPKGYV in ttLC-
FACS and AAE7/ACNI1 respectively. The second sequence corresponds to
BGYGLTE and **TYGLSE* in ttLC-FACS and AAE7/ACNI respectively
(Figure 4.22), denoted the A-motif by Hisanaga et al. (2004) (section 4.4.1.2).
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A)
B) o
MAYTTGTTGLPK
LGYTSGITASPK

C)
MAYTTGTTGLPK
LGYTSGITASPK

Figure 4.22: Comparison of the ATP/AMP signature motif between AAE7/ACNI1-modell,
AAE7/ACNI1-modelll, AAE7/ACN1-TASSER model and ttLC-FACS (1ULT.pdb and
1V26.pdb). The ttLC-FACS crystal structure 1ULT is shown in dark blue, 1V26 is shown in
light blue, AAE7/ACNI1-modell is shown in red, AAE7/ACN1-modelll is shown in pink and
AAE7/ACN1-TASSER model is shown in green. A) Shows the location of the AMP binding site
(present within the black box) within the crystallographic structures of ttLC-FACS. B) An
enlarged image of the AMP signature motif. C) An enlarged image of the AMP signature motif
with AAE7/ACN1-TASSER model is shown in green and the corresponding residues of ttL.C-
FACS in blue.
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4.4.1.2 Comparison of the adenosine (A) motif

The A-motif of ttLC-FACS, **GYGLTE®, is believed to be critical for adenine
binding (Hisanaga ef al., 2004), containing important residues that are conserved in
AAE7/ACN1, **TYGLSE* (Figure 4.24). The A-motif contains essential residues
that interact with myristoyl-AMP of ttLC-FACS (Hisanaga ef al., 2004). Whilst this
motif is considered important for the positioning of the substrate, two motif residues
(Gly** and Thr*?7of ttLC-FACS) are not conserved in AAE7/ACN1 (Figure 4.23).
Gly*®, of ttLC-FACS, aligns with Thr**? in AAE7/ACN1 and Thr**’, of ttLC-FACS,
aligns with Ser’*® in AAE7/ACNI.

Figure 4.23: Residues that are not conserved within the A-motif of AAE7/ACNI1-modell and
ttLC-FACS. A) Shows the location of Gly’” of ttLC-FACS (shown in blue) and the
corresponding residue, Thr’*? of AAE7/ACN1-modell (shown in red). B) Shows the location of
Thr*”’ of ttLC-FACS (shown in blue) and the corresponding residue, Ser’*® of AAE7/ACNI-

modell (shown in red).
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A)

B)

©)

Figure 4.24: The A-motif. A) Open conformation of ttLC-FACS (blue) compared with
AAE7/ACN1-modell (red). B) Closed conformation of ttLC-FACS (light blue) aligned with
AAE7/ACN1-modelll (pink). C) AAE7/ACN1-TASSER model (green) aligned with ttLC-FACS
(blue).

4.4.1.3 Comparison of the phosphate (P) loop

184

Tyr'*” is an important residue in ttLC-FACS forming part of the P-loop involved in

phosphate binding (Hisanaga et al., 2004). This loop also forms part of the
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ATP/AMP signature motif reported by Weimar et al. (2002) and Shockey et al.
(2003) (section 4.4.1.1). The P-loop of ttLC-FACS consists of '**TTGTTGLPK'%,
which aligns to 2TSGTTASPK*"® in AAE7/ACN1 (Figure 4.25). Tyr'®, which
aligns to Tyr’” in AAE7/ACNI, is important in ttLC-FACS as the hydroxyl group

interacts with magnesium during catalysis (Hisanaga et al., 2004).

A)
G186 T187
T185 G207 T208 T188
5206 | / 1209
\
: G189
" A210
T184
L L190
s211
TN
K192 P191
K213 P212
B)

Figure 4.25: The P-loop of ttLC-FACS (shown in blue) and in A) the corresponding residues in
AAE7/ACN1-modell (shown in red). B) The corresponding residues in AAE7/ACN1-TASSER

model (shown in green).

4.4.2 Comparison of the linker (L) motif

The L-motif of tLC-FACS is also known as the linker region, consisting of residues
“2DRLKDLY?. The corresponding residues in AAE7/ACNI1 are S2DRSKDVH’
(Figure 4.26). Whilst the L-motif contains the amino acid that acts as a linker,
Asp*?, between the N- and C-terminal domains of ttLC-FACS, the motif is also
involved in substrate binding. Arg*® and Lys™’ of ttLC-FACS both play a role
during catalysis, forming hydrogen bonds with the AMP moiety (Hisanaga et al.,
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2004). These potentially important residues are both conserved in AAE7/ACNI
(Figure 4.26).

D452 1437
R433 43
A) Ris3 .\ / vas1

\ D436
D456

—. K435
K455

L434
5454

B)

®)

Figure 4.26: The L-motif in A) the open conformation of ttLC-FACS (1ULT) aligned with
AAE7/ACN1-modell and B) the closed conformation of ttLC-FACS (1V26) aligned with
AAE7/ACN1-modelll. C) AAE7/ACN1-TASSER model aligned with ttLC-FACS (1ULT).

4.4.3 Conformational change of ttLC-FACS during catalysis

The crystallographic structure of ttLC-FACS has been solved in both an open and
closed conformation (Hisanaga ef al, 2004). The open structure (1ULT) was
crystallised in the absence of ligands and the closed structure (1V26) was crystallised
in the presence of myristoyl-AMP. Hisanaga et al. (2004) propose that the binding of
ATP triggers both a conformational change in shape and opening of the fatty acid
binding tunnel, by movement of the gate residue within the G-motif (section 4.4.4.2).
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The closed structure of ttLC-FACS is stabilised by three residues, Glu*®, Glu*” and

Lys**’ in the C-terminal domain (Hisanaga et al., 2004) (Figure 4.27). The carboxyl

105

oxygen of Glu** forms a salt bridge with the side chain of Arg " and a hydrogen

bond with the side chain of His*’. The formation of a hydrogen bond between these

u*? and His™") plays an important role in the movement of the G-

475

two residues (Gl
motif (section 4.4.4.2). During catalysis the side chains of Glu™"~ and Lys*? form

salt bridges with the side chains of Arg*? and Asp**® in the L-motif (section 4.4.2).

Figure 4.27: Residues involved in maintaining the closed structure of ttLC-FACS (Hisanaga et
al., 2004). A) Shows the open conformations of ttLC-FACS in blue (1ULT.pdb; chain A) and the
corresponding residues of AAE7/ACN1-modell in red. B) Shows the closed conformation of
ttLC-FACS in light blue (1V26.pdb; chain B) with the corresponding residues of AAE7/ACNI1-
modelll in pink. C) Shows AAE7/ACN1-TASSER model and the corresponding residues of
ttLC-FACS (1ULT.pdb; chain A).
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4.4.4 Comparison of the fatty acid binding region
Residues believed to be involved in the entrance, movement and positioning of the

fatty acid of ttLC-FACS (Hisanaga et al., 2004) were aligned with the AAE7T/ACN1

models for structural comparison.

4.4.4.1 Fatty acid entrance site

The fatty acid entrance site of ttLC-FACS is comprised of positivity charged,
hydrophilic residues (Lys*", Arg296, Arg®”’, Arg®*, Lys3 50 and Lys®>*) that attract the
negativity charged carboxyl group of the fatty acid (Figure 4.28). These residues are
not conserved in AAE7/ACNI and correspond to Glym, val’®, His’'®, K0
GIn*® and Asn’” respectively (Table 4.7).

A)

B)

~y TN

Figure 4.28: The proposed fatty acid entrance site of ttLC-FACS (Hisanaga et al,, 2004). A) The

location of the fatty acid entrance site is indicated by an arrow on the ribbon structure of ttL.C-
FACS (shown in light and dark blue) aligned with the ribbon structure of AAE7/ACN1-modell
(shown in red and pink). B) Residues that are believed to be important (Hisanaga et al., 2004)
for fatty acid entrance of ttLC-FACS (shown in blue) and the corresponding residues of
AAE7/ACN1-modell (shown in red). C) ttLC-FACS fatty acid entrance site residues (shown in
blue) are aligned with the corresponding residues of AAE7/ACN1-TASSER model (shown in

green).
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Table 4.7: Residues at the fatty acid entrance site of ttLC-FACS are made up of positively
charged hydrophilic residues which attract the negatively charged carboxyl group of the fatty
acid. These residues are not conserved in AAE7/ACNI.

Residues
AAET/ACNI1 not ttLC-FACS
conserved
Glym 5 Lys219
Val?s * Ar gzoe
His?'¢ § i g297
Ala*® " Arg32]
GIn®® * Ly5350
Agn®™ & Lys354

4.4.4.2 The gate (G) motif
Trpm
allowing the fatty acid to enter via a fatty acid tunnel (section 4.4.4.1). This gate
residue forms part of the G-motif, *VPMFHVNAW?®*, which aligns to
5 PMFHCNGW? in AAE7/ACNI (Figure 4.29).

is an important gate residue in ttLC-FACS that moves during catalysis,

A)
p227 H230
pu6 JH2A49
F229
F248
V226
L245
M228 /
M247

Figure 4.29: The G-motif of ttLC-FACS. A) Shows the open conformation of ttLC-FACS (1ULt)
in blue and AAE7/ACN1-modell in red. B) Shows the closed conformation of ttLC-FACS
(1V26) in light blue and AAE7/ACN1-modelll in pink. C) Shows AAE7/ACN1-TASSER model
in green and the corresponding residues of ttLC-FACS (1ULT) in blue.
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4.4.4.3 The fatty acid binding region predicted by I-TASSER

In addition to the production of AAE7/ACN1-TASSER model the I-TASSER server
(Zhang, 2008) also predicted potential binding site residues (Table 4.8 and Figure
4.30). The predicted binding site comprises of twenty three residues, of these only
six are conserved between AAE7/ACN1 and ttLC-FACS. Three of these conserved
residues (Tyr’®, Gly*** and Leuw’® of AAE7/ACN1) are present in the ATP/AMP
signature motif, also called the A-motif, involved in adenosine binding (section
44.1.1 and 4.4.1.2). A fourth residue (Gly*?' of AAE7/ACN1) aligns with Gly’** of
ttLC-FACS that is believed to interact with the oxygen of the sugar ribose and a

nitrogen atom of the nucleobase adenosine of AMP (Hisanaga et al., 2004).

The AAE7/ACN1 residue Trp>>°, which aligns to the gate residue (section 4.4.4.2) of
the ttLC-FACS G-motif, was identified by I-TASSER as a potential binding site
residue. The gate residue of ttLC-FACS moves during catalysis opening the fatty
acid binding tunnel, allowing entry into the active site. This residue is present in the
upper section of the C4 to C9 region of the myristoyl moiety and therefore could

form part of the base of the fatty acid binding pocket in AAE7/ACNI.

The AAE7/ACNI residue Cys®* aligns to a cysteine residue of ttLC-FACS that
surrounds the myristoyl moiety between C9 and C12 (section 4.4.4.5.3). This is the
only residue conserved within this section of the myristoyl moiety. The importance

of this conserved residue is currently unclear.
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Table 4.8: Potential binding site residues predicted by I-TASSER during the creation of
AAE7/ACNI1-TASSER model.

AAE7/ACNI1-TASSER | Residues not | Corresponding residues in
model residues conserved ttLC-FACS

Ala™ * Ser’”
Asn™” * Ala™
Pro™" * Ser’”
Trp233 ¥ Aspm
Met™” * Leu™°
Leu™” * Val™®
Cysm ¥ Val!

253 234
5;2254 g;iﬂs
Phe™ * Leu™®
Ser™" % Ala™’
Cy5290 * Ala272
Met’'® * Val™’
Al * Gly