Abstract: ATP dependent chromatin re-modeling factors have previously been shown
to play a pivotal role in the regulation of gene expression in several model organisms,
including yeast, fruit fly and human. When encountered with a nutrient depleted
environment Dictyostelium discoideum enter a process of multicellular development
which requires the correct temporal and spatial expression of a large subset of genes.
Here it is shown that two of these ATP dependent chromatin re-modelling factors,
INO80 and CHDC, are required for the correct expression of developmental genes of
Dictyostelium discoideum and subsequent multicellular morphogenesis. These factors
are identified as having a key role in the earlier stage of aggregation and cellular
chemotaxis towards the developmental chemoattractant cCAMP. Genetic disruption of
genes encoding major subunits of these complexes, arp8 and chdC, both result in a
decreased ability to form correct fruiting bodies, also showing a marked decrease in
chemotactic ability. In each case, these defects are seen to occur through different
mechanisms, indicating the role of multiple pathways in the regulation of
Dictyostelium chemotaxis. Interestingly, both mutant cell lines are also responsive to
the neuropsychiatric treatment drug lithium and are shown to affect elements of the

inositol signaling pathway.
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Chapter 1:

Introduction

Summary: The primary aims of this project were to investigate the roles of ATP
dependent re-modeling factors during the starvation response of the social amoeba
Dictyostelium discoideum. We investigated the roles of these complexes, to gain a
better understanding of how they work, the pathways affected during this process and
provide some insight into the roles that they play in the cells response to the mood
stabilizing drug lithium.

Two specific chromatin re-modelers became the focus of this project; INO80 and
CHDC. Both have been shown to be highly important in other organisms, with INO80
being involved in regulating inositol biosynthesis in yeast and the CHDC proteins
being implicated in a number of human developmental disorders. This research was
designed to investigate whether these complexes affect Dictyostelium in a similar
manner and whether they could be further characterized in a simpler developmental
system. We also set out to identify any new roles of these re-modelers, if any, in this

organism.
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1.1 The history of the therapeutic use of lithium and mood disorders

Bipolar disorder, or manic depression, is an extremely prevalent
neuropsychiatric mood disorder with severe symptoms that can often have devastating
effects on quality of life [1]. This disease can become life threatening in conjunction
with other psychiatric conditions. Patients swing erratically between a deep
depression and an overblown mania with no control over which phase they will be in
at any one time. If untreated, there is a 25% chance of suicide, with an estimation of
one million deaths worldwide per year [1,2]. Bipolar disorder has been well classified
with behavioral models however, the hnderlying molecular biological systems
controlling these symptoms remains unclear. Traditional research models for this
disease have involved patient and rodent behavioral studies, however recently there
has been an increase in simpler biological systems such as the social amoeba
Dictyostelium discoideum.

The study of the mechanism of action of several mood stabilising drugs on this
disease has long been an ongoing research interest, with the goal of improving these
treatments. Lithium, along with valproic acid (VPA) and carbamazepine (CBZ) are
the most commonly prescribed mood stabilising drugs in the treatment of a number of
these disorders [2]. These treatments are all non-curative and require long term usage
with extremely poor response rates in many cases. In all of these cases the therapeutic
mechanism is not understood, yet establishing the molecular targets of these drugs
will hopefully lead to a better appreciation of the principles governing the symptoms
of bipolar disorder and the development of new and improved therapies.

Lithium was initially used as an anti-manic agent in the 19" Century.
However, its use diminished before being re-introduced in 1949 by John Cade [3].

Since then it has been widely used as the best available treatment for both long and
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short-term phases of bi-polar disorder. Whilst still being one of the most commonly
used drugs it does still have several drawbacks. These include a large number of
patients being unresponsive to treatment and an increasing intolerance to side effects,
which include tremors, nausea and diarrohea [4]. This is likely to be due to lithium
having several direct biological targets.

Several direct biological targets of lithium have been identified; Inositol
monophosphatase (IMPase), Inositol polyphosphate 1-phosphatase (IPPase), glycogen
synthase kinase-3 (GSK3), Fructose-1, 6-bisphosphate phosphatase (FBPase),
Bisphosphate nucleotidase (BPNase) and 'Phosphoglucomutase (PGM). IMPase and
[PPase are both involved in the inositol biosynthetic pathway and are rate limiting
enzymes involved in the recycling and de novo synthesis of free inositol and are
inhibited non-competitively by lithium [5]. Recycling of inositol phosphates (IP’s)
and phosphotidylinositides (PI’s) are essential to maintain intracellular PI mediated
cell signaling in response to external signals. The regulation of IP’s and PI’s have
been implicated in the causes of bipolar disorder in the inositol depletion hypothesis
and are discussed in the next section.

GSK3 is a serine-threonine kinase and a key regulating factor of several
signaling pathways including the Wnt pathway and the PI-3 kinase pathway (6],
affecting a diverse range of cellular processes. One of the most relevant to bipolar
disorder is the inhibition of GSK3’s pro-apoptotic effects. This occurs through
activation of several transcription factors, including the B-catenin destruction complex
[7]. When GSK3 becomes inhibited by lithium, this leads to inhibition of the
apoptotic pathway.

FBPase and PGM are the least studied of the direct targets of lithium and

considered less likely to be the therapeutic target of lithium. FBPase removes the 1-
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phosphate from fructose, 6-bisphosphate to produce fructose 6-phosphate.
Bisphosphate nucleotidase (BPNase) removes the 3’-phosphate from 3’-
phosphoadenosine 5’-phosphate (PAP) to form adenosine 5’-phosphate (AMP).
Phosphoglucomutase (PGM) is involved in the processes of glycogenolysis and
glycogenesis and catalyzes glucose 1-phosphate from glucose 6-phosphate. All are

inhibited by lithium within the therapeutic range [2].
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Fig. 1.1 Metabolism of soluble inositol phosphates

The above diagram indicates the metabolic pathways linking the soluble inositol
phosphates found in Dictyostelium discoideum.

Abbreviations found in the diagram; [ - Inositol, P - phosphate, DAG -
Diacylglycerol, PtI - Phosphotidylinositol, P'ase - phosphatase, PLC - phospholipase

C, MIPP - Multiple inositol polyphosphate phosphatase.
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1.2 Inositol phosphate biosynthesis and the inositol depletion hypothesis

Inositol phosphate and the membrane lipid phosphatidylinositol are wide

ranging, highly regulated second messenger signaling molecules (summarized in Fig.
1.1). Through phosphorylation of the six hydroxyl moieties on the core inositol
carbon ring a great diversity of signaling molecules are synthesized affecting a large
number of cellular processes. Inositol phosphate signaling has been implicated as
being one of the possible molecular mechanisms of bipolar disorder [12].
Myo-inositol is produced in several ways; de novo synthesis occurs from glucose-6-
phosphate, catalysed by myo-inositol-phosphate synthase (encoded by the gene inol)
[8], recycling of the higher order inositol phosphates and finally by uptake from the
extra-cellular media by specific myo-inositol transport channels [9].

In the inositol signaling pathway, free myo-inositol is first converted to PtI by
the enzyme phosphatidylinositol synthase and further phosphorylated to PtI(4)P and
Ptl(4,5)P, by the PI4’ kinase and PIS’ kinase respectively. Ptl(4,5)P, is a significant
pool of cellular inositol phosphate and is the substrate for both Phospholipase C
(PLC) and the PI3’ kinase in response to external stimuli. PLC hydrolyses Ptl(4,5)P,
to the signaling molecules 1(1,4,5)P; and diacylglycerol (DAG), both of which are
involved in a number of cellular responses including release of Ca** from intracellular
stores and the production of higher order inositol phosphates [10].

The inositol depletion hypothesis was the first proposed mechanism for a
bipolar disorder treatment. Described nearly 20 years ago by Berridge et al [11] it
attempted to explain the biological mechanism behind the treatment of m;mic
depression with lithium. The hyposthesis suggested that second messenger signaling
could be reduced by lithium’s affect on the free pool of inositol in the brain. This was

proposed to occur via the inhibition of IMPase and IPPase, reducing the levels of free
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inositol by breaking the inositol signaling pathway (Fig. 1.1). However conclusive
clinical evidence either for or against this theory has been difficult to establish.

Early evidence linking lithium to this theory came in 1971 with Allison and
Stewarts [12] work on the rat cerebral cortex indicating a 30% decrease in myo-
inositol concentration in this region following lithium treatment. Further work by the
same group later coupled this decrease with a build up of IP,, the substrate for IMPase
[13]. More recently, post-mortem clinical investigations have also revealed a decrease
in the inositol levels in the fontal cortex of bipolar patients [14]. Treatment of
Dictyostelium with lithium, or VPA, leads to a reduced cellular concentration of
1(1,4,5)P;. This is taken as an indication of the reduction of intracellular inositol
phosphate based signaling [15]. Investigations into dorsal root ganglion (DRG)
neuronal growth cone movement have shown that the retardation of growth seen with
lithium and VPA treatment can be rescued with the administration of myo-inositol to
the DRGs [16].

However, there is some inconclusive evidence that is not in concurrence with
what we would expect if the inositol depletion hypothesis were true. It has been
observed that not only myo-inositol (the biologically active isomer) but also epi-
inositol can inhibit observed lithium pillocarbine induced seizures in rats [17]. Also
knocking out both impal and impa2, encoding IMPase, in yeast does not lead to a
depletion of inositol levels, as would be have been expected [18], arguing against an

inhibition of IMPase leading to inositol depletion.
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1.3 Dictyostelium as a model organism

Dictyostelium discoideum, commonly known as a social amoeba, is a soil
dwelling eukaryote native to North America, discovered in the 1930’s by Kenneth
Raper [19]. In 2000 Dictyostelium was included in an NIH list of 10 non-mammalian
model organisms cementing its place in current biomedical research. The organism is
well placed for this role, being more complex than some lower organisms such as the
two yeast species, yet being simpler and more genetically malleable than higher
organisms such as round worm and fruit fly.

Dictyostelium can be subjected to high levels of genetic manipulation and
coupled with the recent sequencing of the genomé has produced an incredibly
versatile tool for studying cellular processes in a modern research environment. The
genome consists of 6 chromosomes plus an extra chromosomal palindromic element
comprised of ribosomal RNA. The highly AT rich genome is known to encode
~12,500 genes with a total size of 34Mb [20]. Dictyostelium occurs along a branch
towards the base of metazoan evolution and when compared to yeast, shares a greater
number of genes homologous to higher organisms, making them a very good genetic
model. The haploid genome of this organism provides an ability to easily manipulate
the genetic material producing knock out and epitope tagging knock-in cell lines by
homologous recombination and ectopic over-expresser strains by transformation with
extra-chromosomal plasmids among other current biochemical techniques.

The organism displays a number of unique characteristics that make it suitable
for the study of a number of biological processes. When there is an ample supply of
bacterial food, or supplemented media, in their environment these free-living
organisms grow and feed as individuals and divide by binary fission. However, when

the food supply is diminished a change occurs. The cells begin aggregating, by a
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process of chemotaxis. Chemotaxis is the movement of the organism towards a
chemical attractant. They then undergo a strict regime of differentiation and
development. This produces a multi-cellular organism, of about 10’ cells, going
through several developmental stages (outlined in Fig. 1.2). The final structure
consists of a single spore laden head, a stalk and a basal disc anchoring it to the
substratum. This fruiting body will then stay in this form until conditions become
favorable again, whereupon the spore cells will germinate to form new amoebae. This
switch between uni- and multi-cellular organism reflects many of the characteristics
observed during differentiation and development in higher organisms. This provides a
unique opportunity to study development and cellular differentiation in a genetically
simpler system. This is extremely relevant to this thesis as ATP dependent chromatin
remodeling has been suggested to have evolved to accommodate the changes inherent
in a switch from uni- to multi-cellularity [21].

Complex cellular processes described in higher metazoans have also been
observed in Dictyostelium. These include cell movement, chemotaxis, phagocytosis,
pattern formation and signal transduction pathways, which all play roles in
Dictyostelium development [22, 23]. In fact Dictyostelium has proven to be the most
widely investigated model organism for cellular chemotaxis, providing many insights
into other systems such as neutrophils and leukocytes. Particularly relevant to this
project Dictyostelium cells are shown to be responsive to lithium in a chemotactically
detrimental manner [1]. Treatment of cells with therapeutic levels of lithium greatly
reduces the directionality and speed of Dictyostelium migration and also affects the
chemotactic index to a lesser degree (lithium treatment also reduces the ability of the

cells to form full fruiting bodies with increasing concentrations) [24].
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Due to the organisms haploid genome, the production of mutants is relatively
less difficult than with some other model organisms. There are several methods for
producing mutants, one of which is restiriction enzyme-mediated integration (REMI).
This is a powerful tool for producing a large mutant library which can then be
screened to identify genes involved in specific biological processes. Originally
developed in yeast this process was first utilized in Dictyostelium to identify
developmentally regulated genes [103]. Mutants are produced by first creating
insertion sites in the genome by digestion with the restriction enzyme Dpnll.
Following this wild-type cells are transformed by electroporation with a plasmid
containing complimentary (BamH1) sites and an insertional antibiotic resistance
cassette, allowing for selection of mutants. Once the library is created by growing
transformants in the presence of the selective antibiotic, the mutants found to contain
an insert are then screened for a particular biological trait. The affected genes can
subsequently be identified by IPCR. Sequences flanking the resistance cassette are
identified by plasmid rescue and then subsequently used to search the genome
database [104]. Subsequent replication of each mutant is usually created by

homolgous recombination.

This process of creating gene deletion mutants by homologous recombination
was used to produce both the arp8 null mutant and the final cell line used in this
study: the chdC null. As the Dictyostelium genome is haploid homologous
recombination is an extremely effective method for producing gene deletions. This
technique was developed and first utilized by De Lozanne & Spudich in 1987 [105] to
investigate the role of myosin in cell motility and during development. The process
once again utilizes the insertion of an antibiotic resistance cassette into the genome. A

linearized plasmid is created containing the resistance cassette, flanked by two
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homologous regions to the gene of interest. This is then transformed to the
background strain, in both of these cases AX2, and selected for by growth in the
presence of the appropriate antibiotic.

The easy accessibility of the cells genetic, biochemical and cell biology
coupled with high levels of genetic manipulation, robust system of development and
chemotaxis, easy cell culture and control in the laboratory make Dictyostelium a
particularly good model organism for studying the affects of ATP dependent

chromatin remodeling factors on cellular development.
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Fig. 1.2 The developmental life cycle of Dictyostelium discoideum

Electron microscope images, originally produced by MGrimson and Blanton,
copyright MJ. Grimson and R.L. Blanton, Biological Sciences Electron Microscopy
Laboratory, Texas Tech University. The morphological stages are all clearly
demonstrated in this image. The process of starvation induced cellular differentiation
and development can be seen through early aggregation to form the loose mound and
following aggregate structures resulting in first the slug and finally the fully

culminated fruiting body.
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1.4 An introduction to cell movement by chemotaxis.

Eukaryotic chemotaxis is the process by which a cell migrates towards a
chemoattractant source along a diffusible chemical gradient. It is seen to be essential
in both lower and higher organisms for such basic cellular processes as finding
nutrients, cell division, embryogenesis, wound healing and the break down of
pathogens by neutrophils. Accurate detection of these gradients and the resulting
cellular migratory response requires several key aspects of current cell biology. These
include internal and external signal detection and transduction, functions of cell
motility, cell polarity and substrate adhesion. This biological process usually follows
a similar molecular pathway in most organisms, beginning with the binding of an
external signaling molecule to a cell surface receptor. This is followed by the internal
transduction of the signal via a complex set of multiple signaling pathways, resulting,
in the re-organisation of the cell cytoskeleton components and the formation of new
pseudopods through the generation of a gradient of cellular components.

In Dictyostelium, there are two chemoattractants that have been widely
studied; the movement in vegetative cells towards a folate source secreted by bacteria
in vegetative cells and the chemotaxis towards cAMP as a response to a lack of
nutrients within the cells’ environment. In the absence of a chemical stimulus, the
cells produce pseudopods randomly over their surface and move about the
environment in a meandering fashion, searching for a chemical attractant to follow.
Upon encountering a chemical signal the cells have to determine the direction of the
source and are remarkably well adapted to this in that they are able to sense
differences in chemo-attractant concentration of as little as 2% across the length of the
cell [25]. This process requires a highly fine tuned system of detection of external

signaling and localization of internal cellular response.
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One of the early key pieces of work in the field of Dictyostelium chemotaxis
indicated PIP, as a major signaling molecule. It was observed that PIP;-specific
pleckstrin homology (PH) domain of the cytosolic regulator of adenylyl cyclase
(CRAC) protein localized to the membrane in response to a directed extracellular
cAMP stimulus [25]. This set up a whole series of further research describing a
Dictyostelium theoretical “biological compass” which was required to direct the cells
towards the cAMP source. These experiments supported PIP; as the major signaling
molecule in chemotaxis, with PI3-kinase synthesizing PIP; at the leading edge and
PTEN converting it back to PIP, at the rear of the cell [26]. Cells also have a rapid
ability to re-orientate the localization of PIP;, in response to cAMP, coinciding with a
change in cellular orientation. PIP; has recently been shown to be the major signaling
target for the affects of lithium on chemotaxis in Dictyostelium [1]. However, recent
experimental evidence has started to dispute this theory. A study where all five of the
Dictyostelium PI-3 kinases were genetically disrupted simultaneously showed that
although these mutants did not show any PIP; localisation, they still retained the
ability to chemotax towards a cAMP gradient with only marginal difference to wild-
type [27]. This suggests that PIP; is not the sole signaling mechanism responsible for
the chemotactic response. Chemo-attractant gradients are usually set-up using one of
two standard methods, these being a microinjector or a zigmond chamber (fully
described in materials and methods chapter) [28].

It is now apparent that there are several key signaling pathways involved in
mediating chemotaxis and that each may come into play during different stages of the
process. Phospho-lipase A2 (PLA2) has been implicated in a study where the gene
encoding PLA2 was either knocked out or chemically inhibited in the PI3-kinase

mutants. These cells show a greater level of disruption to chemotaxis, but yet were not
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fully inhibited [29]. Further experiments on these pathways have investigated the
steepness of the gradient on cells lacking the PI-3 kinase and PLA2 pathways coupled
with a number of inhibitory drugs. The resulting data has suggested that either
pathway can give rise to normal chemotaxis in a steep gradient, however when the
gradient is shallow loss of either pathway results in a reduction of chemotactic ability
[30]. Further research that has suggested that cells respond differently to differing
gradients has shown that the PIP; localisation to the leading edge is only seen with
steeper gradients and additionally is distributed in a more even pattern around the cell
membrane in shallower gradients [31, 32]. -

Another pathway implicated in the control of gradient sensing in
Dictyostelium and linked to PIP; signaling, is the target of rapamycin complex 2
(TORC2), via an interaction with PI3K. Individual genetic disruption of several key
subunits of this complex leads to chemotactic defects in Dictyostelium. This complex
is activated upon stimulation of the cell by cAMP whereupon it induces the
phosphorylation of two PKB isoforms; PKBA and PKBR1 (PKBG). PKBA is
normally found in the cytosol, but upon stimulation translocates to the membrane and
is phosphorylated in a PI3K dependent manner, whereas PKBR1 is always found at
the membrane [33].

Further research by van Haastert and co-workers has suggested that there are
in fact four individual signaling pathways involved in mediating chemotaxis in
Dictyostelium [34]. They suggest that the PIP, and PLA2 pathways are involved in
early chemotaxis, up to 5 hours after starvation, with these pathways becoming
redundant towards 7 hours. They go on to show the involvement of cGMP in
chemotaxis as cGMP null cells can no longer chemotax at 7H in the presence of both

PI3-kinase and PLA2 pharmacological inhibitors. It is worth noting that these cells
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can chemotax if only one or the other inhibitor is administered suggesting that the
PI3-kinase and PLLA2 pathways can still mediate chemotaxis at this point but are not
essential. The fourth pathway mentioned was initially identified by Roelofs and van
Haastert [35] with the deletion of two genes encoding soluble guanylyl cyclases
(sGCs) GCA gca and sgc. Knocking out these genes once again significantly affects
chemotaxis in the presence of both PI3-kinase and PLA2 inhibitors, 7 hours into
starvation.

All the evidence suggests that there are several different signaling mechanisms
involved in Dictyostelium chemotaxis and that they each become involved at different
points during starvation in accordance with increasing extracellular concentrations of

cAMP that occur as the cells aggregate into a tighter mound structure (Fig. 1.2)
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Fig. 1.3 Internal and external signaling relating to cAMP synthesis and
chemotaxis

The productions of rhythmical cAMP pulses is produced via a complex intra- and
extra-cellular signaling relay. The process is triggered by an external cAMP stimulus
which in turn triggers the production of intra-cellular cCAMP through ACA
stimulation. This occurs through the activation of Ras proteins which in turn activate
PI3K resulting in an increase in PIP3 levels at the membrane. PIP3 recruits the PH-
domain containing proteins; CRAC and PKBA which activate ACA. A second
function of stimulation id to activate the TOR pathway which will lead to the further
activation of ACA and the SCAR/WAVE complex, involved in cell movement

through actin dynamics.
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1.5 cAMP signaling in Dictyostelium

The aggregation and subsequent differentiation and development of
Dictyostelium had been noticed for some time before the chemo-attractant that
controlled this process was identified. This chemical was identified to be cAMP in
1967 following an investigation by Konijin et al [36]. Following this a successive
number of papers described the role of cAMP in bninding cell surface receptors, its
effect on cellular differentiation and the positive feedback increasing its own
synthesis in the stimulated cell, reviewed in [37].

Under starvation conditions Dictyostelium form spontaneous signaling centers
that start to synthesise and secrete cCAMP. Neighboring cells sense this signal and start
to chemotax towards the source whilst themselves synthesising and secreting their
own cAMP relay signal to .be passed back through the population. This sets up a
pattern of coherent travel in response to periodic waves of cAMP release. These
waves of chemical transmitter release can take the form of the Belousov-Zhabotiniski
(BZ) reaction in the shape of spiraling waves traveling through the population [38].
Alternatively they may take the form of concentric circles emanating from the
signaling center. The periodicity of these pulses of cAMP is ~6mins during the
initiation of development and chemotaxis but decreases as the cells approach the
mound stage to provide a more continuous stimulus required for cell sorting.

The signal is detected by a series of cAMP receptors. These are all members
of a family of 7-transmembrane domain receptors coupled to heterotrimeric G-
proteins. Termed CAR1-4 each has a varying affinity for cAMP corresponding to its
distinct temporal and spatial expression pattern during the development process [39,
40, 41, 42]. CARI1 has the highest affinity, followed by CAR3 and finally CAR2 and

CAR4 having the lowest affinity. These decreasing affinities reflect the increasing
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external concentration of CAMP during development. A study on the receptors ability
to rescue mutations in the early receptors CAR1 and CAR3 discovered that all of the
receptors can mediate the aggregation response in place of CAR1 suggesting a similar
regulatory and activation mechanism for all [43]. CARI is also transcriptionally
responsive to differing concentrations of cAMP by being under the control of two
promoters. The first has a higher affinity for cAMP and is expressed earlyier during
aggregation. The second has a lower affinity for the chemo attractant and is expressed
later in development in response to higher external cAMP [44]. CAR2 has been
implicated in the correct patterning of cells during mound stage differentiation.
Expression is found exclusively in the prestalk A cells and removal of this receptor
results in the arrest of development at the mound stage [40].

Adenylyl cyclase A (ACA) is the enzyme responsible for the production of the
majority of the Dictyostelium cells cAMP. It is a 12 transmembrane domain protein
with two cyclase domains sharing homology with the mammalian ACA [45].
Expression of the gene encoding ACA, acaA, is high during the early stages of
development. The activation of ACA quickly follows stimulation of the cells CAR1
receptor with extracellular cAMP and is rapidly saturated and adapts to a constant
stimulus. Activation occurs through the dissociation of the Py dimer from the
heterotrimeric G-protein G2 which then binds and activates PI3-kinase which
catalyses the phosphorylation of PIP, to PIP;. PIP; then recruits CRAC through the
previously mentioned affinity for the PH domain. Cells lacking the PI3-kinases are
deficient for Signal relay and synthesis of cCAMP [46]. Once at the membrane CRAC
interacts with ACA, although the exact mechanism for this interaction is currently

unclear. CRAC was the first gene to be discovered that was related to cAMP
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production. A genetic screen identified a mutant, synag7 that could not synthesise
cAMP and could only aggregate when mixed with wild-type cells [47].

There are two further adenylyl cyclases in Dictyostelium: ACB and ACG.
Both follow differing expression patterns to ACA, with ACB transcription increasing
after 4H of starvation and remaining constant till culmination, whereas ACG
expression is limited to fully developed fruiting bodies and is involved in germination
[48]. ACB is thought to be involved in terminal differentiation as ACB nulls show
normal development to the slug stage, following which they fail to produce normal
fruiting bodies, showing unstable spore heads and elongated stalks [49]. ACG null
cells are able to develop to produce normal fruiting bodies but display abnormalities
in germination, with cells germinating spontaneously even under unfavorable
conditions of high osmolarity [50].

The mechanisms for the cyclical hydrolysis of cAMP are equally important in
such a dynamic signaling system as exists to regulate Dictyostelium chemotaxis and
this role falls to the phosphodiesterases. There are 5 phosphodiesterases identified in
Dictyostelium: PdsA hydrolyses both cAMP and cGMP, whereas Pde3 ’and PdeD are
c¢GMP specific, RegA is cAMP specific and PdeE hydrolyses cAMP at a six-fold
higher rate than cGMP [51]. The principal phosphodiesterase to be involved in early
development and chemotaxis is PdsA, being expressed early in starving cells and
found in both secreted and extracellular membrane bound forms. PdsA activity is
regulated by a similarly secreted inhibitor; PDI which binds only the soluble form,
reducing the Ky, for cAMP [52]. When extracellular levels of cAMP are high PdsA
expression is enhanced, whereas when levels are low expression of PDI is promoted.
The expression of PdsA is also highly regulated with the gene being controlled by

three promoters, each becoming active during different stages of development, one
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being active during growth, the second for aggregation and the third during
multicellular development [53].

A body of work, by Cox et al [54] investigating the action of these
phosphodiesterases has suggested that they play a key role in setting up the pattern of
cAMP release throughout the population. Their hypothesis suggests that cells start
signaling weakly with the cAMP emanating from a signaling center in a concentric
circle. These patterns of release do not allow for a refractory period between pulses
and need the cells at the aggregation center to keep emitting the pulses to maintain the
signaling. However, if the pulses of cAMP meet other pulses spreading throughout the
population they become disrupted and start to produce spiral waves. This disruption
allows time for the action of the phosphodiesterases to reduce cAMP levels and allow
the cells to recover and become responsive to cCAMP once again. This enables the
cells to maintain a pattern of release and stimulation without the need for pacemaker
cells at the center of the aggregation territory.

The cell density factor (CMF) is also involved in regulating cAMP signaling
in Dictyostelium development through activating transcription of the slow dissociating
form of the CARI1 receptor and by promoting the loss of ligand binding. Cells lacking
CMF have been shown to be unable activate the CARI1 receptors even in high cAMP
concentrations suggesting that binding of CMF will not itself elicit a response but it
will allow for cAMP binding and induction of the second messenger responses

leading to chemotaxis and development [55]
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1.6 Previous work on this project.

Melanie Keim-Reder, a previous student of the Harwood lab, carried out a
restriction enzyme mediated mutagenesis (REMI) screen looking for lithium
insensitive mutants and identified several candidates for analysis. REMI involves the
random insertion of an antibiotic resistance cassette throughout the genome and then
screening for mutants which are selective for specific criteria (a full description of this
technique is covered in materials & methods section 2.3). In this case the mutants
were screened for lithium resistance. Two of those discovered in this screen were
termed LisA and LisG. Both of these mutants showed an ability to aggregate in the
presence of 10mM lithium. Initial findings showed that LisA increased inol gene
expression in a similar way to that of a prolyl oligopeptidase (PO) inhibitor, which
was dependent on the absence of the LisG mutation [Melanie-Keim Reder PhD
Thesis]. Inverse PCR on LisG showed that the mutant possessed a 182bp fragment
cloned into the LisG gene. It was found in the intron between the first and second of
four open reading frames. Whilst being resistant to lithium affects on aggregation,
RT-PCR data has shown that the original LisG mutant still expressed the LisG gene
[56]. Preliminary analysis of LisG’s sequence revealed a conserved split Snf2 ATPase
domain and two downstream chromodomains suggesting that LisG could be an ATP
dependent chromatin remodeling factor. The presence of the chromodomains
identified LisG as being most likely to be part of the CHD family of chromatin re-
modelers. A literature search for other possible chromatin remodeling factors that may
be involved in regulating Dictyostelium development and play a role in inositol
biosynthesis identified the INO80 complex. This complex is another ATP dependent
chromatin re-modeler and has a role in yeast as a modulator of inol, also being under

regulation by higher order inositol phosphates [57].
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1.7 The basics of chromatin structure: How is DNA packaged inside the nucleus?

The most important question when addressing the issue of chromatin
dynamics is how the cell manages to pack 2 meters of genetic material into a nucleus
that is only micrometers in diameter. The most basic unit of this process is the
formation of the nucleosome. DNA in eukaryotic cells is packaged into a compact
chromatin fiber formed of regularly spaced repeating units known as nucleosomes and
results in the DNA being compacted about sevenfold. Each nucleosome consists of
DNA, bound to a histone complex, forming the nucleosome. Each histone complex
consists of four different histone molecules, H2A, H2B, H3 and H4, arranged into two
dimers of H2B-H2B and a stable H3-H4 tetramer. There are also a large number of
histone variants that confer a range of different properties to the nucleosome and build
specific chromatin structures [58]. The DNA is wrapped around the histone molecule
in 1.65 super-helical turns consisting of 147 base pairs reviewed by Luger and Hansen
[59]. However, this level of folding is still too low to accommodate the full length of
the DNA within the nucleus. The chromatin structure is then subject to much higher
levels of folding resulting in undefined highly compact structures.

The packaging of DNA into chromatin provides a definite barrier to the
processes of transcription, replication, repair and recombination in cells. A highly
specified and regulated system is required to allow these processes to proceed with

correct gene expression at the right time.
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1.8 Accessing the DNA: An introduction to chromatin re-modeling.

The next question that arises within the scope of chromatin dynamics is how
can this tightly packaged chromatin be accessed during key cellular operations such as
transcription, replication or repair? The answer to this question is inherent to the
answer to the previous question of how is chromatin packaged within the cell. When
the DNA is held within nucleosomes and compact higher order structures, only a very
small fraction of it is available for transcription. This is the standard structure during
times of cell division, however, when the cell is required to execute various processes
such as growth, DNA replication, DNA repair or recombination the correct spatial and
temporal exposure of genes is required and this occurs through direct re-modeling of
the chromatin.

The question of how chromatin is remodeled is answered by three processes
that work in parallel to restructure the basic nucleosomal subunits of chromatin.
Working together these form a dynamic system that allow the packaging and un-
packaging of the DNA elements that allow transcription. The three processes are
DNA methylation, covalent modification of the histones or replacement with a histone
variant and the direct remodeling of the nucleosome spacing by ATP dependent
chromatin re-modelers.

DNA methylation is linked to several aspects of chromatin dynamics and
epigenetics, having been seen to be involved in genetic silencing, chromatin
organization and differentiation. The process involves the methylation of cytosine
residues in the context of CG dinucleotides and has been typically observed in
mammals during embryogenesis where methylation patterns are maintained
unchanged in somatic cells [60]. It was initially thought that Dictyostelium did not

possess a DNA methyltransferase; however, recent studies have identified a candidate
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and a number of genes possessing methylated cytosines. A drop in these levels of
methylation have been identified in strains lacking the suggested Dictyostelium DNA
methyltransferase and a number of developmental defects are observed [61].

The histones themselves are capable of being post-translationally covalently
modified directly on several positions of their histone tails. This establishes correct
nucleosomal spacing and confers epigenetically maintained developmental
phenotypes. There are 3 types of post-translational modiﬁcation (PTM) that can affect
the histones. These are intrinsic, which affect the nucleosome directly, extrinsic,
which affect the chromatin structure and effector-mediated, relating to changes
brought about by interaction between PTMs and non-PTM chromatin effecting
elements [58]. One function of effector mediated covalent modifications is the
recruitment of ATP dependent chromatin re-modelers through a specific binding
domain. These include PHD and CHROMO domains that are targeted to specific
methylated lysine residues and BROMO domains that recognize acetylated histone
tails. In Dictyostelium the inhibition of a histone deacetylase (HDAC) results in
histone hyperacteylation and a delay in development with affected expression of a
number of cCAMP dependent genes [62]. It is apparent that histone modifications
result in altered biological outputs yet their exact affect on cellular processes has yet
to be fully appreciated.

The final group of chromatin modifying enzymes are the ATP dependent
chromatin re-modelers. This group was initially discovered in yeast with the
SWI/SNF complex which was initially classed as both a regulator of mating type
switching (SWI) or for growth on no sucrose containing media (SNF, sucrose non-
fermenter) [63]. There are now four recognized classes of ATP dependent re-modelers

which are all characterized by a highly conserved ATPase domain that utilises energy
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derived from ATP hydrolysis to alter the histone DNA interactions in a multitude of
ways. These core members of the family exist in a large number of different
complexes in most eukaryotic organisms resulting in a great range of specificity for
various targets. This allows organisms to regulate a large number of cellular processes
from this core family of ATPases conferring both environment and developmental
stage specific gene expression [64].

It is seen that not only does chromatin provide a method of compacting DNA
into the nucleus but it also provides a highly regulated system for controlling gene

expression through a varied series of remodeling processes.
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Fig 1.4 Methods of action of chromatin remodelling factors.

A.) DNA methyltransferases methylate cysteines on nucleosomal DNA providing a
form of transcriptional repression. Removing this methylations allows for
nucloesomal remodeling and transcription. B.) Modification of histone tails are yet
another key element in regulating transcription. Here a Histone acetyl transferase
(HAT) is shown to acetylate the histone tail, whereas a histone deacetyltransferase
(HDAC) is seen to remove it. C.) ATP dependent chromatin remdelling factors use
energy derived from ATP to reposition nucleosomes allowing the access of

transcription factors and transcriptional activation or repression.
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1.9 There are four classes of chromatin re-modelers

SWI/SNF family: As mentioned above this group were first identified in yeast
and became the most studied subfamily of ATP dependent chromatin re-modelers.
The SWI/SNF subunit itself is characterized by its ATPase domain and an adjacent
Bromo domain (Fig. 1.5). There appear to be 2 distinct variations on the complexes
formed around this core subunit, the main SWI/SNF complex and the RSC complex,
both being present in yeast, Drosophila, and humans, reviewed by Wang [65].
Currently there has been no research into Dictyosteliﬁm SWI/SNF re-modelers.
However, investigation of the sequence at the online Dictyostelium resource;

dictybase (www.dictybase.org), reveals that a SWI/SNF is indeed present in the

genome.

ISWI family: The imitation SWI (ISWI) family was first identified by several
in vitro re-modeling experiments in Drosophila. These investigations identified a
single ISWI as the core subunit of three re-modeling complexes: NURF, ACF and
CHRAC. Subsequent analysis has identified a second ISWI, ISW2 in other model
organisms. The ISWI protein is characterized by the ATPase domain alongside SANT
and SLIDE domains which have been shown to be DNA and nucleosome binding
domains also found in many other chromatin binding proteins. The ISWIs are also
characterized by a lack of any domains that recognize a direct covalent histone
modification such as methylation or acetylation. The ISWI complex works by sliding
nucleosomes along the strand of DNA allowing an ordered spacing between the
nucleosomes, or restructuring the nucleosome pattern. ISWI also appears to have a
function in establishing higher order chromatin structures being required to correctly

incorporate the linker histone protein H1, reviewed by Corona and Tamkun [66]. At
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present there has been no published research into the role of ISWI in Dictyostelium,
although, there is an ISWI identified in the genome.

CHD family: Members of the Chromodomain helicase DNA binding protein
subfamily are characterized by the SWI/SNF like ATPase domain and also by the
presence of two N-terminal CHROMO domains. This is a large family consisting of 9
members, divided into 3 sub-groups: CHD1-2 in the first both containing a C-terminal
DNA binding domain, CHD3-4 in the second both containing paired PHD zinc finger
domains and CHD6-9 in the final group are defined by a paired BRK (Brahma and
Kismet) domain, reviewed by Marfella and Imbalzano [67]. The first CHD protein to
be identified in Dictyostelium was the LisG mutant; DDB_G0293012, mentioned in
Chapter 1.4. Further sequence analysis has identified two other CHD family proteins
in the genome, one falling into the CHD1-2 subfamily; DDB_G0284171 and the other
also falling within the CHD6-9 group; DDB_G0280705. The Dictyostelium genome
does not contain any members of the CHD3-4 subfamily.

INOS80 family: The INO8O subfamily consists of two very large multi-subunit
complexes involved in transcriptional activation and repair, the INO80 complex and
the SWR1 complex, with Dictyostelium only possessing the INO80 complex. Both the
INO80 and SWRI1 subunits are characterized by a split ATPase domain and their
binding to two Ruv-B like proteins termed Rvbl and Rvb2. INO80 complexes have
been identified and characterized in yeast, fruit fly, and human, reviewed by Bao and

Shen [68].
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Fig. 15 There are 4 classes of ATP dependent chromatin remodelling factors.

A.)The domains conserved across the SWI/SNF family are the N-terminal HSA

domain which binds ARPs and the C-terminal BROMO domain, recognising

acetylated lysines on histone tails. B.) The ISWI family is classified by its HAND-

SANT-SLIDE domain which is found in the c-terminus. SANT binds unmodified

histone tails, whereas SLIDE binds nucleosomal DNA. C.) The INO80 complex is

characterised by a split ATPase domain and a HSA and PTH domain, both binding

other complex proteins described later. D.) The CHD family is distinguished by the

CHROMO domains which target methylated lysines, typically marking areas of

activated chromatin. E.) Alignment of the ATPase domain from several factors in

several organisms.

NB: Untitled 1= Dicty CHDC
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1.10 The INO80 complex and Actin related proteins

Ino80 was first identified in the yeast Saccaromyces cerevisiae, in a study into
structural genes of phospholipids biosynthesis, particularly those regulated by a UAS
element termed_ICRE (inositol/choline responsive element). The ino80- mutant was
identified in a screen for mutants defective in ICRE dependent gene activation [69]
with mutants failing to grow in inositol free media. It was proposed that this INO80
ATPase may play a role in chromatin re-modeling in a manner similar to that of the
SWI2/SNF2 ATPase. This function was first shown again in yeast with the
purification and characterization of the complex and a series of in vitro biochemical
studies to describe the DNA dependent ATPase activity and 3’ to 5’ helicase activity
of Ino80 [70]. Since the initial discovery INO80 has been shown to be the core
ATPase of a large multi-subunit complex involved in chromatin remodeling present in
human [71], yeast [69], fly [72] and now also in Dictyostelium.

Co-immuno-precipitation of the INO80 protein revealed the other subunits
involved in the remodeling of chromatin [70] (outlined in Fig. 1.6). Two of the most
conserved subunits found across all species are the actin related proteins Arp5 and
Arp8. Bioinformatic analysis reveals that these proteins are also present and highly
conserved in the Dictyostelid family [73].
Conventional Actin and the actin related proteins are members of a large,
evolutionarily ancient and highly conserved family of proteins. The family is
characterized by a common tertiary structure centered around an actin fold which
contains a nucleotide binding pocket known to bind ATP. The actin related proteins
were originally classified along their similarity to conventional actin and were termed
Arpl through to Arp11 with Arpl being the most similar [74]. Arps 1-3 and 10-11 are

all cytoplasmic and are involved in structural roles in the cytoskeleton, with the
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Arp2/3 complex playing a role in cytoskeleton restructuring through interactions with
the SCAR/WAVE complex in Dictyostelium [75]. The remainder of the Arps, are
involved with various chromatin remodeling complexes, being found to interact with
SWI/SNF, INO80 and SWR1 but not with ISWI or CHD complexes. Interaction with
these complexes has been shown to occur through a specific helicase-SANT (HAS)
domain [76]. Arps 1-6, 8 and 10 have all been identified in the Dictyostelium and
other members of the Dictyostelid family’s genomes [73].

It is currently not fully understood whether the Arps are providing regulation
of the catalytic activity of the ATP dependent chromatin re-modelers or if they are
involved in maintaining the structure of the complexes, evidence exists for both cases.
ArpS and Arp8 are the two actin related proteins that were identified as members of
the INO80 complex in yeast immuno precipitation experiments [70]. Arp5 and Arp8
have been shown to have a requirement in preserving the integrity of the INO80
complex with deletion strains having severe affects on complex assembly. Null strains
of Arp5 and Arp8 both phenocopy the deletion of the INO80 subunit in yeast and both
show similar changes in pho5 gene expression to an INO80 deletion [77].

The Rvb AAA™ ATPases, Rvbl and Rvb2, are another highly conserved group
of proteins that are found consistently to be part of both the INO80 and SWR1
complex in all organisms investigated [78]. They have both been shown to be directly
related to the bacterial RuvB ATPase which is involved in the resolution of holliday
junctions that occur during homoldgous recombination [79]. Both are shown to be
essential for complex function in yeast as null strains appear to lose binding of Arp5,
which has been shown to exist in a separate regulatory complex with both Rvbs [78].

The most well documented effects of the yeast INO80 complex on

transcription have been on the inol and pho5 promotors. PHO5 encodes a
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phosphatase required for the uptake of extracellular phosphates when the internal
pools have become exhausted. Under normal conditions four nucleosomes are found
to sit across the pho5 promotor blocking transcription. However when cells are grown
in phosphate free media a transcription factor, Phodp, binds a part of the promotor and
recruits INO80 and SWI/SNF which both act to re-position the nucleosomes allowing
access to the promoter for the cells transcriptional machinery, reviewed by Conway
[79]. Re-modeling of the yeast inol promotor occurs in a similar way involving the
recruitment of both INO80 and SWI/SNF. Recent ChIP studies have indicated that a
transcription factor, Ino2p/Ino4p, binds the upstream cis-acting promoter element
UAS o Which is inhibited in repressing conditions by the regulatory Opilp. Upon
stimulation, due to a decrease in cellular inositol, Opilp dissociates from the
Ino2p/Ino4p complex stimulating the activation of INO80 and SWI/SNF at the ino!
promotor resulting in the movement of nucleosomes to allow transcription [80].

This complex has also been shown to be involved in both activation and
repression of genes involved in several signaling pathways beyond inositol phosphate
signaling. Microarray data investigating the role of INO80 complex from Arabidopsis
thaliana and yeast has indicated transcriptional regulation of up to 20% of all genes
[79]. There has also been strong evidence to link the action of the INO80 complex
with the repair of double strand breaks (DSBs) through histone H2A phosphorylation.
This action of histone phosphorylation by ATM/ATR-like checkpoint kinases is one
of the first actions that correlates with the repair response to DSBs [81]. Yeast strains
lacking either INO80, ARPS or ARPS are all hypersensitive to DNA damaging agents

and have been shown to recruit to sites of DSBs by ChIP [82].
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Fig. 1.6 The INO8O complex
A.) A diagram of the binding of INO8O to its subunits as determined in

Saccharomyces cerevisiae adapted from a review by Conaway and Conaway [79].



1.11 The CHD family of chromatin re-modelers

The CHROMO domain was first identified in the epigenetic repressors
Polycomb (Pc) and Heterochromatin protein 1 (HP1) of Drosophilla {83] and
subsequently ;he first CHD protein was characterized in mice during a search for
regulators of immunoglobin regulators [84]. Following on from this initial
characterization; 9 CHD proteins have been identified across a large number of
eukaryotic organisms, including protists, plants, insects and mammals. They have
been shown to be involved in many processes through interaction with a large number
of binding partners providing either transcriptional activation or repression. All
members of the CHD family are extremely high molecular weight, ranging from
~220kDa up to 300kDa all sharing large amounts of sequence homology.

In those early experiments the chromodomain was shown to be an ~35 amino
acid sequence that has subsequently been expanded to encompass ~60 amino acids
and been indicated to be highly conserved amongst family members. In recent
structural studies, the highly conserved region has been reduced further to a conserved
core of ~21 amino acids termed the chromobox [85]. The double chromodomain
structure has been shown to have a specific binding recognition for a direct covalent
tri-methylation of the lysine at position 4 of histone H3 [86] (H3K4me) a recognized
hallmark of transcriptionally active chromatin in eukaryotes. This binding can result
in both the formation of heterochromatin and the regulation of developmentally
regulated homeotic genes. In the case of the CHD proteins, unlike Pc and HP1, the
chromodomains interact to bind the modified histone tail. The functional significance
of the DNA binding domain of the CHD proteins has yet to be elucidated, however it
is currently understood that the mouse chromodomain preferentially binds the minor

groove of DNA in vitro with a long A-T rich sequence preference [87].
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Of the three CHD proteins we have identified in Dictyostelium, two fall in the
third class and share the highest sequence similarity to CHD7 and CHD8. The most
commonly studied member of the CHD7 subfamily is the Drosophilla gene kismet,
which has beqn identified to be involved in the maintenance of spatially restricted
patterns of homeotic gene expression in the developing larvae [88]. This group is
characterized by its BRK domains found at the N-terminus, a 41 amino acid structure
that has also been observed to be associated with other transcription and chromatin
associated proteins [88], yet the exact function of these domains is currently
unknown.

There is also still very little information on the binding partners of this final
subfamily of CHD proteins. CHD6 has been suggested to associate with RNApolll
and has been seen to co-localise to sites of transcription in human cells [89]. Neither
CHD?7, or the Drosophilla isoform kismer have been shown to have any binding
partners at present. In mice, CHD8 has been identified as binding the chromatin
insulator protein CTCF [90] which has been implicated in the definition of distinctly
regulated regions of neighboring chromatin and acting as a boundary to block the
affect of nearby enhancers.

It was not until recently that the CHD proteins were implicated in any
developmental processes. However the whole spectrum of ATP-dependent re-
modelers have now been characterized as playing a role in the development of higher
organisms [91]. Specifically CHD7 has been shown to be involved in the
development of several organs in human systems, including the gut [92], lip and
palate [93] and also plays a role in human developmental disease. CHD7 has been
implicated in the human CHARGE syndrome [94]. This disease is associated with

multiple congenital abnormalities including; coloboma, heart malformation, choanal
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atresia, retardation of growth and development often specifically ear and genital
abnormalities [95]. CHDS8 has also been implicated recently as a possible molecular
cause in another human multi abnormality disorder associated with developmental
defects and cqgnitive impairment [96]. Along with implications in disease models
CHDS has been highlighted in regulating many diverse roles within the cell, including
the regulation of androgen responsive transcription [97], efficient RNApol III
transcription [98] and the suppression of p53 mediated apoptosis during early

embryogenesis [99].
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Fig. 1.7 The CHD family

A.) Schematic diagram indicating the key domains that distinguish each of the three
subfamilies of CHD proteins. B.) Alignment of the CHROMO box domain of the
CHD subfamilies in Dictyostelium, Human and Yeast. Alignments were performed

using the clustlw algorithm in the MACvector software.
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1.12 Regulation and specificity of chromatin re-modelers

To accurately regulate chromatin dynamics, in a temporally specific way, so
as to provide the right changes in chromatin structure during the correct
developmental stages, some form of regulation of the complexes themselves must
occur. In chz;pter 1.8 the regulation of the binding and activation of INO80 and
SWI/SNF at the inol and pho5 promotors by transcription factors has already been
described, but what other mechanisms have been discovered? There are several other
possible modes of regulation for these complexes. These include post-translational
modification of the ATPase subunit itself, or one of the other subunits that form these
large complexes, by histone modification or histone variants (mentioned in chapter
1.6) or by interaction with a secondary messenger signaling molecules [100].

It is the final one of these processes that seems to be the most interesting in
terms of the inositol phosphate signaling pathway and this project. Recent
investigations into the roles of inositol phosphates as regulatory secondary
messengers have suggested an involvement of higher IPs that may modulate the
activation and inhibition of the INO80 complex [57]. Using an in vitro assay to assess
the movement of reconstituted mono-nucleosomes along a strand of DNA containing
the inol promotor they showed that IP, and IP; positively regulate SWI/SNF mediated
transcription from the inol promotor whereas IP, negatively regulates the INO8O
complex to inhibit transcription. In a similar manner recent evidence has suggested a
role for IP, in the negative regulation of a series of transcription factors and kinases

involved in recruiting INO80 and SWI/SNF to the pho5 promotor [101].
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1.13 Summary and aims of project.

The developmental roles of ATP-dependent chromatin 