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Abstract

Insects have evolved various physiological respprisecope with stressors such as
pathogens, toxins and environmental factors. knewn that the responses resulting
from infection or DNA damage share some of the sgathways. Exposure of
Drosophila melanogaster and the dung beetleuoniticellus intermedius to stress led
to changes in the expression of proteins involveahétabolism, development, protein
degradation, mRNA processing and stress resporSgess responses iD.
melanogaster are well characterised. However, the role playedDbgsophila p53
(Dmp53) and a member of the retinoblastoma bingirgein 6 (RBBP6) family,
Snama, are unknown. Snama has been proposed ta ptdg in Dmp53 regulation.
Following DNA damage we investigated the role of @58 and Snama. Flies
recovering from camptothecin treatment display gcatic flux, involving a
metabolic shift, different to that observed in aancells. Camptothecin treatment
leads to an increase in the mortality of both seXesthermore, females show a
specific decrease in fecundity which is due to mardase in Dmp53 dependent
apoptosis in the ovaries and is accompanied bypketilen of Shama and an increase
in Dmp53 transcripts. Expression data indicated that Dmp&Rity may be largely
regulated at the protein level. Bypassing glycayshrough methyl pyruvate
supplementation led to differential expression oh@®»3 and Snama and improved
reproduction and embryonic development. These teshighlight differences
between the metabolic strategies used by cancemdshon-cancerous cells which
may be exploited in future chemotherapies. Whilenume responses amongst insect
orders are evolutionarily conserved, many remaicharacterised. To investigate the
immune system of an organism that lives in a mieraith environmentE.
intermedius was infected witlthe fungal pathogeBeauveria bassiana. This resulted

in decreased lifespan and fecundity. Homologs otegans involved in the immune
response of insects were identifiedEnintermedius, including a member of the Toll

family of proteins, an insect defensin (presentthe hemolymph) as well as a



homolog of the serine protease Persephone. Thesdtsreshow that immune

signalling pathways are conserved in this dunglbeeet
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1. Introduction.

Biological organisms can be influenced by exterm@aironmental factors that act
upon them. These factors or stressors may causgehan behaviour, development,
aging, reproduction and survival and may act upoall individual or populations of

individuals. Once an organism has been exposedhéset external factors the
organism is under stress, which then leads toessttesponse. Korsloot (Korsloot et

al., 2004) defines stress as follows.

“Stress is a condition evoked in an organism by onenore environmental factors

that bring the organism near to or over the ed@és ecological niche”

Stress is not permanent and results in a speefiofsnolecular responses that should
counteract it and increase the chances of the ithdVs survival. Insects have
evolved to occupy every biological niche other thlaose of the Polar Regions and
deep marine environments. In terms of species nuinisects represent the largest
class in the animal kingdom, with about 1-3 millispecies currently described and
many as yet undiscovered species. Stress signatliaghropods especially in model
organisms such d3rosophila is of particular interest due to the relationshgvween
stress and ageing. The lifespan of an organisrel&ed to its ability to withstand
extrinsic or intrinsic stresses (Vermeulen and tbeke, 2007).

Generally four distinct pathways can be used to wéh stress in a cell.

1) Cell cycle arrest (halting unnecessary celltdarctions).

2) The safeguarding and repair of proteins, RNA RNG.

3) Programmed cell death such as Apoptosis.



4) Responses to specific stressors resulting fraanstriptional induction or the
activation of currently inactive peptides, that lwiead to increased survival

(expression of survival genes).

Stress response pathways should therefore ensarertfanisms survival, while
reducing the age related genetic variation to aimim (Song, 2005). However,
before a stress response can be mounted, thas strest be recognized and the
correct response must be initiated. The focus isf ¢hapter is to review signalling
pathways used by insects to respond to stress cagepathogens and DNA
damaging agents. It will discuss the major molezulged to detect these stressors and

the subsequent pathways used to convey stresdssigna

1.1.1 Stress signalling pathways.

1.1.2 MAPK cascades.

The Mitogen Associated Protein Kinase pathway cgsvagnals from stress and
growth (mitogen) pathways that culminate in thavation of transcription factors.
There are four main MAPK pathways but only two ianportant for stress.

1) c-Jun N-terminal kinases (JNKSs)

2) p38 MAPKs
These two pathways respond to stressors such #@syviolet radiation, X-ray
irradiation, heat shock, osmotic shock and cytokisech as tumour necrosis factor

(TNF) and interleukin (IL)-1. These signalling cooments in MAPK pathways are



highly conserved between mammals dbibsophila (see figure 1)(Takeda et al.,

2008).

1.1.3 Eiger.

Eiger is an invertebrate Tumour Necrosis Factoredamily ligand that was
identified due to its ability to induce apoptosmsthe Drosophila eye (lgaki et al.,
2002). Eiger induced apoptosis occurs indepeng@fttaspases, and relies on the
JNK pathway, but it can be blocked by the over egpion oDrosophila Inhibitor of
Apoptosis 1 (DIAP1). The C-terminal TNF homologyntiin (THD) of Eiger is 20-
25% homologous to the C termini of human TNFs (Moret al., 2002). Eiger is
expressed in a similar pattern to JNK during embiyonorphogenesis and may also

be the signal controlling the JNK signalling patlywathis process (Stronach, 2005).

The tumour necrosis factor Receptor required fgeEsignalling is Wengen. Unlike
most tumour necrosis receptors Wengen containsR®FR, or death domains in its
cytoplasmic region. Wengen over expression cantiotukate the JNK pathway
suggesting that Eiger/Wengemay use a novel type of TNF signalling mechanism

(Kanada et al., 2002).

The signalling molecules linking Eiger and Wengerthte JNK pathway may include
Takl which may be the JNKKK in the TNF pathway Wigat al., 2002), bufAsk1,
Hemipterous andBasket are active downstream. Trafl is an inhibitor ajéfiinduced

apoptosis and appears to directly interact with Yéanand Eiger (Stronach, 2005).



=5 Heat
- shock UV i

//l\\l
‘N’M\F

DMEKK1

Ask1

4 dJHKbasket
Dp3&a

Reaper

puckered

Dopamine

melanin

Wing morphogenesis
and axial polarity

Figure 1.1 MAPK and Insulin signalling pathways [Drosophila melanogaster. The
Mitogen Associated Protein Kinase, respond to strss such as ultraviolet radiation,
X-irradiation, heat shock, osmotic shock, and cytek such as tumour necrosis
factor (TNF) - Eiger and Wengen and immune chakefigoreno et al., 2002). In
Drosophila Insulin like peptides bind to the Insulin recep{dlR) and initiate a
signalling pathway that activates downstream kigdd2K1 and Akt. Akt acts against
apoptosis by phosphorylating FOXO leading to itemgon in the cytoplasm. The
JNK pathway antagonises the activity of the Insulike signalling pathway by de-
phosphorylating FOXO resulting in FOXO being tramsited to the nucleus

(Stronach, 2005).



1.2 Cell cycle arrest: DNA Damage and Cell Cycle atrol.

1.2.1 Sensing DNA damage.

DNA damage is detected by tiirosophila homologs of the human Radl7, Rad9,
Radl and HUS1 proteins. These sensor proteins thlEy the signal to the
phophoinositide 3 kinase proteins which include tefiei-41 and SMG-1. In addition
to this the MRN complex of proteins is conservetiMeen flies and humans and is
responsible for the detection and repair of dogbiend breaks. This complex is made
up of the mrell, Rad50 and Nbsl proteins (Song5)200he Ku protein is
responsible for detecting double strand breaks. Dmesophila homolog was
identified in a mutagen sensitive strain, and igolmed in the repair of DNA

following p element insertion (Sekelsky et al., 829

1.2.2. ATM/ATR/Chk2/Chk1.

Ataxia-telangiectasia mutated (ATM) is a kinasavated by ionizing radiation while
Ataxia-telangiectasia and RAD3 related (ATR) is inake activate by incomplete
DNA replication. These kinases can both activate3 p8irectly through
phosphorylation on serine 15 and initiate a phosgation cascade by targeting the
checkpoint kinases Chkl or Chk2. These two checktgonases phosphorylate p53,
resulting in the breakdown of the Mdm2 and p53 demgSutcliffe and Brehm,

2004).



In Drosophila the Chk2 homolog is given the names Loki or Mnélldwing X-ray
irradiation of embryos transcription of the TNF &ids induced via Dmp53 in a Loki
dependent manner. Here the levels of Dmp53 donwoease and like the mammalian
Chk2 the increase in the p53 activity is due toghesphorylation and stabilization of
Dmp53 (Brodsky et al., 2004). THarosophila homolog of ATR (mei4l) and the
homolog of Chk1 (grapes) along with the producthefmus304 gene are involved in
a signalling pathway that co-ordinates cell cyaleest delaying the cells entry into

mitosis following DNA damage (Jaklevica and Su,£20(Bong, 2005).

1.2.3. Cyclin dependent kinase (CDK) control.

Cyclin dependent kinases control cell cycle regohat In Drosophila CDKs are

controlled through the inhibitory proteins dWee aiMytl. These inhibitory kinases
phosphorylate the CDKs preventing their activatiBrice et al., 2002). The CDC25
(string) protein in turn negatively regulates dWedkwing for CDKs to become
active and initiate cell cycle progression. DMys$ltheDrosophila homolog of Mytl

which is an inhibitor of CDK1 (Price et al., 2002)he expression of dWee is
repressed by p53, but p53 activity is inhibiteddvyeel and dMytl activity (Price et

al., 2002).

1.3 Apoptosis inDrosophila melanogaster.

Programmed cell death or apoptosis is essentiathi®rcontinued existence of any
multicellular organism, being required for develahand homeostasis. Apoptosis is
characterized by membrane blebbing, cytoplasmi@eonsation and the degradation

of nuclear DNA. Apoptotic signals most commonlyuiésn the activation of a set of



cysteine proteases known as caspases. These spasevolutionary conserved
from the wormC. elegansto man, but show an increase in the complexityramdber
of proteins in the system with an increase in thmmlexity of the organism. For
example there are 14 caspases in humans, 7 irafieed in worms (Richardson and .
2002). Cells make use of two separate apoptotiowaats, the intrinsic and extrinsic
pathways. The intrinsic pathway leads to the releas cytochrome C from the
mitochondria, while the extrinsic pathway involvesmor necrosis factor (TNF)
receptors. Although young freshly eclosed fliesvgimigher levels of caspase activity
in their neuronal tissue, older adults show thénégg levels of apoptosis occurring in

the reproductive system due to gametogenesis (Zétealg 2005).

1.3.1 H99 deficiency genes.

The first genes involved in apoptosis were idestifdue to a deletion Df (3L) H99 on
chromosome 3. This region was found to containethme-apoptotic gend3eaper,
Grim andHead involution defective (hid). Two other pro-apoptotic genes also exist in
Drosophila. The fourth,Sckle lies near to the H99 region, while the fifibffrac 2
maps to a completely different location (Cashialet2005). Deletions of these genes
completely block apoptosis during embryogenesisvéi@r, induction of these genes
results in increased, aberrant apoptosis, which m&nnhibited using the caspase
inhibitor p35. This suggests that RHG proteins m@tycaspases to induce apoptosis
(see figure 1.2) (Bergmann et al., 2003). All fiekthese proteins show very little
sequence similarity except for a common motif @&irttN terminal named the RHG
motif. Truncation of this motif results in the gattor complete loss of the proteins
pro-apoptotic function (Bergmann et al., 2003)frdaP is the onlyDrosophila RHG

protein this motif is only revealed following protgtic processing. This is similar to
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the functional human homologs of the RHG proteinga&Diablo and Omi/HtrA2

(Bergmann et al., 2003).

Reaper is required for the proper development ef ddult ganglion by removing
excess neuroblasts. Reaper mutants display neypaliasia, an enlargement of the
adult ganglion due to an increase in the numbemenfrons (Peterson et al., 2002)
(Cashio et al., 2005). Reaper and Hid have singl@ression patterns and Hid is

probably able to substitute for the absence of Be@peterson et al., 2002).

Hid may also be regulated by the expression of auzleotide miRNA Bantam. The
over expression of bantam results in excessive tydeee figure 1.2). Following
irradiation Bantam levels are increased to allontthe survival of some cells and it is
the balance between the levels of Hid and Bantamchmtlictates weather apoptosis
occurs or not. Apoptotic cells appear to signahéighbouring cells to activate the
expression of bantam and this may explain why saelés in irradiated tissues
survive while others die (Jaklevic et al., 2008¢aBer and Hid overexpression result

in the release of cytochrome C from the mitochan@#ibdelwahid et al., 2007).

1.3.2 IAPs.

Apoptosis is negatively regulated through the fiomcof the inhibitor of apoptosis
proteins (IAP). IAPs generally function by binditmcaspases inactivating them (see
figure 1.2) (Richardson and . 2002). IAPs shareommon BIR (baculovirus IAP
repeat) domain. This domain is about 80 residudsnigth and has a zinc binding fold
(Cashio et al., 2005). The BIR domains mediatebinding of IAPs to caspases and

differ slightly from each other, allowing them tohibit different caspases (Bergmann
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et al., 2003). A second motif that is commonly hat always found in IAPs is the
RING finger domain. This implies that IAPs poss&Ssubiquitin ligase activity. In
addition to interacting with caspases, IAPs algeract with the RHG proteins. This

interaction leads to the inhibition of IAPs and pfosis (Cashio et al., 2005).

The Drosophila genome encodes four IAPs of which diapl appeatsetthe most
prominent and contains two BIR domains and one RIiiN&nain (Cashio et al.,
2005). In order to perform its anti-apoptotic fuont correctly Diapl must be
degraded implying that the caspases that are btour2iapl must be degraded as
Diapl is degraded. In contrast the RING fingertd tAPs appears to catalyses the
IAPs autoubiquitination. This leads to the degretabf the IAP and this action is
pro-apoptotic (Bergmann et al., 2003). Two E2 lesasvere identified that are
involved in this RING activity are morgue and ubcBbth of these proteins interact
with Diapl and both affect Reaper induced apoptasd while UbcD1 is a classical
E2 enzyme, morgue lacks some of the classical uesidound in most E2’s.
However, it does show some structural similaritfE®s (Bergmann et al., 2003). In
Drosophila the TNF ligand Eiger is regulated by dIAP1 but a¢ caspase dependent.
This means that dIAP is able to inhibit caspasesddent and independent apoptosis

(lgaki et al., 2002).

1.3.3 The role of Caspases in apoptosis.

The caspases (a family of Cystine proteases) arentiin effectors in most apoptotic

pathways (see figure 1.2). They cleave their targgiecifically after an aspartame

residue (Kornbluth and White, 2005). Initially theyist as large inactive procaspases
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of 20-30 kDa that consist of a variable prodomaitarge subunit (~20 kDa), and a
small subunit (~10 kDa) (Cashio et al., 2005). @Gasp are divided into two classes,
initiator caspases and effector caspases. Thege uifstructure, the initiator caspases
contain long prodomains comprised of two subumits|e the effector caspases lack a

pro-domain or have a very short prodomain (Cashal.£2005).

Caspases are activated by cleavage at asparticessitties by either another caspase
or by themselves through autocatalysis. The langiesmall subunits then associate to
from heterodimers (Villa et al., 1997). The longté&dminal prodomains of initiator
caspases commonly contain protein—protein intemactiomains. The two most
common domains are the caspase recruitment donf@ARD) or death effector
domains (DED). DED domains associate with the awaptotein FADD (Fas-
associated death domain), while CARD domains aasocwith DARK. These
domains allow the initiator caspase zymogens toaat® in death complexes where
they will be cleaved and activated (Cashio et2005). This allows caspases to be
activated in an amplifying proteolytic cascade,avlag one another in sequence

resulting in an exponential rate of activation (Kloiuth and White, 2005).

D. melanogaster has seven caspasbsp-1, Dredd, Drice, Dronc, Decay, Sric and
Damn (Cashio et al., 2005) (Cooper et al., 2009). Drsdohost similar to caspase 8
containing a death domain and two death-inducingnados (DID). Dredd seems
mainly involved in immune signalling and is invotén the activation of the IMD
pathway by cleaving Relish. Dredd may also be wwdlin activating the JNK
pathway. Dronc is the onlrosophila caspase with a CARD domain, this domain

interacts with DARK that results in Dronc activatidronc is the primary effector of
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caspase dependent cell deatlDiosophila and is essential for developmental toxic
agentx- and y-irradiation induced apoptosis (Cooper et al., 300®ronc is also
involved in compensatory proliferation of cellsegmatid individualization, and cell
migration (Cashio et al., 2005). Strica is a lomgdomain containing caspase that
contains no regular motifs but has a serine andottine rich prodomain. Strica
related apoptosis involves Hid and is and playsola m Drosophila oogenesis
(Cooper et al., 2009). Drice is the primary targetDronc and consists of a short
prodomain. Drice can also be induced by the hornemaysone and requires Reaper
and Hid. Dcpl is similar to Drice in structure aubstrate specificity. It also requires
Reaper and Hid. Decay is also similar to Drice enohvolved in Hid-mediated cell
death. Damm seems to be redundant in the regubgt@gs system and may perform

as yet unknown functions (Cooper et al., 2009).

1.3.4 Apoptosomes.

Initiator caspases are activated on specific adaptiein complexes or apoptosomes.
In vertebrates this function is performed by theaf\p (apoptotic protease-activating
factor 1), theDrosophila homolog of this protein is DARK (Drosophila APaf-1
related killer) (see figure 1.2). The apoptosomaseis of eight DARK molecules

(octomer) (Bao and Shi, 2007).
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Figure 1.2 Apoptosis pathways iDrosophila. Programmed cell death involves the
H99 death-inducing genes. Complex signals contreldctivity of these genes. The
anti-apoptotic Bantam encodes miRNA that functitwystargeting HID. The H99
genes induce Apoptosis in a Caspase-dependent mdrrey act by inhibiting the
negative regulators DIAP1D¢osophila Inhibitor of Apoptosis-1) and DIAP2
(Drosophila Inhibitor of Apoptosis-2). Caspase activation @so be controlled via
the formation of the Apoptosome-Like complex comitagy DARK (Drosophila Apaf-
1-Related Killer). Caspase activation can be furtiegulated by the conformational
change of the mitochondria leading to the releds@ytochrome-C. The exact role of

cytochrome C iDrosophila apoptosis is not known (Richardson and Kumar, 2002)
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Dronc and Dredd both require the apoptosome inrdalée activated. DARK also
possesses a WD40 domain and has been shown tavitindytochrome C which is
released from the mitochondria as a result of w&ri@eath inducing signals.
However, RNAi knockdown studies of cytochrome C wgtothat only a slight
increase (2 fold) in DARK dependent apoptosis iseobed in the presence of

cytochrome C (Kornbluth and White, 2005).

1.4. Protein regulation and transcriptional respons to stress: p53.

The tumour suppressor protein p53 was first idexatiin 1979 where it was found to
interact with viral oncogenes T antigens (Lane @mdwford 1979 as reviewed by
(Lane and Benchimol, 1990). Following DNA damage #b3 protein acts as a
transcription factor that plays a role in Cell ®ckgulation, apoptosis and the repair
of DNA damage. Initially, only two mRNA splice varnts were predicted arising
from alternate splicing of introns 9 and 2. Howe\effurther seven different human
p53 protein isoforms have been identified, at leas¢ of which arises from an
internal promoter in intron 4 (Bourdon et al., 2D0Bhese alternative forms of human
p53 are expressed in a regulated manner, beingetsgsecific and having seemingly

different cellular localizations and functions (Bdan et al., 2005).

The Drosophila melanogaster ortholog of p53 was identified in 2000 due to its
homology with human p53. This high degree of horgples restricted to the DNA
binding domain, with the N and C termini showingexy low degree of homology
(Ollmann et al., 2000) (Brodsky et al., 2000) (8tral., 2000). The Dmp53 sequence

was also found to contain oligomomerisation sited avas able to substitute for
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human p53 (Brodsky et al., 2000). Initially a se@85 amino acid Dmp53 protein
was isolated fronD. melanogaster (Ollmann et al., 2000) (Brodsky et al., 2000) (Jin
et al., 2000) However, further studies revealed that three isofoof Dmp53 were
present, with the initial protein being an N teralip truncated version arising from
an internal promoter. The largest isoform is 110nanacids longer than the initial
Dmp53 and contains two additional exons. The tBinp53 is a splice variant of this
larger form and is only 110 amino acids long (Baurd2007). By aligning the
sequences afmp53, human p53 and the human p53 family members, p83&3, it
was ascertained that the larger form of Dmp53 ésDhosophila equivalent of the
full-length human p53. A five residue sequence wetified in the N terminal
transactivation domain of Dmp53 that is consen@odss species and in p63 and p73

(Bourdon et al., 2005).

The human p53 protein is made up of five functiodamains; the N terminal

transactivation domain, a proline rich Src homol&ylomain, the DNA binding

domain, the tetramerization domain and the c teahmegulatory domain (see figure
1.3)(Romer et al., 2006). Therosophila protein has an N terminal region that is rich
in basic residues, which is similar to that of theman p53 (Brodsky et al., 2000).
This may indicate that it serves a similar functidtowever, Dmp53 does not contain
a Src homology domain and contains only one PXXfieece (Ollmann et al., 2000)

while human p53 contains 5 (Romer et al., 2006 {grire 1.3).
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1.4.1 DNA binding domain

The DNA binding domain consists of two structurabtifs that interact with the
major and minor grooves of the target DNA molecdlbe overall structure of the
DNA binding domain as determined by NMR ispessandwich, made up of two
antiparrallellp sheets joined by a small hairpin. There is a loglix at the c terminus,
which buts up against hairpin. Two smaller heliaes present within the domain, one
of which associates with a zinc ion (see figure) 1@afadillas et al., 2006). DNA
sequences recognized by p53 consist of a douldedsd palindromic sequence is
separated from a second identical site by 13 b 3éguence is 10 bp in length and
can therefore be divided into 4 5 bp sequencesrder to interact with the DNA
strand a tetramer of four p53 molecules is needddeach molecule interacting with
one of these 5 bp sequences (Joerger and Fer§i&). 2Residues that are conserved
between human p53 and Dmp53 include surface resith@ function in DNA
binding and those which may function to stabilibe tertiary fold of the domain

(Ollmann et al., 2000).

1.4.2 Post-translational modifications of p53

A major way in which the stability of p53 is affect is through post-translational
modifications. These modifications can occur ondherminal regulatory domain and
include ubiquitination, summolytion, acetylatiomgsphorylation, methylation and
neddylation. The binding of other proteins and speeific DNA to the ¢ terminus is
also able to influence p53 activity (Romer et 2006). In addition to regulating the
stability of p53, these posttranslational modificas affect the ability of p53 to

functions as a transcription factor. The abilityp®3 to bind DNA and components of
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transcriptional machinery is aided by posttranstel modifications. There are
generally two regions within p53 where modificagsooccur. Once again the c
terminus, which can be phosphorylated, acetylatgycosylated and sumolated
(Sutcliffe and Brehm, 2004). The N terminal regiovhich can be phosphorylated
(Sutcliffe and Brehm, 2004), neddylated (HarperQ80 acetylated or methylated

(lvanov et al., 2007).

1.4.3 Regulation

Like mammalian p53, Dmp53 requires co-factors gulate its activity. One of these
is the DAXX co-factor is a death domain carryin@tein, which has ®rosophila
homolog DLP. This co-factor has both pro and aptotic functions. The fly and
mammal proteins function in a similar way by birglip53/Dmp53 directly through
its ¢ terminus. DLP affects pro-apoptotic signglimia ARK with null mutants

showing decreased longevity and fecundity (Bodai.e2007).

p53 is a labile heat sensitive protein that hagh turnover rate under normal cellular
conditions (Romer et al., 2006). Generally changeke amount of p53 present in the
cell depend on the stabilization of the protein tu@ost-translational modifications.
The most stable domain is the DNA binding domaiuat, the loss of the zinc ion
stabilizing the two large loops of the minor grodoreding structure, further decreases

stability and increases aggregation (Joerger arghE&008).
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Figure 1.3 The different domain structures, regulation amdctions of Dmp53 and
human p53. (A) The human p53 protein is made ujveffunctional domains; the N
terminal transactivation domain, a proline rich &amology 3 domain, the DNA
binding domain, the tetramerization domain and ¢hierminal regulatory domain
(Romer et al., 2006). Both Dmp53 and human p53 reavegh number of acidic
residues present in the N terminal, implying tiaytserve similar functions (Brodsky
et al., 2000. ) The Src homology domain is protich and contains five copies of the
amino acid sequence PXXP. These sequences are kimwnteract in signal
transduction pathways by binding to Src homologyo&ains (Romer et al., 2006).
There is only a single PXXP sequence in Dmp53 (&ftimet al., 2000) and it may be
the high amount of proline is important for p53 dtion (Toledo et al., 2007). The
DNA binding domain is highly conserved in bdilrosophila and humans sharing
about 24% sequence identity and 40% similarity @&@f amino acids. Residues that
are conserved between human p53 and Dmp53 inclutkcs residues that function
in DNA binding and those which may function to stiab the tertiary fold of the
domain (Ollmann et al., 2000). There is no sigaificsequence homology between
the ¢ termini of Dmp53 and human p53 with the seqaeresponsible for
tetramerisation being poorly conserved. Howeveth lawe rich in basic residues and
both are predicted to contain similar two dimenaliructures (Olimann et al., 2000)
and the critical hinge residue Gly334 is conseriredDrosophila (Brodsky et al.,
2000). (B)The stability and activity p53 is affedtehrough post-translational
modifications. These modifications can occur on @héerminal regulatory domain

and the N terminal region and include ubiquitinaficummolytion, acetylation,
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phosphorylation, methylation and neddylation (Ronetr al., 2006). Suspected
acetylation sites in Dmp53 include Lysine 373 whistthought to be equivalent to
acetylation site lysine 382 in human p53. FollowiD§lA damage the serines at
position 15 and 20 are phosphorylated as is theamlate at position 37 in human
p53. Equivalent sites in Dmp53 are the serine &itipon 4 and the glutamate at
position 5 (Brodsky et al., 2000). (C) The differamd common functions of Dmp53
and human p53 are illustrated in this diagram. Eans common to both molecules
are written in black, those specific to human p58 waritten in green and those

specific to Dmp53 in red.

-20 -



Figure 1.4 Human p53 structures. Structural information vedsained from the
Protein Data Bank (Berman et al., 2000). The huptgene is composed of 192200
base pairs spanning 11 exons expressed as ninprp&dn isoforms. The protein is
made up of five functional domains; the N termitrahsactivation domain, a proline
rich Src homology 3 domain, the DNA binding domdime tetramerization domain
and the c terminal regulatory domain. (A). The DNiAding domain consists of two
structural motifs that interact with the major améhor grooves of the target DNA
molecule. The overall structure of the DNA bindoh@main as determined by NMR is
a p-sandwich, made up of two antiparrallplsheets joined by a small hairpin. There
is a long helix at the ¢ terminus, which buts upiasgt hairpin. Two smaller helices
are present within the domain, one of which assesisvith a zinc ion. The major
groove docking site is formed by the four and Spamtllel p sheet with a loop sheet
helix motif. The zinc ion stabilizes the minor greodocking site. The tetramerisation
domain consists of fisheet followed by a helix. (B) Initially two monomers form a
dimer through associations in the antiparrafelsheets andr helices. (C) The
dimmers associate via the helices, this interaction is stabilized by hydropic
residues Leu 344 and Lue 348.
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The number of proteins competing for a binding spen the transactivation domain
of p53 creates a means to control p53 and its divears targets. The negative and
positive regulators as well as the transcriptiotivators will have to compete for the
same sites based on their abundance and dissoc@itstants (Joerger and Fersht,
2008). The structure of the DNA binding domain ldeato regulate the apoptotic and
cell cycle arrest responses downstream of p53,ithgiry the recognition elements
within the cell cycle control genes more tightlyaththose involved in apoptosis

(R6émer et al., 2006).

The localization of p53 within the cell is anotmeans of regulation. The ¢ terminus
of p53 contains nuclear localisation signals that r@cognizable by nuclear import
factors. The N terminus of the protein may alssoamte with components of the
cytoskeleton and microtubule network such as dy¢8ircliffe and Brehm, 2004).
The nuclear export of p53 can be performed by tham® protein (see below);
however, it is not an absolute requirement. Theetinus of p53 also contains a
nuclear export sequence, which can be inhibitegplysphorylation (Sutcliffe and

Brehm, 2004).

The topology of the DNA surrounding the binding segce also influences p53s
ability to bind DNA. By constraining the topology DNA the affinity of p53 for the
target sequence increases. The greatest affinipb8ffor its target sequences occurs
due to negative supercoiling of target DNA. Thisymallow p53 to regulate or
enhance its own activity in vivo, as p53 is ableeimodel chromatin via the recruiting

of histone acyltransferases (Jagelska et al., 2008)
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1.4.4 Mdm2.

The protein coded by theouse double minute 2 gene is a well known oncogene that
Is over expressed in many tumours. It is an ubiguligase and is known to interact
with p53, pRb, and the growth suppressors p14/pT®eb, 2003). Mdm2 binds p53
at the N- terminus and catalyses the transfer adquiiin to several sites in the ¢
terminus of p53 (Sutcliffe and Brehm, 2004). Itcatontains a nuclear localization
sequence (NLS) and a nuclear export sequence (NB).domain is also required
for monoubiquitination. Once ubiquitinated p53 igerted from the nucleus and

degraded by the 26s proteosome (Deb, 2003).

The binding of Mdm2 to p53 prevents the recruitmehtranscription components
and represses transcriptional activation by p531(01999). The two proteins also
regulate each other through a negative feedbagk (Goen, 1999). The binding of
p53 to Mdm2 is controlled by the state of phosplatign of residues within or near
the interaction domains on either p53 or Mdm2. PBhosylation of these residues
prevents p53 binding and degradation (Brooks and ZR06). Mdm2 and p53
undergo structural rearrangements following theaiteriaction. Eight amino acids
within the amino terminal domain form a amphipataidelix that projects into the
hydrophobic binding pocket of Mdm2. Eight amino dsciin the p53 interaction
domain of Mdm2 forms a lid over the p53 binding lpetcstabilizing their interaction
(Brooks and Gu, 2006). The highly conserved MDM2dimg site was not identified
in Dmp53. However, other regulatory elements ameseoved (Brodsky et al., 2000).
A PEST region at the N-terminus is responsible Bmp53 regulation. PEST

sequences correspond to proline (P), glutamic @jdserine (S), and threonine (T)-
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rich regions in proteins. The function of PEST @minhg proteins is generally

controlled by proteolysis, mostly via the ubiquipiathway (Bereczki et al., 2008).

1.4.5 Functions of p53

1.4.5.1 Cell death

The main function of p53 is to act as a transaiptiactor to up-regulate the
expression of genes involved in cell cycle arresnaapoptosis. Mammalian TNFRs
that are known targets of p53 are AP1 and KilleD®ax and El-Deiry, 2003).
Other membrane receptors that are up-regulated5Byiqclude the p53 apoptosis
effectors related to PMP-22(PERP) protein, whidkiates apoptosis by associating
with the mitochondrial membrane influencing its rpenbility (Sax and El-Deiry,

2003). Yet another pro-apoptotic protein that isregulated by p53 is the P53-
induced protein with a death domain (PIDD). The regpion of this protein is

induced by double strand DNA breaks (Sax and ERD&003). The Bcl-2 family,

are also transcriptional targets of p53. Theseualthe pro-apoptotic Bax, PUMA

and Noxa (Sax and El-Deiry, 2003).

Initial studies on Dmp53 indicated that it is inukmsable for radiation induced
apoptosis due to it being able to bind to an entyaetement in the promoter of the
pro-apoptotic gend®&eaper (Brodsky et al., 2000). This enhancer elementeiases
Reaper expression following DNA damage, implicatigaper as a direct
transcriptional target oDrosophila p53 (see figure 1.5) (Brodsky et al., 2000).
Mutation studies also showed that flies that ldo#p53 are defective in damage and

stress induced apoptosis. As predicted the radiatiduced, expression of Reaper and
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another pro-apoptotic gene sickle was deficierthe@se mutants. The identification of
sickle as another target of Dmp53 explained whypsgsis could still occur when

reaper was knocked out (Sogame et al., 2003).

The Drosophila homolog of Chk2 (loki) activated Dmp53 in response UV
irradiation induced damage (see figure 1.5). Asethe no Mdmz2 for loki (dmChk?2)
to free Dmp53 from, the kinase may accomplish pS8vation by directly
phosphorylating Dmp53 (Peters et al., 2002). Thievaton of loki requires the
Drosophila homolog of ATR (mei 41) (Brodsky et al., 2004)gdmure 1.5). Mutants
of mei4l show decreased apoptosis, while mutantsAfidM show increased p53
dependant apoptosis (Song et al., 2004). Howekierptesence of Loki and Dmp53
may not be an absolute requirement for UV irradminduced apoptosis. A caspase
dependant but Dmp53 and Loki independent apopimitiway was observed in
Drosophila larvae exposed to ionizing radiation. This apaptogdsponse was slower

than that induced by the Dmp53, chk2 pathway (Wihmet al., 2006).

When the amount of p53 and Dmp53 targets was cadp&mp53 was found to
have substantially less targets than human p53détwstream effectors of apoptosis
in Drosophila are the pro-apoptotic gen®&egaper, Sckle and Hid. These proteins
appear to function in a dosage dependant mechaasnthe transcription and
expression of all three is stimulated following DNlamage (Brodsky et al., 2004).
There is also a difference between the functiorktionships betweebDrosophila
E2F (dE2F) and Dmp53 due to the absence of Mdm2pdddARF homologs in

Drosophila (Moon et al., 2008).
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1.4.5.2 Transcriptional repression

Like many transcription factors, p53 also has thiitg to repress transcription. The

use of transcription and translation inhibitorsuisable to completely block p53

dependent apoptosis. Therefore, p53 is able tocadypoptosis without activating

transcription, while at the same time p53 loses ahility once its proline rich domain

has been removed (Ho and Benchimol, 2003).

Transcriptional repression may be performed in Bmparate manners.

1)

2)

3)

4)

Interference via p53 binding to the specific DNAcagnition elements
recognized by transcription factors. This occuis direct competition for the
DNA binding sequences or by binding to negativeulamry elements (Ho
and Benchimol, 2003) .

Interference via p53s interaction with transcriptifactors without binding
specific DNA recognition elements. This occurs BB pinding to adjacent
DNA sequences to those recognized by transcrigotors and inhibiting or
interfering with their ability to initiate trans@tion (Ho and Benchimol, 2003)
(Koumenis et al., 2001).

Interference with transcription machinery i.e. meting transcription factors
such as the TATA binding protein. This interferersmems to be due to a
negative effect on the formation of the transcoiptinitiation complex due to
p53 blocking the interactions between TBP and Taapson Factor IIA that
result in transcriptional initiation (Ragimov et,al993) (Ho and Benchimol,
2003) .

Altering chromatin structure and restricting theligbof transcription factors

to gain access to specific DNA sequences (Ho amdi@dmol, 2003).
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1.4.5.3 DNA repair.

Cells that lack an active form of p53 are more campsed in DNA repair. Two
downstream targets of p53, which are involved & BNA repair pathway are the
GADDA45 and ERCC3 proteins (Garner and Raj, 200@sdite mutantimp53 flies
showing decreased levels of apoptosis, Jassim20Q8 reported that following UV
irradiation, the cells within the retina of thesetant flies displayed increased levels
of apoptosis, suggesting that the DNA repair releanserved irosophila (Jassim
et al.,, 2003). The DNA repair pathways activatedpb seem to be those of the
nucleotide excision repair pathway (NER) (Smitraket 2000) and the base excision
repair pathway (BER) (Seo et al., 200B) polymerase is involved in BER and seems
to be the target of p53 in the DNA repair pathwhkythis instance p53 does not
stimulateB pol transcription. Rather, it seems likely thaB@gérms a complex witiB
pol stabilizing it (Seo et al., 2002). Like humab3p Dmp53 aids in nucleotide
excision repair by acetylating histones to allowochatin relaxation and remodelling
(Rebollar et al., 2006). Components of the Ku anctM DNA repair complexes
were also found to be downstream targets of Dmp&ee (figure 1.3). These
complexes participate in the repair of double strareaks via non-homologous end
joining (Brodsky et al., 2004). Evidence also swgigethat DNA repair may still
proceed in the absence of p53 as p53 seems tonplaple in the transcription

coupled repair (TCR) pathway.
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Cytokines! Environmental stress

Topoisomerase |

Apoptosis
Figure 1.5 The signalling pathways of tHerosophila melanogaster orthologue of
p53. Dmp53 initiates the transcription of the ppmjptotic H99 gene&eaper, Hid,
Sckle, Grim andJaffrac. Drosophila orthologs of DNA damage signalling molecules
such as Chk2 (loki), activates Dmp53 in respons&JYo irradiation through the
Drosophila homolog of ATR (mei 41). Telomere fusion (dATM) cdeases p53
dependent apoptosis. Dmp53 plays an important irol®NA repair and aids in
nucleotide excision repair by acetylating histotesllow chromatin relaxation and
remodelling (Brodsky et al., 2004; Rebollar et 20p6). Components of the Ku and
Mrell DNA repair complexes were also found to bertkiream targets of Dmp53.
These complexes participate in the repair of doatnd breaks via non-homologous
end joining. The TNF pathway is also initiated @enp53 as is the Hippo pathway.
Both these pathways lead to cell death followingADtamage. Although Dmp53
does not appear to regulate cell cycle progregsidhe traditional way, it does seem
to play a role in compensatory proliferation, wher@hibits the Cell Division Cycle
25 protein homolog string (stg) (Wells et al., 2D06
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1.4.5.4 Cell cycle arrest.

Active p53 is required for both G1 and G2 cell eyerrest following stress. The
major downstream target for cell cycle arrest is @DK inhibitor p21¥2™/P1 when
this gene is mutated or lost normal developmenticoes but cells are unable to
undergo G1 arrest in response to DNA damage (SdxEdbeiry, 2003). The first
functional studies of Dmp53 indicated that it ispinsable for G1 cell cycle arrest
(Brodsky et al., 2000). Over expression of wildeypmp53 does not activate decapo
which is the fly homolog of the CIP/KIP G2 cell ¢gycarrest factors stimulated by

human p53 (Sutcliffe and Brehm, 2004).

Following cell death the organism must replaceltis¢ tissue through compensatory
proliferation. In order to study this process slbechundead cells are generated. These
are cells that have been damaged but are protéctedcell death by the caspase
inhibitor p35. These undead cells then stimulatdiferative growth (Wells et al.,
2006) and require active Dmp53 in order to undex@opensatory proliferation. This
activation of Dmp53 does not require DNA damagetirer cell stress signals and
seems to rely on the initiator caspase DRONC daggad negative regulator of
Dmp53. One of the results of this activation is thiibition of the Cell Division
Cycle 25 protein homolog string (stg). Cdc25 pmdeicontrol entry into and
progression through various phases of the cellecyfthis explains the G2 cell cycle

arrest that occurs due to the presence of undeisd\0ells et al., 2006).

A Dmp53 dependent G1 cell cycle arrest was obsemtedng mitochondrial

dysfunction. The AMP activated protein kinase (AMREsponds to the change in the
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ATP:AMP ratio (Hardie, 2004). Once activated by Imwvels of AMP —and therefore,
low energy levels- AMPK phosphorylates and actiggi®3, which leads to cell cycle
arrest to prevent cell proliferation (Bensaad andudden, 2007). AMPK then
activates Dmp53, which in turn down regulates Qyéil causing a G1 cell cycle
arrest. Therefore under abnormal conditions rafigca mitochondrial dysfunction,
Dmp53 can induce G1 cell cycle arrest (Mandal et2005) (Owusu-Ansah et al.,

2008).

1.4.5.5 Metabolic role of p53.

In addition to its role as an anticancer molecyl®3 has also been identified as
playing a role in regulating aerobic respiratiarpérforms this function by regulating
mitochondrial oxygen consumption via tiSgnthesis of Cytochrome ¢ Oxidase 2-
assembly protein. SCO2 is a transcriptional taafep53 and plays a role in the
assembly of the cytochrome c oxidase complex. Arfeas in p53 expression
consequently lead to a defect in SCO2 transcripaioth cells compensate for this by
increasing the rate of glycolysis (Ma et al.,, 2007his has been shown
experimentally by the inverse relationship betwpda levels and the fraction of ATP
derived from glycolysis (Matoba et al., 2006) asdsuspected to be the explanation

for the Warburg effect (Warburg 1930).

Glycolysis can be regulated through the activitytiod three enzymes that catalyse
those reactions with the large negative changeea énergy. The three regulated
enzymes are hexokinase, phosphofructokinase, anggig kinase. The transcription
of pyruvate kinase can be influenced indirectly@®8. This is due to p53 being a

transcriptional regulator of the TP53-induced glys regulator (TIGAR). TIGAR
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regulates glycolysis by degrading fructose-2,64igphate, an allosteric activator of

pyruvate kinase (Bensaad et al., 2006).

Reduction in Dmp53 expression normally results liesfthat are sickly and have
decreased lifespan. However, if the loss of DmEb@estricted to the nervous tissue,
the lifespan of the flies can increase as much84s B females and 32% in males.
Over expression of Dmp53 in the neurons during lkbgwveent is lethal and results in
increased oxidative damage. These effects on &fesare not observed when
downstream targets of Dmp53 are over expressede(Betual., 2005). In a similar

fashion calorie restriction increases lifespan tlglkoa Dmp53 inactivating or down-
regulating pathway (Bauer et al., 2007). Dmp53 rhayinvolved in regulating the

lifespan ofDrosophila in two separate pathways in separate tissues.cfedse in

Dmp53 in the fat body results in a decrease intthescription and expression of
insulin like protein (ILP), which in turn leads sodown regulation of signalling via
the insulin like growth factor signalling pathwayhis leads to a decrease in the
nuclear translocation of forkhead transcriptiontdacFOXO and an increase in

lifespan (Bauer et al., 2007).

Histone acetylation is required for Dmp53 inducqmb@osis during development
(Miotto et al., 2006). Here the primordial germiselndergo programmed cell death,
which is Dmp53 dependant, but also requires thavigctof Outsiders, a

monocarboxylate transporter which is thought to @gstream of p53. Outsiders
catalyses the proton linked transport of carboeyland is localized to the
mitochondrial or plasmamembrane. Some of its satestr include pyruvate and

lactate (Yamada et al., 2008). Pyruvate transpastideen identified as playing a role
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in apoptosis, as pyruvate uptake by cells through dction of monocarboxylate
transporters leads to a pyruvate dependant intibitf histonedeacetyl-transferase.
This in turn leads to up-regulatiah Dmp53 and therefore an increase in apoptosis

(Thangaraju et al., 2006).

1.4.6. p53 ancestry.

The most pleisiomorphic organism where a p53 hombias been identified was the
nematodeCaenorhabditis elegans. This protein was named CEP-1 and it is the only
p53 like molecule identified i€. elegans thus far. Cep -1 is required for radiation and
other stress responses (Schumacher et al., 20b&je s no Mdm2 homolog in the
nematode but other regulation pathways namely ATid ATR are conserved (Lu
and Abrams, 2006). The more closely related modgmsmDanio rerio contains a
p53 protein that shares 48% similarity to human.pb3lso contains an MDM2
homolog, the p53 family members p63 and p73 anctdilecycle regulator p21 is a
downstream target of the zebra fish p53 (Lu andbAls, 2006). These results seem to
imply that p53 evolved at the same time as aniraats while some of the function
and signalling pathways are ancient, the appearaht&dm2 and Mdm4 appears to

have occurred after the evolution of chordatesghd Abrams, 2006).

Two p53 family members, p63 and p73, also serveoaapoptotic and cell cycle
arrest role. They display a high degree of sequestcdarity but are unable to
substitute for each other. These two proteins awed together with p53 in all
chordates (see figure 1.6). However, in invertedwradll three are only found in

molluscs, where it is not possible to classify pié& or p73 proteins as being the most
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homologous to the mammalian p63 or p73 proteink.ofkler invertebrates possess
only one family member, and these cannot be cladsds p53, p63 or p73 as they
show similarity in their DNA binding domains (segure 1.6) (Ou et al., 2007). The
arthropod and nematode p53 homologs show the indus other domains which

allow them to stabilize the formation of dimmerBowing the more pleisiomorphic

ancestral form to accomplish the same tasks asi#imemalian p53s (Ou et al., 2007).
All p53 gene members including Dmp53 contain indé@romoters that give rise to

multiple isoforms.

1.4.7 Proteins that interact with p53.

1.4.7.1 E2F-1/Retinoblastoma protein.

The retinoblastoma protein (Rb) was first identifess a 110 kDa protein found in the
nucleus, since then a further two Rb like protdiase been identified, p107 and
p130. This protein suppresses cell proliferatiod anduces cell cycle arrest through
the formation of E2F-RB complexes (Sun et al., 200Vhe E2F family of
transcription factors, are involved in the contadl cell-cycle progression, DNA
replication, mitosis, the mitotic checkpoint, DNAdage checkpoints, DNA repair,
differentiation, development and apoptosis (Polageid Ginsberg, 2008). In
mammals, the E2F family comprises eight genes (E8F(DeGregori and Johnson,
2006), whileDrosophila has two (dE2F1-2) (Sutcliffe et al., 2003). Dmosophila
dE2F1 serves the function of an activating E2F |evlE2F2 performs the function of

a repressing E2F (Sutcliffe et al., 2003).

-33-



| Homo sapiens p63 gi31543818|
Mus musculus p63 g|6755883|

— Homo sapiens p73 gij4885645|
—— Mus musculus p73 gi30794514|

— Mytilus eduis p63/p73 gi|70632903|
L. Mytilus eduis p53 gi|50261261|
Homo sapiens p53 g|187830777|
Mus musulus p53 gi6755881|
Tribolum castaneum p53 @i|91094615|

Nasonia vitripennis p53-lke gi|156546532|

Bombyx mori gi|329755763|

Pediculus humanus corporis p53 g]212505411|
Acyrthosiphon pisum p53-lke ¢|328710386|

Drosophila melanogaster dmp53 gi|272477116|
Cukex guinquefasciatus p53 qi[170032947|

C. elegans Cep-1 gi16755902|

0.8

056 04 0.2 0.0
Figure 1.6 Homology amongst members of the p53 family. Theusages were

aligned using the Multiple sequence comparison bg-dxpectation algorithm
(MUSCLE) (Edgar, 2004)The tree was constructed using the neighbour rjgini
method. The mo<t. elegans p53 analogue Cep-1 is the most distantly relatetepr.
The tree also shows the two dipteran sequenceskéahawith a purple box) sit
together on separate branch to the other insectesegs. The red box marks the
point where the p53 family diverged to three sejgagenes p53, p63 and p73. This
must have happened before the divergence of clesrdatd invertebrates, as the
molluscs (marked in green) have three forms. dliffscult to assign the names p63 or
p73 to these proteins as they all share signifidaminology. The other insect

sequences group more closely together.
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In Drosophila two different mutants were initially described dells which fail to
arrest in G, The firstdacapo (dap) (de Nooijet al., 1996) coded for a CIP/KIP-type
cyclin-dependent protein kinase inhibitor homologne the secontfilzzy-related (fzr)
(Sigrist et al., 1995) coded for a CDC20. Theosophila homologue of Rb (RBF)
shares sequence similarity with the human Rb prstéu and Dyson, 1999). RBF1
was found to be negatively regulated by decapo bBkel mammalian E2F1,
inactivation of dE2F1 prevents DNA synthesis, wiuleer expression results in cells
entering S-phase and undergoing apoptosis (Setodiff al., 2003). RBF1 is also
negatively controlled by cyclins or CDK complexédherefore, like mammalian
signalling systems CDK complexes disrupt the EF«po@rotein complex (Polager

and Ginsberg, 2008).

In Drosophila there is a direct link between the activator argessor E2Fs. Deletion
of the activator dE2F1 leads to cell-cycle-progi@ssnd proliferation defects. These
flies can be rescued by the additional deletiothefrepressor dE2F2 (Frolov et al.,
2001). However, the relationship between dE2F1s@mgh53 differs between flies
and vertebrates due to the absence of Mdm2 andARHin Drosophila, both of
which are required for E2F signalling (Moon et @008). In flies p53 and E2F co-
operate during DNA damage induced apoptosis. RemovalE2F1 or Dmp53
decreases the apoptotic signal. This suggestshatfunction independently of each
other, regulating pro-apoptotic genes but convergeommon targets to strengthen a
pro-apoptotic DNA damage induced signal (Moon et 2008). These targets are
most likely the H99 gena®aper andhid, as dE2F1 can induce their expression but is
not required for low level basal expression inress free background (Moon et al.,

2008).
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1.4.7.2 Snama (RBBPS6).

Another protein that has been reported to inteveth p53 is the retinoblastoma
binding protein 6 (RBBP6). This protein has beearahterized in the mouse (Witte
and Scott, 1997) , human (Sakai et al., 1995) @rasophila (Mather et al., 2005).
Orthologs have been found in most eukaryotes (Matheal., 2005) (Pugh et al.,
2006). Generally, they consist of an ubiquitin-ldkemain (DWNN-Domain With No
Name), a RING-finger like motif and p53- and Rbiading domains (Pugh et al.,

2006) .

The DWNN domain was first identified as being présan a group of proteins

identified in a promoter trap mutagenesis screencdls resistant to cytotoxic T

lymphocyte killing. This trap involved disruptingeges randomly with a promoter-
less retrovirus, targeting genes involved in immpaéhways. By identifying clones

that were resistant to CTL killing, genes respolesior resistance, were identified
(Mather, 2005). One of the novel genes identifieds wamed Domain With No Name
(DWNN) (Skepu, 2005). When these cell lines weso acreened for resistance to
apoptosis induced by staurosporine, three line® wsalated and DWNN was also
identified in one of these lines, (Pretorius, 1989)cited by (Mather, 2005). The
DWNN domain may function by interacting with oth@oteins such as Rb and p53.
GFP-DWNN fusion proteins localise to the nucleud &WNN domains have been

found to associate with higher molecular weightgires (Seameco, 2004).

The DWNN domain is found throughout eukaryotes @snabsent in the prokaryotes.

In most organisms it is found as a structural mofifa larger protein however the
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domain exists as a single protein in higher cheslghumans). Despite only sharing
22% identity with ubiquitin DWNN has an ubiquitinké fold with a similar 3

dimensional structure, but tHerosophila form lacks the di-glycine necessary for
cleavage by hydrolases. This di-glycine is foundthe mouse and human forms
(Mather et al., 2005). The existence of DWNN asaadalone protein implies that it

may therefore act like a ubiquitin like modifierugh et al., 2006).

Another DWNN containing protein PACT is a 250-kDaclear protein and it
interacts with both p53 and Rb in vitemd in vivo (Simons et al., 1997) (Witte and
Scott, 1997). Null mutants of PACT are not viableyt can be rescued by
simultaneously knocking out p53 (Li et al., 200X alternatively spliced version of
PACT is involved in cell cycle arrest and is resgible for camptothecin-induced
apoptosis (Scott et al., 2003). PACT itself is &cspvariant of full length RBBP6
corresponding to residues 207-1792 and most likelgulates p53 activity by
interfering with the ability of p53 to bind DNA (®ons et al., 1997). PACT also
interacts with Mdmz2, suggesting that it is a negatiegulator of p53 and enhances

Mdmz2-mediated ubiquitination and degradation of 53t al., 2007).

TheDrosophila homolog ofrbbp6, snama was identified by searching for the DWNN
domain in theDrosophila genome. The cDNA afnama consists of nine exons with
eight short introns —the longest being only 0.84 kiéaking up an open reading frame
of 1231 amino acids with a predicted molecular Wweigf 139 kDa. Analysis of
Snama showed that like other members of this faihiéy protein contains a C2HC
zinc finger motif, a conserved cysteine-rich regiwear the zinc finger and a basic

lysine-rich region that is also found in PACT (Mattlet al., 2005).
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Snama is expressed throughout development witkewtsls decreasing in the later
embryonic stages. Double negative mutantsnaima are not viable and die early on
in development, dying between 48-72 hours into graent(Jones et al., 2006)
(Mather et al., 2005). Snama appears to be a megagulator of apoptosis and due
to its homology with RBBP6 may regulate Dmp53 aathoblastoma protein (RBF)

(Mather et al., 2005).

1.5 The transcriptional response to stress: Infeain and immune response.

Due to their extreme proliferation and the enviremts in which they live, insects
must be able to resist a large number of diversigoganic microorganisms including
bacteria, fungi and protozoa (Boman, 1991; Buletalet 1999; Trenczek, 1997).
However despite these facts very few encounterdtrsinfection (Trenczek, 1997).
A study on the use of entomopathogenic fungus trobinsect pests showed that the

infection rate is very low, between 0 and 3.71%uBrand Lewis, 2001).

Like all invertebrates insects lack the adaptivemime system, found only in
vertebrates. The adaptive immune system is basedaaptors that are generated by
somatic mechanisms (Medzhitov and Janeway, 19%iijce insects are r-selected,
having a short lifespan and generally only repratyiconce producing many
thousands of offspring, an adaptive immune syst@mldvnot provide any significant
advantages (Medzhitov and Janeway, 1997). Insenumty more closely resembles
the innate immune system of vertebrates. This isvarutionary ancient system that

provides an immediately available means of defagsenst pathogens. It also does
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not require previous exposure to the pathogen @fassand Detmers, 2002). The
innate immune system has evolved to constantlygrize and react to structures
commonly present in large groups of microorganisiifsese structures are called
PAMPs or pathogen associated molecular patternsifMw®v and Janeway, 1997).
Once the microorganism has been recognized aseiboestain effector mechanisms
will be activated to destroy the invading pathogand in vertebrates the innate
immune system will also activate and orientate #uaptive immune system

(Vasselon and Detmers, 2002).

The fact that insects are particularly resistanbaaterial infections led to the first
studies on their immune system over a century a&tpffihann and Hetru, 1992).
Kowalvsky (1887) and Cuenot (1896) identified tbéerof phagocytosis and capsule
formation in insect defense (as cited by (Hoffmand Hetru, 1992)). After the First
World War this work was continued by Glaser (19Hillot (1919) and Metalnikow
(1920), all of whom noted the appearance of bawigit substances within the
hemolymph of the insect after the insect was chghte with bacteria (as cited by
(Hoffmann and Hetru, 1992)). However, it was notilut981 that the anti-microbial
peptide cecropin was isolated from the pupae of dberopia mothHyalophora
cecropia (Steiner et al., 1981)Despite this in some insects the response to funga
infections is thought mainly to be a cellular resg® involving phagocytosis and

encapsulation (Silva et al., 2000).

-39-



1.5.1 A brief summary of the insects immune system.

The insect’s primary defence against infectionhis physical barrier represented by
the cuticle (Vilmos and Kurucz, 1998). Once thigisrced the humeral and cellular

components of the innate immune system must prttedhsect from infection.

1.5.1.2 Cellular response.

The insect innate immune system allows for rapid mon-specific responses to
infection, by responding via the coordinated actminmany sub-populations of
hemocytes (Trenczek, 1997). Three classes of heae®cyegulate the immune
response.

1) Crystal cells, which are involved in melanisation.

2) Plasmocytes that phagocytose and digest micromgeni

3) Lamellocytes, which encapsulate parasites (Bangttaah, 2006).
Hematopoesis irDrosophila occurs in the embryonic and larval stages in lymph
glands which form along the anterior region of tleesal vessel in third instar larvae.
Jak-STAT signaling pathways are required for immumduced differentiation of

hemocytes in this gland (Kim and Kim, 2005) (Banghet al., 2006).

The primary reaction of hemocytes towards smallereorganisms is phagocytosis,
which is a multi-step form of receptor-mediated @ndosis (Trenczek, 1997). It has
been shown that all arthropods can remove bactexriphagocytosis (Barnes, 1991).
Insect phagocytosis involves a unique type of pattecognition receptor known as

Eater, which contains multiple EGF repeats (Bangbkaai., 2006).
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If a microorganism is too large to be phagocyto#ethn be encapsulated by layers of
hemocytes or lamellocytes (Trenczek, 1997). THas®llocytes have a flattened
shape and encapsulate parasite eggs and othemplaitygggens (Kim and Kim, 2005).
Hemocytes can also aggregate to form nodules tp #@alarge number of
microorganisms (Trenczek, 1997). In the mosq@tdex quinquefasciatus nodule
formation is a secondary immune response that bafpend the initial phagocytotic

response (Silva et al., 2000).

The third cellular response involves phenoloxidaserolysing phenols and the
oxidation of o-phenols to form quinones (Trencz&897). These reactive quinones
mediate protein cross-linking to form melanin. Metais formed from dopamine and
functions as a defense reaction in insects by imimoly the pathogen. It is also
required for wound healing (Russo et al., 1996Yi(Ba-Mury et al., 2000) (Kim and

Kim, 2005). This process also generates reactiygen species, which contribute to
the killing of microorganisms (Trenczek, 1997). Apdrom the phenoloxidase
pathway, melanin formation iDrosophila requires the genegale (ple) encoding

tyrosine hydroxylase an®opa decarboxylase (Ddc) encoding the enzyme Dopa
decarboxylase. The p38 MAPK pathway Dmosophila controls the expression of

Dopa decarboxylase in response to bacterial ifed¢avis et al., 2008).

Phenoloxidase is present in the hemolymph as attieazymogen. It is activated by
proteins that recognize lipopolysaccharigel-3 glucan or similar characteristic
structural molecules from pathogens (Barillas-Metal., 2000). These proteins that
activate phenoloxidase are members of a serineegget cascade (Kim and Kim,

2005). The crystal cells themselves must rupturarder to release the phenoloxidase
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products and the subsequent formation of melamnbeablocked by inhibiting RhoA

function (Bangham et al., 2006).

Two forms of hemolymph clotting have been identfi@he first involves clotting
proteins catalyzed by calcium ions, and the sewowlves a serine protease cascade
(Vilmos and Kurucz, 1998). Like the intermediategshe melanisation pathway, these
serine protease pathway intermediates are toxathier micro-organisms (Vilmos and

Kurucz, 1998).

1.5.1.3 Recognition.

The pattern recognition theory states that immuseognition relies on products
encoded by the genomes of the host and pathogeilldB&iury et al., 2000). This
means that any pathogen recognition event thattseisuan immune response would
result in an advantageous selection on the hostismge, and a selective disadvantage
on the pathogens genome. Therefore, any mechanismoid recognition would be
advantageous to the pathogen. This has resultdgkiavolution of an innate immune
system that recognizes invariant molecular corestifsi essential for the pathogens

survival, called PAMPS (Medzhitov and Janeway, 3997

1.5.1.3.1 PAMPS.

These PAMPS includg3 1-3 glucans and mannans from fungal cell walls,
lipopolysacharide from Gram-negative cell walls apeptidoglycan from Gram-
positive bacteria cell walls (Trenczek, 1997). Treeeptors that have evolved to

recognize these PAMPS are known as Pattern recmgniceptors (PRRs). These
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PRRs are ancient molecules, which are found in bettebrates and invertebrates

(Barillas-Mury et al., 2000).

Peptidoglycan recognition molecules had been ifledtin mammals as early as 1986
(Silverman et al as cited by (Yoshida et al.,, 1998)e first homologous protein
identified in insects was found in the silkwoBombyx mori (Yoshida et al., 1996).
The absence of this protein completely abolishesl dbility of peptidoglycan to
activate the phenoloxidase cascade (Yoshida et 1896). A peptidoglycan
recognition protein (PGRP) was also isolated frommothTrichoplusia ni (Kang et
al., 1998). This protein was strongly induced altacterial challenge and expression
was found to originate in the fat body (Kang et 4098). Two proteins with 43%
sequence identity td. ni PGRP were isolated from humans and mice, implyimag t
PGRP is a highly conserved ancient component ofth&te immune system (Kang et

al., 1996).

13 PGRP genes have been identifie@mosophila melanogaster. These 13 genes can
be divided into two classes based on their stractlihe first family has short
transcripts and encodes extracellular proteins,lewthe second group has long
transcripts and encodes membrane-spanning prdt€imsand Kim, 2005; Werner et
al., 2000). However, only the short extracellulaotpin has been shown to bind
peptidoglycan (Werner et al., 2000). Two isoformisPGRP-LE exist and perform
different functions. One is a short form which aand outside the cell and binds to
diaminopimelic acid type peptidoglycan (Gram neggtiand is necessary to activate
the IMD pathway (See figure 1.7) (Bangham et @0& Kim and Kim, 2005). The

long form is intracellular and recognizes small tmigylycan molecules released by
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bacteria (Bangham et al., 2006). Another PGRP reduor the activation of the Imd
pathway is the transmembrane bound PGRP-LC (Seeefit.7). The short PGRP-
SA is secreted and recognizes the Lysine type gaglitican in Gram positive

bacteria. It is then involved in the activationtbé Toll signalling pathway (Kim and
Kim, 2005). Another type of peptidoglycan servesatalytic amidase function in the
removal of peptides from glycan chains resultinghie eventual down regulation of
the immune response (Bangham et al., 2006). Thal fianction of PGRP is

demonstrated by PGRP-SB1 that can act as an awilzhqeptide by destroying

peptidoglycan (Bangham et al., 2006).

B-1, 3 glucan is a component of fungal cell walldjiles lipopolysaccharide is a
bacterial surface component making these two mtdeagood target PAMPs for the
innate immune system to recognize. Three gram iveghinding proteins (DGNBP)
have been isolated fromrosophila melanogaster, that bind to lipopolysacharide and
B-1, 3 glucan, but not to peptidoglycan (Kim and K@005; Kim et al., 2000). Over-
expression of this DGNBP greatly enhanced the iidlitg of anti-microbial
peptides (Kim et al., 2000). GNBPs are generalligC# proteins that contain a N-
terminalp-1,3 glucan binding domain and a C termipalucanase like domain (Kim

and Kim, 2005).

Otherf-1,3 glucan recognition proteifPGRP) have been found in a wide variety of
arthropods including the silkworm, cockroach araltish (Yoshida et al., 1996), The
Anopheles gambiae GNBP homolog (AgGNBP) is induced in response totdraal
and plasmodium infection (Barillas-Mury et al., B)0OThe amino acid sequence of

this AQGNBP shows 32.6% identity to the homologptstein found in the silkworm
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B. mori, as well as 34.6% identity tofHL-3 glucanase from bacterium that lyse fungi
(Dimopoulos et al., 1997). Another probaBld.-3 glucan recognition peptide, named
hemocytin was identified in the silkworf. mori. This peptide contains a lectin
domain similar to those found in mammalian manraseding peptides (Vilmos and
Kurucz, 1998). Yet another probable fungal rectgnipeptide, is a large multiple
domain protein Sp22D. It was cloned frodn. gambiae. This protein contains two
chitin-binding domains, a mucin like region, tw@dprotein receptor domains and

finally a serine protease domain (Barillas-Murykt 2000).

Despite lipopolysacharide being a major componébgoterial cell walls, it is unable
to initiate an immune response [ melanogaster. However, it does illicit immune
response gene expression in the silkworm (Tanala.,e2009) and army worrkl.
sexta (Rao and Yu, 2010). Similarly even though lipobeic acid (LTA) is a major
constituent of the cell wall of Gram-positive bacethere are only a few reports of it
being able to activate the immune system of inséB®@o and Yu, 2010). A
multifunctional PRR was identified iG. mellonella. This protein was able to bind to
lipopolysaccharides, lipoteichoic acid, and B-1gl@ean. It also functions as an
opsonin that promotes the uptake of invading migganisms into hemocytes (Kim et

al., 2010).

Thiol ester proteins (TEPs) bind to the surfacpathogens and initiate a cascade that
results in lysis or phagocytosis of pathogens. Fwoteins of this family have been
identified in Drosophila. They are secreted, have multiple splice forms arsl
upregulated via the Jak/STAT pathway during immcingllenge by bacteria (Pal and

Wu, 2009). The Drosophila homolog of the human D@yndrome cell adhesion
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molecule (Dscam) has been implicated in pathogeogration. Alternate splicing can
generate up to 18000 variations of these protektisaeellular domain. Certain of
these forms were found to birkl coli in vitro. In Drosophila, it interacts with the
adaptor Dreadlocks (Dock) and serine/threonine adligig protein Pak. Different
spliceforms of Dscam might act like mammalian immgiobulins by detecting

specific pathogenic epitopes and marking them fagocytosis (Pal and Wu, 2009).

1.5.2 Signalling pathways.

1.5.2.1 Toll signalling pathway.

The promoter regions for a number of the genesdinganti-microbial peptides, and
many of the peptides involved in immune responsarewound to contain binding
motifs that resemble those for members of the aetilfy of NF«[ transcription
factors (Goergel et al., 1993). For example the PGRm B.mori was found to
contain a NFRep like element (Yoshida et al., 1996), while proteimith structures
similar to NF«xp have been shown to be important for anti-micropigbptide gene
regulation (Trenczek, 1997). Toll is a trans-membraeceptor with luecine rich
repeats in its extra cellular region, while theantllular region is homologous to the
vertebrate interlukin 1 receptor (Levashina et99). Originally Toll was thought
only to function in development, where the toll lpaay is responsible for the
establishment of the Dorsal-Ventral polarityDn melanogaster embryos (Anderson

et al., 1985), via Dorsal (Vasselon and Detmer8220
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Figure 1.7: Insect cellular pathogen recognition pathwaysh®&gens are recognised
through PAMPS. Different pathogen recognition réceprecognize specific patterns.
The spaetzle processing enzyme cleaves and astisptetzle, which then activates
Toll. Activated Toll dimerises allowing the TIR da@mn to recruit the dMyD88
adaptor protein. This then recruits the tube pmotevhich activates Pelle. Pelle
phosphorylates cactus leading to its degradatitowiag the transcription factors dif
and dorsal to translocate to the nucleus and aetitranscription of Drosomycin,
Cecropin and Defensin. Tube can also activate J&BGIting in the expression of
wound and stress response genes. The activated gdMbway recruits the Death
Domain containing DEDD, which activates the MAP3RAK1. The IKK complex is
activated via dTAk1 and phosphorylates Relish timgeit for degradation by the
caspase DREDD. The resulting active Rel transompfactor is translocated to the
nucleus where it activates transcription of antiolital peptides such as diptericin

(Marmaras and Lampropoulou, 2009).
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The Toll pathway involves the two-rel proteins Darand Dif (Dorsal related
immune factor) (Ip et al., 1993). Toll mutationsrezdound to severely inhibit the
ability of D. melanogaster to mount an anti-fungal response, while mutationthe

Toll homologue 18-wheeler reduced the ability @f melanogaster to mount an

immune response against bacteria (Vasselon andddst2002).

Once an extra-cellular ligand binds to Toll, it sas a conformational change that
results in the receptor becoming active and theuitaecent of a second Toll molecule
to form a dimmer (See figure 1.7). This activatresults in a signalling cascade that
interrupts a protein complex of the inhibitory ot cactus with dorsal/Dif (Means et
al., 2000; Trenczek, 1997; Weber et al., 2005)sTdascade is initiated by the Toll
dimer recruiting and interacting with dMyD88 vidlall/IL-1 receptor (TIR) domain.
The N terminal Death Domain of dMyD88 then intesagith the Death Domains of
the Tube protein. Tube is in close contact withidPdle to Pelle’s association with
MyD88 via Death Domains. Tube then activates Pellbich is the Drosophila
homologue of the IL-1 receptor-associated kinas®AK) (See figure 1.7). This
results in the phosphorylation and degradationacfices, which results in the release
of Dif and Dorsal (Wang and Ligoxygakis, 2006). Balrthen translocates to the
nucleus and activates the transcription of devekagal and defence genes (Means et
al., 2000; Trenczek, 1997). This is functionallyueglent to the vertebrate NE&B-
kB complex (Levashina et al., 1999). This pathwainisated by the formation of
the ligand for Toll. The ligand is created by atpabytic cascade initiated by the
recognition of PAMPS by recognition proteins (Vdsseand Detmers, 2002). The
ligand is the cleaved form of tispaetzle gene product (Levashina et al., 1999)Din

melanogaster development Spaetzle cleavage is performed by theegse Easter,
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which is itself cleaved and activated by the pre¢esnake. However in the immune
response neither of these proteases are requirethdoactivation of the pathway
(Vasselon and Detmers, 2002). The serine protaasi®itor Spn43AC rfecrotic)

down regulates the formation of spaetzle, and aprealy the ability of the insect to
mount an immune response (Levashina et al., 1989rder to activate the serine
protease inhibitor function of Necrotic the 80-1&€ino acid long N-terminal must
be cleaved. This cleavage occurs rapidly follow@mgm-positive bacterial or fungal

infection (Pelte et al., 2006).

In order to cleave Spaetzle to activate the immapstem, the serine protease
Spaetzle processing Enzyme is required (SPE) (&arg., 2006). Flies that lack
active SPE are more sensitive to infection, andindquembryogenesis SPE is
expressed in the lymph glands and fat body, bothtoth are organs involved in the
immune response (Mulinari et al., 2006). SPE issugplied maternally but is first

expressed at early stages during embryogenesigeatig of the germ band and
dorsally in cells which will eventually form thetfaody (Mulinari et al., 2006). SPE
requires feedback from Toll in order to increasde SRnscription (Mulinari et al.,

2006).

The NF«B transcription factor Dif is involved in activagnthe transcription of
cecropin by binding to Nkf$ motifs in the promoter region of the cecropin gene
(Petersen et al., 1995), while Dif is a poor adtvaf diptericin transcription (Gross
et al.,, 1996). The requirement for multiple motifsy be due to the fact that Rel
proteins can form heterodimers, which increases dbiity of these peptides to

regulate transcription (Han and Ip, 199Byosomycin induction is mainly controlled

- 49 -



by Dif/Relish heterodimers, whiledefensin is activated by Dorsal/Relish
heterodimers Attacin can be activated by Relish homodimers, and DifgRebr

Dorsal/ Relish homodimers (Han and Ip, 1999).

1.5.2.2. Imd pathway.

A recessive immuno-deficient mutant indicated tkistence of a second regulation
pathway. InDrosophila melanogaster, individuals containing this mutation show
reduced expression of antibacterial peptides, wihiéeexpression of the anti-fungal
drosomycin is not affected (Ferrandon et al., 199&hroder, 1999). Another Rel
protein Relish was identified iD. melanogaster, which also has the ability to activate
cecropin transcription (Dushay et al., 1996). Rels under the control of the Imd
pathway (Hoffmann and Reichhart, 2002). Unlike @brand Dif, Relish contains

ankyrin repeats. These ankyrin repeats may be #ansfor the regulation of relish
activation, as no inhibitor relish complex has baimtified. Relish may also serve a
developmental function, as it is expressed in tgmyeembryo (Dushay et al., 1996).
Relish has been identified in the mosquAedes aegypti where it controls the

expression of cecropin and defensin. The mosquiisRwas activated by the taking
of blood meals (Shin et al., 2003). The proteinezbtbr by thamd gene, is a 25kDa

death domain containing peptide that shows someeseg similarity with the Tumor

Necrosis Factos. receptor interacting protein, RIP (Hoffmann andcRkeart, 2002).

The Imd pathway is initiated by the PGRPs PGRP b@a PGRP LCa (See figure

1.6). These form a homodimer of PGRP LCx to recogpiolymeric peptidoglycan or

a PGRP-LCx, LCa heterodimer to recognize monomeegjatidoglycan. The PGRP

-850 -



receptors then signal via their N-terminal domamsctivate IMD, which is a death
domain protein similar to mammalian receptor intére protein 1 (Aggarwal and
Silverman, 2008). IMD recruits the fly homolog oABD (DEDD) via its Death
Domain. FADD activates the JNK pathway via the MAPkinase dTAK1 (TGH
activated kinase 1). The length of the activatibthe JNK pathway is controlled by
the Plenty of SH3s (POSH) RING-finger ubiquitindgg, which degrades TAK1(See
figure 1.6) (Wang and Ligoxygakis, 2006). dTAklthen required for the activation
if the IKK complex, which is made up of two subwithe catalytic IKK sub unit
and the regulatory subunit Kenny or IKKOnce activated the IKK complex
phosphorylates Relish (Aggarwal and Silverman, 20@8geting it for processing by
the caspase DREDD (Wang and Ligoxygakis, 2006). éd@r ubiquitination is also
required for the activation of the IKK complex, hihis does not appear to be for
targeting the IKK complex for proteosomal degramatiOnce the IMD pathway has
been activated IMD forms a complex with dFADD anBEDD. This complex then
needs the ubiquitination enzymes bendless and dEEDdosophila homologs of
Ubcl3 and UEV1a, in order to activate the INKKK nbemdTAK1. This then results

in the phosphorylation of relish and its activat{@ee figure 1.7) (Zhou et al., 2005).

Ubiquitination is able to positively and negativegulate this pathway. The IMD
pathway is suppressed through the activity of afr &3 ubiquitin ligase. This E3
ligase seems to target relish or targets upstreamelish such as DIKK and the
caspase Dredd (Khush et al., 2002). Members odlfi€ pathway as well as proteins
involved in apoptosis signaling are involved in IM@gulation. The inhibitor of
apoptosis (IAP2) regulates a component of the JNithway. JNK signaling is

initiated by dTAK1 signaling to hemipterous, theosophila MKK7/JNKK homolog.
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Hemipterous then phosphorylatleasket (dJNK), which activate®rosophila AP-1.
JNK signaling via the Imd pathway has been linkedwound repair and stress
response (Aggarwal and Silverman, 2008). The JNKvpay is also required for a
sustained Antimicrobial response via the IMD pathwihe AP1 complex inhibits the
activity of Relish. In order to terminate JNK si¢ing Relish also seems to require the
IKK member TAK1 (Valanne et al., 2007). Pirk (paormune response upon knock
in) is a negative regulator of the Imd pathway asdinduced following Imd
activation. It down regulates the immune respongebinding to Imd via a Pirk
domain. Pirk also associates with the cytoplasmimain of PGRP-LC and blocks the
IMD signaling pathway (Kleino et al., 2008). Casj@ithe Drosophila homolog of
Fas associated factor 1 and it suppresses the athavay by preventing the cleavage

of relish to form active Rel (Kim et al., 2006).

Crosstalk between the two immune pathways occurghatlevel of the NkB
transcription factors Relish, Dif and Dorsal. Thefsctors may even form
heterodimers. This may be how the two pathways meamyetimes initiate the
expression of the same Antimicrobial peptides (Bamg et al., 2006). Another
similarity between the Toll, IMD and Phenoloxidgsghways is their requirement for
serine proteases and serine protease inhibitoss abtheAnopheles gambiae serpins
SRPN2 and SRPNG6 results in a loss of the melarsiporese to protozoan parasites

(Bangham et al., 2006).
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1.5.3 Anti-microbial peptides.

For the past 30 years researchers have beenmgpsatd characterizing a multitude of
antimicrobial peptides from a variety of plants aamdmals. In total there are about
1638 antimicrobial peptides identified to datelased from plants, vertebrates and
invertebrates. Of these peptides 1281 are baataljel83 are antifungal; 102 are anti-
viral and 100 act against cancer cells (Wang antdg/Va004). The initial interest in
antimicrobial peptides began in 1980 when cecroyas isolated from the cecropia
moth Hyalophora cecropia. This was still 50 years after the initial obsereati made

in the 1920s that insects released a bacteriobdizstance into their blood when
challenged with bacteria. Infection of insects wih microorganism elicits the
synthesis of multiple anti-microbial peptides amdteins. These peptides and proteins

are then secreted into the hemolymph (Trenczek7)199

Synthesis of these peptides normally occurs initisect’'s fat body, which is a
functional equivalent of the mammalian liver (Treek, 1997). However it has been
found that some of these peptides are expressesviedse, such as the anterior
midgut tissue (Lehane et al., 1997); barrier efigh@~errandon et al., 1998); and
from hemocytes (Trenczek, 1997) (Destoumieux ¢t18197) (Ehret-Sabatier et al.,
1996). All anti-microbial peptides from insects ise® possess the common attribute,
that they are highly basic, which facilitates theiteraction with the microbial cell
membrane (Lauth et al., 1998). All of these antnobial peptides are also
synthesised as precursor peptides that can be fiygettimes larger than the mature

peptide (Barra et al., 1998).
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Anti-microbial peptides from insects can be dividet classes based on their amino
acid sequence and structural characteristics. Télasses are

1) The linear amphipathia helix forming peptides (Bulet et al., 2004).

2) The cystine rich or cyclic anti-microbial peptides.

3) The lysozymes.

4) The proline rich peptides (Otvos, 2002)

5) The glycine rich peptides (Rees et al., 1997).

1.5.4 The cost of immunity.

Cytotoxic defence systems such as the pro-pherddsgi system may be equally
reactive to the insects own tissue, defences dagthissinclude the basal lamina and
the tight multi enzyme control of the pro-phenoltase system. However the
malphigian tubules cannot be covered by protedissie and are damaged by the
pro-phenoloxidase toxins. This results in apopt@sid the melanisation of tissues
surrounding the malphigian tubes. The final costhigd immune response is a 15%
reduction in the lifespan of the organism. The Tid€tor Eiger may be involved in

the production of the autoreactive effect on cémdd and Siva-Jothy, 2006).
Continuous activation of the immune system decre#ise insect’s ability to perform

other demanding activities. This was demonstragdgubumblebee workers, where
foraging workers were less able to mount an immresponse than non-foraging
individuals (Konig and Schmidt-Hempel, 1995). Arathstudy also using

bumblebees showed that infected workers must iserdzeir food intake in order to

support increased immune activity (Moret and Schhanpel, 2000). These studies

reinforce the necessity for a low cost immune systiglating has also been found to
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decrease the pro-phenoloxidase response Tenebrio molitor. This

iImmunosuppressive signal was the juvenile hormagch is known to reduce insect
lifespan, but is required for gametogenesis andns@@phore production. Therefore,
there is a tradeoff between reproductive abilitg #me phenoloxidase pathway, that

leads to a decreased lifespan of the organismf(Ratf Siva-Jothy, 2002).

1.6 Integrated Stress response.

No stress response pathway occurs in isolation fsthrar stress responses (See figure
1.8). Any stress from immune challenge to osmoticpbysical stress initiates a
multitude of responses that tie into each others Gives rise to an integrated stress
response which may to help the organism to cople thvé multiple symptoms that are
caused by any single stressor. For instance bakiafections seem to initiate the
transcription of detoxification enzymes that mayph® remove any endotoxins that
result from the lysis of bacteria. At the same timirobial infection leads to the
activation of the JNK and p38 pathways which lead tultitude of effects including

rapid induction of antimicrobial peptides and metgoroduction (See figure 1.8).

Physically stressingalleria mellonella larvae prior to infection, results in increased
antimicrobial peptide expression. The antimicrolpeptides that were expressed
showed no bias to target certain pathogens. Tlimsdo be a protective response
where a basal expression of a general antimicrobsggonse may prevent infection.
Physical stress may also result in the damageet@uticle which would result in the

mounting of an immune response (Mowlds et al., 2008
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Fragmented chromosomal DNA (the end-point of thep&puic response) also
stimulates the innate immune system resulting & ttAnscription of antimicrobial

peptides diptericin and attacin, which are underdbntrol of the Imd pathway. The
activation of the immune pathway by this means iregtthat there is an accumulation
of DNA that is normally processed by caspase aetvaDNase or engulfed by

nucleosomes (Mukae et al., 2002).

The integration of an organisms stress responsescéemplished by signaling
networks. The initial components of this signalmgtwork are the sensing proteins
such as those that detect nutrient availabilityhpgens, osmotic stress, heat shock,
DNA damage, protein misfolding, chemical toxins aoridative stress. These
signaling molecules then activate response elemesusietimes directly or via
signaling intermediates (Vermeulen and Loeschck@7®2 The integration of these
pathways occurs at the level of these intermedetelseffectors. This makes sense as
it allows for multiple responses to a single stoes® they can respond to the multiple

effects of the stressors.

1.7 Euoniticellus intermedius.

The Coleoptera is the largest order of living oigars; between the adults and their
larvae this order utilizes every terrestrial areshwater habitat. They vary greatly in
their diet, consuming plants and animals, as weltarion and dung (Scholtz and
Holm, 1996)Euoniticellus intermedius is a small brown beetle approximately 8-
10mm long. It is found abundantly within the grassl regions of South Africa

(Doube, 1991), as well as in tropical savanna thinout Africa (Hanski and
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Cambefort, 1991). The species can be differentiited other small dung beetles by
the light colour of their hind femur and the symnoatl dark markings on their

pronotum. Males possess a curved blunt horn (Mati@80).

Evolutionary dung beetles split into two groupgresenting different techniques to
protect the embryos from other organisiasintermedius is a tunneller. The beetle

makes tunnels beneath the dung pat and brooddrallglaced along the length of the
tunnel separated by compact soil. In drier soilldh@odballs are deposited in clumps

at the end of the tunnels (Barkhouse and Ridsilitsm986).

The nesting behavior oE. intermedius changes depending on environmental
conditions. This may be one of the factors thabant for ability to thrive throughout
Africa (Cambefort, 1991b). It builds its nests arwng depths in soil below a dung
pat. The beetle buries a large amount of dung ¢oirushe preparation of brood balls
(Cambefort and Hanski, 1991). Typically it buildgot types of nests. In the warm
summer season it builds a nest that consists obtanched galleries that are parallel
to the ground. The two branches come togetherrtn #oshort vertical shaft that leads
to the surface (Rougon and Rougon, 1991). Alongdlgalleries mounds of dung are
deposited to form sausage shaped brood “ballsthénrainy season, the soil has
higher water content, and the beetle adapts tdothlsuilding nests that contain more
highly branched galleries (Rougon and Rougon, 19@idth a single brood ball in

each branch (Rougon and Rougon, 1991).
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Immune respons-
Jak-Stat pathwa-

Detoxification system-
Metal stress systen-

Oxidative stress response proteil:l

-Protein mis-folding pathwa-
Ubiquitin -

Apoptosis pathway.

Call cycle regulation pathway-

P53 pathways-
DNA damage I:I

Messenger system-

Figure 1.8: Integration of the Stress Response pathwalsis flow diagram
illustrates theDrosophila stress response and shows the integration of iffexest
stress responses. Components are grouped by thalisgy pathway they are most

often associated with.
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For many dung beetle species there is little oppatyt for rapid development in the
larval stage due to limited resources within theolr ball. HowevelE. intermedius
has a rapid larval development and a high populagimwth rate. This makes.
intermedius is a r-selected species, displaying a high fedayndnd opportunistic
breeding (Cambefort, 1991a).. They achieve thiadgpting the coprobiontic feeding

strategy, where larvae use the microorganism ptasehe food (Cambefort, 1991b).

Adults live for about 1-2 months in the summer dgrivhich time they give rise to
about 120 offspring (Marina, 1990). The life cyade Euoniticellus intermedius is
shown in figure 1.11. The adult female beetle hagifferentiated oocytes in their
ovariole when they emerge and are only ready tootewe 4-8 days after emergence
depending on temperature. Females can produceastttieo eggs per day at 25°C and
only occurs at temperatures above 19-6°C and b8BW. Females can produce
between 75 and 127 eggs in their lifetime (Tyndaikcoe, 1978). Brood balls
contain one egg, weigh about 3g, and are burietd Ihcm below the ground surface
(Marina, 1990). These embryos develop in the brballis and hatch into larvae,
which go through three larval instar stages and ttevelop into pupae. These stages
of development have been described previously (Blui984). The immature
development stages last for about 28-40 days (Matif890). The species has a broad
climatic tolerance (Cambefort and Hanski, 1991)ulégl continue to breed through
the winter months in warmer climates (Cambefor@119), but only the larval stages
survive through winter in the cooler climates (M 1990). Due to the diet available
within the brood ball, the larval development istfawhich allows for the rapid

population growth rate (Rougon and Rougon, 1991).
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E. intermedius was introduced into Australia and the United Statlie to its
efficiency in burying and dispersing cattle dungend they have been highly
successful (Cambefort, 1991a). The beetle showghadegree of specificity for food,
as 99% of alE. intermedius are captured in traps baited with cattle dung (Qefort,

1991a).

The true dung beetles can be classified withinettiegnilies within the superfamily
Scarabaeoidea. These are the Scarabaeidae, theugidm¢ and the Aphodidae
(Cambefort and Hanski, 1991F. intermedius is a member of the Scarabaeidae
family, subfamily Coprinae, tribe oniicellini (Camtort and Hanski, 1991)
(Cambefort, 1991b) (Scholtz and Holm, 1996). Thesimdosely related model
organism toE. intermedius is the red flour beetl@ribolium castaneum, whose

genome has been sequenced (Gibbs, 2008). (See fid)c

Most studies involvinge. intermedius have focused on the beetles behaviour and
ecology. These include secondary sexual charattsrisnd the use of this beetle as
an indicator for the effect of insecticides sprgyof cattle on dung beetles. In terms
of development only a single study has been peddrmescribing the larval and
pupal stages (Blume, 1984). This study and one rothlso involved the
characterisation of the adults nesting behavioulur(®®, 1984) (Barkhouse and

Ridsill-Smith, 1986).
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Scarabaeiformia: Scarabaeidae
(Euoniticellus intermedius)
oleoptera;

Cujiformia: Tenebrodia
Neoptera——Endopterygot (Tribolium castaneum)

HymenopteraApismellifera)
Lepidoptera Bombyx mori)

ulicomorpha
Anopheles gambiae,

Insecta
Pterygota

—Hemiptera Dipter
Paleoptera

Acyrthisiphon pisum Brachycera: Muscomorpha

Drosophila melanogaster

Bombyx mori gi|74904859| Lepidoptera
Plutella xylostella gi|49532914]

Manduca sexta gi[268306468|
Spodoptera frugiperda gi[15081324|

Hister sp. gi[70909737|
Timarcha balearica gi[122049032|
T.castaneum gi|91079322|

Apis mellifera gi|328780603|
Nasonia \itripennis gi[156547881|

Lysiphlebus testaceipes gi|74829224|

Pediculus humanus corporis gi|242004652|

Hemiptera
Diaphorina citri gi|122103773| (hemimetabolou

— Drosophila melanogaster gi|21357009| Diptera
L Glossina morsitans morsitans gi|289740503|

Aedes aegypti gi|{108875516|
{ Culex quinquefasciatus gi|170028172|
Anopheles gambiae gi[150416113|
B Anopheles darlingi gi|208657563|

0.15 0.10 0.05 0.00

Figure 1.9: Phylogenetic trees showing relative locationEofintermedius to other
arthropod model organisms. (A) Depicts the accepaednomic tree of the insect
group. Orders containing model organisms are degpicthowing their relative
location toEuoniticellus intermedius. The aphid is the only model hemimetabolous
insect that has been studied thus far. (A) Alsoashthat the closest model organism
to the dung beetle is the tenebroid betidolium castaneum. Both are polyphagus
beetles, lacking a prothoracic pleuron. They thewidd into the families of
Scarabaeformia and Cujiformia. (B) Is an alignmehtribosomal protein L18a
sequences using the MUSCLE algorithm. The tree wasstructed using the
neighbour joining method. This tree confirms theskationships. The individual

orders are marked in coloured boxes.
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Figure 1.11 Life cycle ofE. intermedius. Adult female beetles are able to produce at

least two embryos per day depending on the temperathese embryos are placed
into broodballs, which are buried along tunnels thygadult beetles of both sexes
beneath the dung pat. These embryos take appr@iymatdays to develop into

larvae. The three larval stages last approximaeigeks, before forming a pupa.
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1.8.Drosophila melanogaster.

Since 1910 when Thomas Hunt Morgan usBdosophila melanogaster in
experimental studies of heredity at Columbia Ursitgr the fly has been an ideal
model organism for genetic studies in eukaryotdss Ts because they are easy to
care for, have quick generation times and a highrfdity. Despite their complexity
they have only four chromosomes that are easilyalized making genetic studies
with them easy. Finally the complete sequencintheir genome and the availability
of many techniques facilitate genetic manipulatidssophila melanogaster is also
being used as a genetic model to study many hunsmasks such as Parkinson's,
Alzheimer's, and Huntington's. This is due to thet that about 75% of all genes in
humans that cause disease have a homologous matuh firuit flies. The fly is also
being used to study stress response mechanismsasuafing and oxidative stress,

immune response, starvation, heat shock as wébkasology.

1.9. Aims of this study.

The Aims of this study were to analyse the gengesgion changes that constitute a
stress response in two separate insect speciésptdifferent stressors. Namely the
response of the fruit flyprosophila melanogaster to DNA damage and the response

of the dung beetlBuoniticellus intermedius to infection.

This study explored the impact of camptothecin oormal cells usingD.
melanogaster as a model organism. Camptothecin was selectedDag¢fadamaging
agent as its mechanism of DNA damage is well knowhhe fruit fly is well

characterised and could prove to be a useful ostudy the pathological effects of
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cancer drug treatments as well as the differennethe response of normal and
abnormal cells to camptothecin induced DNA dam&yee of the major aims of this
study was to assess the role of the fruitfly RBB®6&olog SNAMA in the response
of normal cells to DNA damage. We have investigatkdnges in the expression of
genes involved in apoptosis such Reaper, Shama and Dmp53 in wild type flies
upon camptothecin treatment. Specifically an attewgs made to establish a role if
any for the Snama protein in the regulation of D& pbéllowing DNA damage in
Drosophila melanogaster. Changes in the expression levels of these geras w
detected at the RNA level through the use of Northaots and Semiquantitative
Reverse Transcription PCR. Changes in expressioglsleof these proteins were
detected using western blots. Changes in the dverakein expression irD.
melanogaster were monitored using 2D PAGE and Mass spectrophetigmThe
effect of the drug on the reproductive ability ¢ie$ and their offspring was also

studied.

Another aim of this study was to assess the imnmdefence pathways of the dung
beetleEuoniticellus intermedius. In order to achieve this wstudied the changes in the
protein expression pattern from beetles followinggction with fungi. Specifically,
attempts were made to isolate antimicrobial peptittem immune challenge#.
intermedius. Proteins were extracted from whole beetles as \asll from the
hemolymph only. Changes in protein expression petand levels were monitored
using HPLC, 2D PAGE and mass spectrophotometry.ittsaehlly the presence of
antimicrobial peptides was monitored by performibgcterial inhibition assays.
Protein sequences obtained from mass spectrophtitomere used to design primers

and isolate the cDNA coding for these proteins gi&tit-PCR.
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2. Material and Methods

2.1 Materials.
2.1.1 Media.
Buffer Components in buffer Supplier
Apple Juice agar 1.25% sucrose
2% agar
0.025% streptomycin Sigma cat# S6501

0.25% methyl paraben
25% (v/v) Apple juice

Sigma cat# H6654

Cornmeal Molasses agar

1% sucrose
0.75% agar
5% molasses
7.5% cornmeal
2.5% yeast
0.05% methyl paraben

Sigma cat# H6654

Larval glucose agar

7.5% glucose
2.5% agar
7.5% yeast
0.15% methyl paraben
0.025% streptomycin

Sigma cat# H6654

Radial diffusion assay culture

media

3% Tryptic soy broth

Merck cat#
HG00C16.500

Underlay agar

0.03% Tryptic Soy Broth

1% agarose
0.02% Tween

Overlay agar

6% Tryptic Soy Broth
1% agarose
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2.1.2 Buffers and solutions.

Buffer

Concentration in buffer

Supplier

Extraction buffer

0.1% Trifluoroacetic acid
10 pg/ml Aproptinin

20 uM Phenylthiourea

1 uM Leupeptin

100pug/ml PMSF

Sigma cat#27242
Sigma cat#A1153
Sigma cat#P7629
Roche cat#101710
Sigma cat#P7626

Western Stripping buffer

2 % SDS
62.5 mM Tris HCL pH 6.8

100 mMB-mercaptoethanol

2D PAGE equilibration buffer |

6 M urea
2% SDS
0.375 M Tris HCL pH 8.8
20% glycerol
2% DTT

2D PAGE equilibration buffer Il

6 M urea
2% SDS
0.375 M Tris HCL pH 8.8
20% Glycerol

2.5% iodoacetamide

2D PAGE rehydration buffer

8 M urea
2% CHAPS
50 mM DTT
0.2% Bio-lyte

0.5 % Bromophenol blue

Sigma cat# C3023

Bio Rad cat#
1632094

RIPA buffer

1% Nonidet p-40
0.1 % SDS
0.5% Sodium deoxycholate

made up to volume with PBS

UJ

Tris tricine Anode buffer (10x) pH 8.9

1M Tris

0.225 M HCI
Tris Tricine Cathode buffer (10X) pH | 1 M Tris
8.25 1 M Tricine
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1% SDS

Tris Tricine Gel Buffer (3X) pH 8.45

3 M Tris
1 MHCL
0.3% SDS

Camptothecin

50 mM In DMSO

Sigma cat# C991,

Methyl Pyruvate

90% Meythyl pyruvate

Aldrich cat#371173

Staurosporine

2mg/ml in DMSO

Sigma cat# S440

Drosophila Embryo Nuclear Protein

Extraction Buffer |

1mMDTT
0.1 mM EDTA

15 mM HEPES-KOH, pH 7.6

10 mM KCI

5 mM MgCh

100 pg/mi
Phenylmethylsulfonyl
Fluoride (PMSF)

2 ug/ml Aprotinin

0.5 mM EGTA

50 ng/ml Leupeptin
0.35 M Sucrose

O

Drosophila Embryo Nuclear Protein

Extraction Buffer Il

1 mMDTT

50 ug/ml Leupeptin

0.1 mM EDTA

15 mM HEPESKOH, pH 7.6
10 mM KCI

5 mM MgCh

0.8 M Sucrose

2 ug/ml Aprotinin

0.5 mM EGTA

100 pg/ml PMSF
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2.1.3 Stains.

Stain

Concentration

Supplier

Shevchenko, (1996) Silver stain

Fixative

Wash

Sensitisation solution

Silver nitrate solution
Developer

Destain

50% Methanol
5% Acetic acid

50 % Methanol

0.02% Sodium thiosulphate
pentahydrate

0.1% Ag(NQ).

0.1% Formaldehyde
2% Sodium carbonate

10% Nitric acid

Conventional silver stain
Fix

Wash

Sensitiser
Silver Stain
Wash

Developer

45% Methanol

12% Acetic acid

5% Methanol

7% Acetic acid

10% Glutaraldehyde
0.2% Silver nitrate
10% Sodium carbonate
2% Sodium Carbonate
0,01% Formaldehyde

Radial Diffusion assay destain

2% DMSO
20% Acetic acid

Radial diffusion assay stain

27% Methanol
15% Formaldehyde
0.002% Coomasie Blue

Acridine orange

Acridine orange 5ug/mlin 0.1 M
sodium phosphate buffer

Equal volume of Heptane

Sigma cat#A-6014
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2.1.4 Living organisms.

Euoniticellus intermedius

Prof Marcus Byrne of the school of Animal Plantsl an
Environmental Sciences at the University of the

Witwatersrand

Drosophila melanogaster
Wild type Canton S

vl W1118. 053 5A-1-4

3.3kb deletion in p53 gene. Obtained from Bloonmgt
Drosophila Stock Center at Indiana University

Escherichia coli

Microccocus luteus

Beauveria bassiana

Prof Jean-Marc Reichhart of the Institut de Biadog

Moléculaire et Cellulaire, Strasbourg, France

Bacillus subtilus

Serratia marcesans

Ms Monika Mathies of the School of Molecular anelIC

Biology at the University of the Witwatersrand

Morganella morganii,

Candida albicans

Saphalycoccus aureus

Department of Microbiology from the Medical schabithe
University of the Witwatersrand

2.1.5 Primers.

Primer name

Sequence 52 3'

Shama primers

DWNN forward

TTCATATGGATCCATGTCGGTACACTAT

Ringfingertail

CGAACAAAGCTTCTCCTTGCAATCG

DWNN1 GCATGCATGTCGGTACACTAT
DWNN2 AAGCTTGGCGATGGGGATGCG
DWNN3 AAGCTTCTACTTCTTTGATTT

Real timeSnama forward

ATGCGGCTGAGAACGAATC

Real timeSnama Reverse

TCACTATCCTCTGACTCCAATAAG

Snama probe NED

CCTTTTGTGACGACTGTGTGCGAACCTC

Dmp53 primers

Drosp53 for

TAGCCGGAATTCATGTATATATCACAGCCAATG

Drosp53 rev

CCAGATGAGCTCTCATGGCAGCTCGTA

Real time Dmp53 forward

CATTCAGATCCAGGCGAACAC

Real Time dmp53 reverse

GGCGGCTCATCCAGAACC
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Reaper for

AAACCAGAATTCATGGCAGTGGCATTCTAC

Reaper rev

TTACTCGAGCTCTCATTGCGATGGCTTGCG

RP49 primers

Realtime rp49forward

CCAGTGGGATCGATATG

Realtimerp49reverse

CCAGGAACTTCTTGAATCC

RP49 probe VIC

ACAACAGAGTGCGTCGCCGCTTC

M13 promoter primers

M13 Forward

GTTTTCCCAGTCACGAC

M13 Reverse

CAGGAAACAGCTATGAC

Primers based upon peptide sequences obtainedM®inDI-TOF analysis ofE. intermedius

proteome

2102a ACTGGTGGTATGAATGCTGACGGT
2203a ACTAGCTATCCAGGTAATTTGCCA
3004a TTGGACGCTTTGGGTCAGGAATGT
3304a GTTGTTTTGACTGCTGCTCATGCT
4001a GAAGCTAGCACTTTGGCTGAATTT
4002a GTTAGCAGCGCTACTTTTGTTAAA
5102Ua TTGTATACTGCTGAACAGTTGGAA
5102Fa GGTTTGACTCCAGAACAGTTGGAA
5310a TATGCTCCAGGTGGTGTTGCTAGC
6005a TTGAGCCAGTTTGACGACGACGTT
6203a AGCCAGACTTTGGAAACTTTGGCT
7106a AGCTTGTTGGACAGCTATCCAACT
7301a GCTAGCGTTTTGAATGCTGACACT

2.1.6 Antibodies.

Anti-Snama raised in Rabbits

The Anti-Snama wasdpeed in Rabbits by Profess
Theresa Coetzer of the School of Biochemistry, @es

or

11°}

and Microbiology at the University of KwaZulu Natasing
heterologous protein produced by Mr Brent Oosthy3ére
antibody was then purified by Mr Brent Oosthuysen

Anti Drosophila p53 Santa Cruz Biotechnologies cat#Dd21

Anti actin Santa Cruz Biotechnologies cat#C-11
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2.2 Methods.

2.2.1 Organism maintenance and challenging.

2.2.1.1 Beetle maintenance.

Beetles were bred in 160 mm x130 mm x 130 mm @astintainers that were
halfway filled with soil. Cow dung was placed oretkoil and single or multiple
breeding pairs of beetles (1 male and 1 femalek vpdsiced within the containers.
Every 3-4 days, fresh cow dung was placed withendbntainer and once a week the
containers were sieved and any broodballs were vedolf the breeding pair

survived they were placed in a new container wiglsti soil and dung.

Collected broodballs were placed in a large 4008200 mm plastic container and
these were covered with compacted soil. A wet spamgs then placed on the soil to
keep it moist. Once beetles began to emerge shaalipdishes filed with dung were
used as traps to capture them. These were usedewasbreeding pairs or in

experimental work.

2.2.1.2 Fly maintenance.

All flies were reared at 25°C on standard cornnaggr food plus yeas€Canton-S

was used as the wild-type strain in all experimentark. The mutant fly line ¥
1118 A-1-4 . .

witid p53 was used to determine the effect camptothecirohgob3 null mutant

flies. These flies contain a 3.3kb deletion in g&Be.
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2.2.1.3 Pathogens and Toxins.

2.2.1.3.1 Bacterial pathogens.

All species of bacteria were maintained on LB ggates containing no antibiotics.
Bacterial cultures oM. luteus and E. coli were prepared by inoculating 2ml of LB
broth and growing the culture until the culturegyAere equal to 0.6. Beetles were
then immobilised using CQand as many mites as possible were removed @asing
heated inoculation loop. A steel needle was theatdaeover a flame and this was
used to pierce the beetle’s exoskeleton just betliadsecond leg. A 25 ul Hamilton
syringe was used to inject some of the bacterigbansion into the hole created by
the needle. The beetles were then moved to a sutbstiabitat after infection to
decrease the chance of any other pathogen thapmgasnt in the soil or dung from
infecting the beetle. The beetles were left ovdrnig order to mount an immune

response.

2.2.1.3.2 Fungal pathogens

Beauveria bassiana cultures were initiated by cutting a fungal plug ofithe original
plate and placing them onto a fresh malt agar pEte fungus was allowed to grow
until it covered the plateB. bassiana fungal spores were collected by adding sterile
de-ionised water to the malt agar plate contaitirggfungal lawn. The spores were
then suspended by rapid agitation with a steribgidp. This suspension was filtered
through sterile glass wool, and collected in ailstetube. Spore number was

determined using a haemocytometer, and diluted xtb0’2spores/ml using 50%
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glycerol. This spore suspension was used to intedtash malt agar plates for the

purpose of infection and antimicrobial assays.

2.2.1.3.3 Beetle infection.

Beetles were placed on a fungal plate in the foanudill beetle per 6.36 émf plate
area. The plate containing the beetles was shakeh minutes and then the beetles
were removed and placed on a fresh malt agar pladeleft overnight to mount an
immune response. To enhance infection during tfesqaure a spore suspension of
1000000 spores/ml was sprayed onto the beetleslamgl using a spray bottle with

the nozzle set to produce a fine spray.

Control beetles were not infected with any pathogeowever for the bacterial
infections a hole was still punched in the beetkXsskeleton, but no bacteria were
introduced. For the fungal infection, beetles welneken on an empty plate with no
fungus present. Beetles were transferred to an\emptplate and left in a dark

container overnight at 96.

2.2.1.3.4 Camptothecin and methyl pyruvate exposuref flies.

Camptothecin was used to treat Canton S as weglbasnutant flies. They were fed
camptothecin at a concentration of 1 mM by mixingto yeast blobs. 0.5 ml of yeast
paste was measured using a syringe and place@ it containing cornmeal agar.
To this 10ul of 50 mM camptothecin was added and stirred ihéoyeast. A negative

control was created by adding nothing to the yeaatthird separate vial. This same
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procedure was followed when the flies were exposednethyl pyruvate at a

concentration of 10%.

2.2.1.4 Mating of flies exposed to camptothecin.

To investigate the effect of camptothecin on th@aductive biology of flies, mating

experiments were set up by mating five virgin feenflies with a single male of a
similar age. The flies were placed in duplicatdsseccording to the combinations of
camptothecin treatment and sex. Flies were giveod foreated with 1 mM

camptothecin or with DMSO for two days and then oeed to new vials containing
untreated food. They were then mated in the folhgwgroups. Untreated females
with untreated males; treated females with untckat@les; untreated females with
treated males; treated females with treated mBIBESO fed females with DMSO fed

males; DMSO fed females with untreated males; atgck females with DMSO fed
males; DMSO fed females with camptothecin fed matesnptothecin fed females

with DMSO fed males.

The number of embryos present on the feeding platese then counted every 24
hours starting from the time that the flies werstfmated and transferred to untreated
food. Embryos from day one were then transferrecbtomeal media and the number
of pupae developing from the embryos was countegledisas the number of adults to
finally emerge. Successful development was thésulzded in terms of percentage of
embryos that reached the pupal stage and the pegeerof embryos to reach
adulthood. Mating experiments were then repeatetldimg samples treated with
methyl pyruvate and camptothecin and methyl pymrivaihis was done to see if

providing the flies with the end product of glycsiy would prevent the reproduction
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anomalies that were observed. In total this watpeed to give a sample size of six
biological replicates for each sample. These rafd&E were then used to obtain the
mean standard deviation and standard error valoesthe number of embryos

produced and the number of embryos that reacheadihié and pupal stages.

Finally these experiments were repeated with fireg lackDmp53 altogether. The
mutant line ¥y w'*'® p53°***4 contains a 3.3 kb deletion in tienp53 gene. These
flies were exposed to camptothecin in order to bdista whether the phenotypic
responses were related to the presence of Dmp&&eTéxposures were repeated to

give a sample size of three biological replicates.

In order to test for significant differences in thember of embryos produced or the
percentage of embryos that survived to adulthoddjlkey’s test was performed in

conjunction with a one way ANOVA and a studenttesit.

2.2.1.5 Validation ofdmp53 double mutants.
The presence or absence Bmp53 in the mutant line y w''® p53*414 was
confirmed through the use Dimp53 specific primers.

PCR was then performed as follows.

DNA sample 400 ng
Primers 0.3 uM
10X PCR buffer with 15 mM MgGl 1X

dNTP mix 2.5 mM
Expand High Fidelity enzyme mix 0.1 U/ul
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The cycle conditions were: denaturation at 94°C3foseconds, annealing at 60°C for

30 seconds and extension at 68°C for 1 minute 8ve@ycles.

2.2.1.6 Mortality assays.

The mortality rates of untreated flies and fliesp@sed to camptothecin were
observed. One hundred newly eclosed males and wmdrdd newly eclosed females
were exposed to camptothecin. Another two hundlied fvere left untreated. The
mortality rate was observed, recorded and thewlataused to perform a Kaplan Mier

survivability plot.

2.2.2 Genomic DNA preparation.

Genomic DNA was prepared using a protocol basedhenmethod described by
Bender (1983). Flies were collected and homogerniis@@0pnl grinding buffer. After

a 30 minute incubation at 70, 35ul of 8 M KOAc was added and incubated on ice
for 30 minutes to pellet the cellular debris andtgin. The DNA was the precipitated

with isopropanol and washed with 70% ethanol belb@ieg resuspended.

2.2.3 Topoisomerase | assay.

2.2.3.1 Preparation of cytoplasmic and nuclear prain extracts from Drosophila

embryos.

Wild type flies were exposed to 1 mM camptotheeid ambryos were collected and

dechorionated in 5% bleach. They were then homagdnn nuclear protein buffer 1
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with inhibitors and centrifuged at 7,700 X g for dbn at 4°C to pellet the yolk and
nuclei. The supernatant containing the cytoplasemitact was removed and stored.
The top white layer of the pellet containing theleuwas removed and homogenized
in nuclear extract buffer | with protease inhibgohis homogenate was then layered
onto nuclear extraction buffer Il and centrifugedLg810 X g for 30 min at 4°C. The

pellet was then resuspended in Topoisomerase buffer

2.2.3.2 Assay for topoisomerase | activity.

The presence or activity of topoisomerase | ingh@ein extracts was tested for by
determining the ability of the extracts to altee ttopology of supercoiled plasmid
DNA. The assay was performed with 21§ of supercoiled pUC18 DNA incubated
with 5 ul of purified nuclear or cytoplasmic embryo protegxtracts. This was
replaced by water in the negative control. Thetreaavas performed using 1X Topo

| Reaction Buffer with the final volume being 50dlhe reaction was incubated at
30°C for 30 min and stopped via the addition ofpStolution. Five biological
replicates were performed and the results of tlsayasvere analysed using a chi
squared distribution with the expected number ofdsaversus the observed number

of bands for each of the treatments.

2.2.4 Acridine orange staining.

To demonstrate the occurrence of apoptosis, embmgre stained with acridine
orange as described by (Abramtsal., 1993). Briefly, embryos were collected from
apple juice agar plates and dechorionated in bléacl2 minutes. They were then

placed in an equal volume of heptane andgfml acridine orange (Sigma cat#A-
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6014) in a 0.1 M sodium phosphate buffer, pH 7.2 (M NaHPQO,, 0.2 M
NaHPO;). The staining reaction was left to proceed fombutes with shaking.
Embryos at the interphase between the stain andmemvere removed and placed on
a cavity slide containing halocarbon oil. The didevere then viewed and
photographed using the Axioskopmot 2 fluorescencerascope. Five biological
replicates were performed for each sample with tinenber of embryos with
abnormal levels of apoptosis being counted. Thensiez these numbers were
compared between the treatments using a Tukeyéetrmed in conjunction with

a one way ANOVA.

2.2.5 Protein extraction.

Proteins were extracted froB. melanogaster in one of two ways depending on the
intended use for the sample. For western blotss fivere homogenised in 5 X SDS-
PAGE sample buffer in a ratio of 10 flies per 500fikample buffer. Samples were
then centrifuged at 13000 x g for 30 minutes ardstipernatant was moved to a fresh
tube. Samples for 2D PAGE were prepared by homageniflies in RIPA buffer

containing protease inhibitors.

Before the extraction of protein from the beettbgsjr sex was recorded and the males
were checked for nematode parasites. The beetlesk¥ed and placed into a mortar
and ground under liquid nitrogen. The ground beetlere then transferred to a tube
and peptide extraction buffer was added in theorafi 1ml per 2 beetles. The
extraction buffer was based on acidic extractiod eantained 0.1% trifluoroacetic

acid to obtain the necessary pH of 3. It also doeth1Qug/ml aprotinin and 1M

phenylmethylsulfonyl fluoride as protease inhibstolLastly it contained 2QuM
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phenylthiourea to prevent melinisation by sequesiethe copper ions needed for the
catalytic activity of tyrosinase, which is the magnzyme involved in the formation

of melanin (Nappi, 2005). The tube containing theugd beetles in extraction buffer
was placed on a suspension mixer for 30 minutd®Catlt was then spun at 13000 x g

for 30 minutes at%. The supernatant was collected and placed inwatuige.

The peptide concentration was established usingBttaeiford method (Bradford,
1976). A standard curve was constructed usingll6f a range of standard bovine

serum albumin concentrations, and 1ml of Bio-Rael iidagent.

2.2.5.2 Collection and preparation of hemolymph sapies.

Hemolymph was extracted from beetles before andr dfingal infection. The
exoskeleton of the beetle was pierced using a tieategsten spike. A 1Qul

microsyringe was then used to withdraw betweend5ud of hemolymph from each
beetle. The extracted hemolymph was diluted 1:éxtraction buffer. The protein
concentration was measured by the Bradford mettgid-Rad cat# 500-0001)

(Bradford, 1976).

2.2.6. Protein purification.

2.2.6.1 High Salt Cation exchange column.

The cation exchange matrix consisting of a metHatrypolymer containing sulfonate
functional groups was packed into the 0.5 mm diameblumns, to produce a 1ml

void volume column. The column was connected temstaltic pump and the flow
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rate was adjusted to 1mil/min. The crude proteimaexs were added to the column
and pumped through. One void volume of 0.05 % doifbacetic acid was then added
to the column. The flow through from both thesetielu steps was collected, and
combined. In order to further separate the sanmptedifferent fractions, 0.1 mM Tris

pH 7.0 buffer was pumped through the column. The lpH of the 0.05%

Trifluoroacetic means that proteins with a pH geedhan 3 would remain positively
charged and bound to the column. The tris buffenld/elute all those proteins with a

pl greater than 7.0.

Finally 1 M NaCl was added to the column to elutealee proteins still bound to the
column. This sample was expected to contain mogtte@fntimicrobial peptides and

the majority of this sample was then applied todh® columns.

2.2.6.2 C18 Sep pak vac column.

The C18 columns were 0.8 ml void volume columnsnfi@/aters. The purification
procedure involved the use of three different catregions of acetonitrile in 0.05%
trifluoroacetic acid. These concentrations were 8%% and finally 80% acetonitrile.
The columns were activated using methanol and vdashth two void columns of
0.05 % trifluoroacetic acid. Following the additiof the sample to the column, 1
void of 0.05% trifluoroacetic acid was added to tbumn and the flow through was
captured. This was followed by the serial additbdthe various acetonitrile solutions
in increasing order. Solutions were pumped thrailghcolumn using a 20ml syringe
inserted into the top of a tube leading througlulaber stopper, which was inserted

into the top of the ¢18 column.
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2.2.6.3 Cleaning and concentration of samples.

Acetonitrile was then removed from the samples kyosing them to a stream of
nitrogen gas for approximately 30 minutes. Samplere then lyophilized in a freeze

dryer to concentrate the samples.

2.2.6.4 Molecular weight cut off purification.

Samples were further purified and concentratedguaistirred cell concentrator with a
10kDa molecular weight cut off membrane. A nitroggs pressure of 200 kPa was
used to drive the cell. The stirred cell was optadccording to the manufacturers
instructions. This would result in all the protesmmaller than 10 kDa being pushed

through the membrane and being collected in the.tub

2.2.6.5 Reverse phase HPLC.

HPLC was performed on a Shimadzu VP series macHihe.run consisted of an
initial 5 minutes with no acetonitrile following sgle loading. The acetonitrile
gradient was increased at a constant rate of 2el%mmute such that 30 minutes into
the run the acetonitrile concentration was 60 %s fercentage concentration was
kept constant for five minutes and then decreasdi¥4 over 5 minutes at a constant
rate of 12% decrease per minute. The entire leafjthhe run was 40 minutes. The
eluant was collected in separate tubes at 1mlye per minute. At the end of the
HPLC run there were 40 samples each named withffix slescribing the minute

when the sample eluted.
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Figure 2.1 Acetonitrile gradient for Reverse Phase HPLC. Taeetonitrile
concentration profile of the 40-minute HPLC runiBdhe initial 5 minutes with 0%
acetonitrile concentration. The acetonitrile concaion was then increased at a
constant rate of 2.4% per minute. At 30 minutesatetonitrile concentration was 60
%. This percentage concentration was kept condiantfive minutes and then

decreased to 0% over 5 minutes at a constant fa@% decrease per minute.
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2.2.6.6 Peptide concentration.

The concentration of the peptide samples was detethusing the Bradford method
and a UV VIS spectrophotometer. The final standamye covered the peptide range
of 0.2 mg/ml to 2 mg/ml and involved an assay vauoh 1ml. Seven separate assays
were performed and these were used to calculatente absorbance readings as
well as standard deviation and error readings. @hesues were then used to

construct the final standard curve.

2.2.7 SDS--PAGE analysis.

2.2.7.1 Size estimation and banding pattern.

In order to identify changes in the peptide sampliféering in the stage of
purification as well as in inhibitory ability, theamples were electrophoresed on 12,
15 and 20% SDS polyacrylamide gels (Laemmli, 19P@tein bands were visualised
by staining the gels with coomasie or silver. Tledsgvere scanned on the GS800
densitometer and the banding patterns were analysiad the quantity one software.
This software was also used to determine the mtaeaweight of the different bands

located on the gels.

2.2.7.2 Tris Tricine SDS-PAGE.

To improve the resolution of SDS-PAGE and 2D PAGEHs Tricine gels were run
according to (Schagger et al 1987) with some dltera (Schagger 2006). The
separating gels were 16% gels with a 4% stackihgTdee gels were run using at a

constant power of 10 watts (100mAmp and 100V).
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Figure 2.2: Standard curve for protein concentration detertronausing the

Bradford assay. The standard curve for protein eotmation determination consisted
of 10 replicates. The mean values were enteredtireacspectrophotometer and this
was used as the actual curve. The curves equatigiven as y = 0.2956x - 0.00004

and an R= 0.9994.
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2.2.8 Western blotting.

Proteins samples were separated by SDS-PAGE amsféreed using Towbin buffer
to a Hybond-— P: PVDF membrane (Amersham Biosci€bai#1487) in a Hoefer
mini VE blotting cassette (Amersham Bioscience ¢it#80-6418-96). Non-specific
binding was prevented by blocking in SuperBlock™y Blend Blocking buffer
(Pierce cat #37545). The blot was probed with eigh#:5000 dilution of anti-Dmp53
(Santa Cruz Biotechnology p53 d-200, 20§ml) for 1 hour or a 1:5 000 dilution of
anti-Snama antibodies. The p53 (d-200) antibody igabbit polyclonal antibody
raised against amino acids 186-385 of p53odsophila melanogaster origin. The
anti- Snama antibody is a chicken polyclonal antibodgadiagainst the DCM region
of heterologously expressed denatured Snama. A guigtlonal anti-actin (C-11)
IgG (200 pg/ml) raised against the C-terminus ofifhof human origin was used as
an internal controlfFollowing two ten minute washes PBS-Tween, the ntangwas
incubated for an hour in a 1:10000 dilution of amti-ghicken IgG peroxidise
conjugate produced in rabbit (Sigma Aldrich cat#AS8) to detect anti-p53. In order
to detect anti-Snama, the membrane was incubateahftiour in a 1:10000 dilution
of an anti-rabbit IgG peroxidise conjugate produgegoats (Sigma Aldrich cat# A
0545), while the anti actin was detected by incugathe membrane for an hour in a
1:5000 dilution of anti-goat IgG peroxidise conjtegaproduced in rabbits (Pierce
biotechnology cat# 31402). The secondary antibodiese removed and the

membrane was washed 6 times 10 minutes each wBhTRE&en.

The blot was stripped according to the manufactirarstructions. It was then

blocked once again and probed with the alternatagmy antibody. The specifically
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bound probe was detected using the SuperSigkést Pico chemiluminescent

substrate (Pierce Cat# 37077) as per manufactunstslictions.

2.2.9 TCA precipitation.

Before peptide or protein samples could be analysaty 2D PAGE, they had to be
precipitated with trichloroacetic acid to removentaminants. An equal volume of
20% TCA was added to the protein sample. This Wweas incubated for 30 min on ice
and spun down at 13009 for 15 minutes at 4 degfidespellet was washed with ice-

cold acetone. The pellet was then air dried andsgeEnded in Rehydration buffer.

2.2.10 Two-dimensional gel electrophoresand Mass spectrophotometry.

2.2.10.1 Two-dimensional gel electrophoresis.

In order to further separate and isolate individpabteins of interest for mass
spectrophotometry, differently treated samples wereon a 2D PAGE gel. The first
dimension was performed on IPG strips for use Pratean IEF system. Five flies
were ground in RIPA buffer and large debris wasleded by centrifugation and
protein concentration was determined using the fBrddassay (Bio-Rad cat# 500-
0001). Equal amounts of each sample were purifiedl @ncentrated using a 2D
PAGE sample preparation kit (Bio Rad cat# 163-2180hrough TCA precipitation.

The resulting pellet was re-suspended in 125 @fre-hydration buffer (8M urea,
2% CHAPS, 50 mM DTT, 0.2% Bio-lyte, 0.5 % Bromopbkhlue). The IEF strips

(Bio-Rad cat# 1632099) were placed face down iht sample and covered with

mineral oil and passive re-hydration was alloweddtour for 12 hours. The strips
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were then moved to a focusing tray where isoeledimcusing was performed
according to the following program: An initial lowoltage (250V) 20 minute linear
ramping step, followed by a high voltage (4000Vh@ur linear ramping step. The
final step was a rapid ramping step for 10000 Wolirs (vh). Hemolymph protein
extracts and whole beetle extracts were preparethansame fashion. Isoelectric
focusing was performed with the program being afteior whole beetle extracts to
include a second 500v 30-minute low voltage lineanping step. Three biological
replicates were performed for both the fly whol®tpm extracts and the beetle

hemolymph extracts.

Once isolelectric focusing was complete the strgs wemoved from the focusing tray
and placed in a new re-hydration tray where it s@sered with equilibration solution
1 (6 M urea, 2% SDS, 0.375 M Tris HCI pH 8.8, 20%cgrol, 2% DTT). After
equilibration for 10 minutes, solution 1 was repldavith equilibration solution 2 (6
M urea, 2% SDS, 0.375 M Tris HCI pH 8.8, 20% Glyte?.5% iodoacetamide) for a
further 10 minutes. The strips were then brieflggeld in SDS running buffer and then
placed on top of a 12% polyacrylamide separatirig Geey were then subjected to

electrophoresis for 2 hours at 150 volts and stawigh Coomasie blue.

2.2.10.2 Image Analysis.

The gels were digitised using a PDQuest 2-D Anal$siftware Version 6.2 (Bio Rad
cat#170-9630). Spot detection was carried out &ithensitivity setting of 112.21
using the camptothecin treated and fungal infecgjels as the master gelsSpots

were initially matched using the programs automateching function. Extended

matching was then performed using the classicalcimvag function. Both these
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methods involve matching spots based on the pasifidandmark spots. Manual spot

matching and analysis was then performed acrosgelsemages.

Normalization was performed automatically by thegsam, based on the total
quantity in all valid spots option. This method wsgs that changes in density
average out across the gels being analysed.

Briefly the normalisation formula used is as follow

Rampos quantity x Scaling factor

Normalised spot quantity= Normalisation factor &taguantity in all valid spots)

The scaling factor used was®Jgarts per million.
The density values obtained for each of the thietdical replicates were used to

calculate the mean OD as well as the standard w@viand error for each spot.

2.2.10.3 MALDI-TOF Mass Spectrometry.

All mass spectroscopy analysis was performed aPthteforme Protéomique of the
Institut de Biologie Moléculaire et Cellulaire intr&hbourg. Selected spots were
manually excised from the gels and placed in a 6&ti@acid solution. After tryptic
in-gel digestion following the method of Rabilloedl al, the proteins were analysed
by matrix laser desorption-time-of-flight (MALDI-TE) and mass spectroscopy.
NanoLC-MS/MS analysis of the digested protewass performed using a CapLC
capillary LC system (Waters, Altrincham, UKpupled to a hybrid quadrupole
orthogonal acceleration time-of-fligttndem mass spectrometer (Q-TOF Micro,
Waters). The sample (3BL) was first concentrated and cleaned in a C18VRRa@p
precolumn cartridg€LC Packings) and then separated on-line by thdytce

reversed-phase capillargolumn (Pepmap C18, 75 um i.d., 15 cm length; LC
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Packingsunder a 200 pL mih flow rate. The gradient profile used consistedaof
lineargradient from 97% A (97.9% 1@; 2% ACN, 0.1% [v/v] HCOOH) to 95% B
(98% ACN, 1.9% HO, 0.1%[v/v] HCOOH) in 45 min followed by a linear gradien

to 95%B in 3 min.

The spray system (liquid junctiomlas used at 3.6 kV. Mass data acquisitions were
piloted by MassLynx 4.8oftware (WatersNanoLC-MS/MS data were collected by
data-dependent scannirnbat is, automated MS to MS/MS switching. Fragmioma
was performed using argon as the collision gaswaitid a collision energy profile
optimised for various mass ranges of ion precurgarsr ion precursors were allowed
to be fragmented at a time. Mass data collectethglla NanoLC-MS/MS analysis
were processed and then submitteddéonovo sequencing. Fragmentation spectra
were loaded onto the Peptide Sequencing softwareLyBx, Waters)and the

sequences were processed manually before beingttedhtm database searches.

2.2.10.4 Statistical and Bioinformatic analysis gbrotein sequencing data.

For the 2D PAGE analysis of flies exposed to cammgimin the peptides were
identified using the MASCOT program based on thessnaeptide fingerprint

obtained for the tryptic digest of the peptidesrki?es et al., 1999).

The peptide fragments obtained from the MS/MS aslgf the fungal infected and
uninfectedEuoniticellus intermedius proteins were assigned an identity in using three
different database searches. Firstly a MASCOT &earas performed to obtain a

probability based identification of the protein edson the sequences obtained.
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Secondly a BLAST search was performed using the N@Rabases in order to
identify proteins that contained similar sequenteghose identified by MS/MS.
Finally BLAST searches were carried out using tidab genome base database

consisting of EST sequences of the adult transonpt

Proteins were organised into functional classes\gqusiene ontology based on
biological processes. Functional enrichment watop®aed using a Fisher's exact test,
with the sum of the mean OD values for each funeticlass being compared to the
total OD for all proteins detected in both the céotipecin treated and untreated
group. Increases in the expression of individugbtides was analysed using a

student’s two sided T- test as well as an F- te#ieequality of two variances.

2.2.11 GST assay.

An enzyme assay of one of the identified proteias werformed in order to confirm
that the changes in the optical density values robdgein the 2D PAGE gels, did
reflect real changes in protein amount and theeefactivity. A Glutathione S
Transferase assay was chosen as it is a low esstafd well established assay. The
assay was performed as per the method of (Halay,et974). The basis of the assay
is the conjugation of reduced glutathione to 1-@hl@,4-dinitrobenzene (CDNB)
which produces a dinitrophenyl thioether which bardetected by spectrophotometer
at 340 nm. Therefore increased GST activity leadsntincrease in the absorbance at

340nm.

Glutathione —SH + CDNB -> Glutathione —S-CDNB
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In order to determine the activity of the GST tlapse of the linear region of the
curves were determined using the following equation

A340 (Time 2) — A340 (Time 1)
DA340 = Time 2 (min) — Time 1 (min)

One unit of enzyme will conjugate 10.0 nmol of CDNW&h reduced glutathione per
minute. GS-DNB extinction coefficient at 340 nm @6 uM-1 cm-1.

340 min-1 x 0.3 mL Reaction Volume
GST activitypmol/min/mL = 0.009:mol-1 cm-1 x 1000 mL x 1 cm x0.01ml.

Six biological replicates were performed and thesee used to obtain a mean value

for the GST activity as well as standard deviagod standard error values.

2.2.12 Inhibition assays.

2.2.12.1 Solid and liquid media inhibition assays.

Inhibition assays were performed usiBgcoli, to represent Gram negative bacteria
and M luteus to represent Gram positive bacteria. Fungal gghs used in the

inhibition assays werB. bassiana andS. cerevisae.

Both solid inhibitions on agar plates as well agiild inhibitions in multiwell plates
were performed. The solid media inhibitions wersdahon the addition of 10Q of
peptide to filter paper discs that were placed giabes that had been streaked with
bacteria. The diameter of any clearings and thektigiss of the agar were recorded for
the calculation of the MIC at a later stage. THyedogical replicates were performed
for each set of samples against each micro-organi$ns was used to obtain the

means, standard deviation and standard error védudise diameter of the clearings.
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Liquid assays were based ogpfAreadings of inoculated LB media with and without
the addition of 100g of peptide samples. The effect of the peptidehengrowth of
the bacteria was determined using the followingniaia (Barbault et al., 2003).

_séx (test well) — Ags (medium)

s& (well without peptide) — Ays (medium) X 100
Cultures were also spread plated on LB plates hadtcolonies on these plates were
counted, and compared with each other using thewaig formula.

Colony countdttplate
Colony count tohplate X100
Three biological and three technical replicates ewperformed for each sample

against each of the pathogens. The technical egpBowvere used to generate a mean
for each sample. These means were then used toagieiaemean for all the biological
replicate values. These values were also usediergie standard deviation as well as

standard error values.

2.2.12.2 Radial diffusion assays.

Radial diffusion assays were based on the techrofueher et al 1991. Briefly 50ml

Tryptic Soy Broth cultures ofE.coli or M luteus were grown for approximately 18
hours at 37 C. 50 pl of this culture was used to inoculateesti 50ml Soy broth

culture, which was grown for a further 3 hours @t 8. The culture was then spun
down and washed and then resuspended in cold 1@@dMm phosphate buffer. The
optical density was then measured at 620 nm, aisdwhs used to calculate the
volume of culture that would contain 4¥16olony forming units per ml using the

following formula.
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0.20.Dg20 = 5x10 CFU/m.

This Volume of bacteria culture was then added3mllof underlay agar. Once the
plate had set, holes were punched in the agar aptide samples as well as a
negative control consisting of 0.1% TFA as wellaapositive control consisting of
tetracycline was added to the holes. The plates awwed to incubate for 3 hours at
37° C. 15 ml of overlay agar was then added to theeplBhe plates were incubated
for 18 hours at 37C. The plates were then stained overnight, destaand the
diameter of the clearing was then measured (0.1t .=Three technical replicates
and six biological replicates were performed fazresample. The technical replicates
were used to generate a mean for each sample. Theaas were then used to
generate a mean for all the biological replicateies These values were also used to

generate standard deviation as well as standasdatues.

2.2.13. Chemical characterization of inhibitory sarple.

2.2.13.1 Proteinase K assay.

Inhibitory samples were treated with protienasenkoider to establish if a protein is
responsible for the inhibition of bacterial growthhe sample was treated with
proteinase K as per the manufacturer’s instructiBasically proteinase K was added
to the sample to a final concentration of 4@®nl. The same volume of water was
added to a negative control sample. Two final adstconsisted of 1Q@/ml of

proteinase K diluted to the same volume as ther gilwmples with water and the same
volume of water with nothing further added. Tharfeeactions were incubated at 37

°C for 15 minutes and were then heated tdG@or 15 minutes in order to inactivate
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the proteinase K. Solid and liquid inhibition assayere performed on all four
samples. The liquid inhibitions had a further cohthat consisted of ampicillin at the

concentration of 10Qg/ml.

This assay was repeated to give three biologiqalceges. These values were then
used to calculate the mean zone of clearing foh sacnple as well as the standard

deviation and error values.

2.2.13.2. Heat stability of inhibitory peptide.

Due to the structure of certain families of antirolwal peptides they tend to be very
heat stable. Therefore the heat stability of thién@orobial samples was determined
using liquid media inhibitions assays. Six aliquatls an inhibitory sample were
heated to six different temperatures, five of thamging from 50-90C and one at 20
°C. The samples were cooled on ice and then usediguid inhibition assay using
ampicillin and the room temperature (Z) sample as controls. The successfulness of

these inhibition assays was established using ipdaitometry and colony counts.

This assay was repeated to give three biologiqalceges. These values were then

used to calculate the average inhibitory activily ach sample as well as the

standard deviation and error values.
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2.2.14 RNA isolation from flies and beetles.

The RNA extraction procedure was based on that ladn@ynski 1993, using the
TRIzol LS reagent (Life technologies Gibco-BRL).rzae and adults were both
homogenized in 500 of TRIzol. Adult beetles were homogenized in doaf two
beetles per 5Q0 of TRIzol. RNA was then recovered as per the nfacturer’s
instructions. The RNA pellet was then dissolve8%tC in 50ul nuclease free water.
Samples were snap cooled on ice and the concemratas determined on a

spectrophotometer at 260 nm.

2.2.15 Northern blots.

Isolated and quantified RNA was then divided infbug aliquots. These were then
precipitated with 2.5 volumes of 100% ethanol. Btleanol was removed and the
pellets were re-suspended in @0 RNA loading buffer. The samples were re-
suspended by heating at’&5 for 10 minutes followed by snap cooling on icéeT
RNA samples were then loaded in @Qtriplicates onto a 1% agarose gel containing
6% formaldehyde and cast-using 1x MOPS buffer. RINA was then transferred
onto a Hybon& nylon membrane by capillary transfer using 10 X3S the transfer
buffer. Blotting was allowed to continue for 16 heuThe RNA was then fixed to the
membrane by placing the membrane into a UV strdtali where the membrane was

exposed to 120 0Qgoules/cn? for 30 seconds.

2.2.15.1 Preparation of DNA probes.

Probes were prepared for all the following germy®t9, Dmp53 and Shama. Therp49

probe was obtained from the pJM954 vector contgitie cDNA for theDrosophila
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ribosomal proteirRp49. The Rp49 fragment was excised from the plasmid using the
restriction enzymes Apal and Hind Ill. The restoictdigest was then run on a 1%
agarose gel and the fragment was cut from thergkparified using the Genelute gel
cleanup kit. TheDmp53 was excised from the pGEM-T-EaBynp53 construct
(Zakwe unpublished) using EcoR1 and Xhol.ProbesSfiama were created using
the Polymerase Chain ReactioBhama was amplified from the pot-2 vector
containing the cDNA for the DWNN domain of Snamaing the DWNN forward

and ringfingertail primers.

2.2.15.2 Labelling of DNA probes with ¢ **P] dCTP.

The rediprime™Il random prime labelling system was used to ldbelprobes based
on the manufacturer's instructions. Approximategn@ of DNA was diluted to a
volume of 4ql using TE buffer. The DNA was then denatured atC9and snap
cooled on ice. The denatured DNA was then addédetoediprime™Il reaction tube

mixture consisting of dATP, dGTP, dTTP, random msand Klenow enzyme.
50uCi of [a-P*] CTP was then added to the tube and the react@simcubated at
37°C for 20 minutes. The reaction was stopped by tiditian of EDTA to a final

concentration of 0.02 mM.

2.2.15.3 Hybridisation, detection and stripping blts.

Blots were hybridised using the Ultra-hyb buffemgBion cat#8669) following the
manufacturers protocol. The membrane was then ghlaccéhe buffer for 30 minutes
at 42C to pre-hybridise. The DNA probes were denaturgchéating to 9% and

snhap cooling in ice. 12.6Ci of the probe was then added to the hybridizakiofier.
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Hybridisation was allowed to proceed overnight. Then-specifically bound
radiolabels were removed by 2 washes with 0.1X ®8ffer at 65°C. Blots were

wrapped in UV-transparent wrap and autoradiograpay performed at —70°C.

The probe was removed from the blot using a boisotution of 0.5% (w/v) SDS.
The membrane was left to cool to room temperaturd was then placed in
hybridization buffer to pre-hybridised. The probipgcedure was then repeated with

a new probe.

2.2.16 Design of degenerate primers and RT-PCR.

The peptide sequences obtained from the MS/MS sisabyf hemolymph protein
extracts purified on 2D PAGE, were used to desigmers using theDrosophila
melanogaster codon usage. These primers were then used asrharél in RT-PCR
reactions using adult beetle RNA. The reverse @rimas an oligodt (17t) primer.
RT-PCR was performed using the two-step Impromitlfrkm promega. First strand
cDNA was produced using the oligo dt primer. TheQWgoncentration used in the

cDNA synthesis was 3 mM.
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Table 2.1: Amplification parameters of the secoieph RT-PCR reaction for different

primers

Primer Annealing temperature MgCI, concentration Extension time
() (mM) (minutes)

2102a 63 2 mM 1

2203a 60 2 mM 1

3004a 62 2 mM 1

3304a No band obtainable No band obtainable

4001a 60 2 mM 1

4002a 63 2 mM 1

5102Ua 61 2 mM 1

5102Fa 64 2 mM 1

5310a 63 1.5 mM 1

6005a 61 1.5mM 1

6203a 60 2 mM 1

7106a 65 1.5 mM 1

7301a 60 2 mM 15

Table 2.2 details the modifications made to the P&Rtion components and
conditions for each of the primers used in conjiamctvith oligo dT17, in order to

obtain product.
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2.2.17. General Molecular Biology techniques.

2.2.17.1 Competent cells.

Chemically competert. coli XL-1 Blue cells were prepared using a calcium adier
based procedure (Mandel and Higa, 1970). A sibgleterial colony was used to
inoculate a LB culture, which was grown overnightldhen diluted 100 times with
LB. The culture was left to grow at 37°C until aDég of between 0.5 and 0.6 was
reached. The cells were then chilled and centrdugges000 x g for 10 minutes at 4°C.
The pellet resuspended in half the culture volum&e-cold 100 mM Mgd. This
was followed by a 30 minute incubation on ice faléal by centrifugation and
resuspension in a tenth of the original cultureuuwd of ice-cold 100 mM Cagl

containing 15% glycerol.

2.2.17.2 Ligations.

The DNA band of interest was extracted from an @gmgel stained with Sybr Gold
and viewed on a dark reader to prevent DNA damadd\blight. Extraction was
done using the Genelute agarose purification &infsigma. Purified PCR products
were ligated into the pGERT Easy using the pGERT Easy vector TA-cloning

system.

2.2.17.3 Transformation.

Half of the ligation reaction mixture of fl) containing approximately 25 ng of

vector with 75ng of insert, was added tqukléf competenk. coli cells. The mixture
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was then incubated on ice for 20 minutes and hHeatked for 90 seconds at 42°C.
The transformed cells were made up to 1 ml with &l incubated for 1 hour at
37°C. 100ul of transformed cells were then spread on LB smmginted with

ampicillin plates. These plates were then incubatesnight at 37°C.

2.2.17.4 Colony Screening.

Plasmid DNA was prepared from small (2ml) overnigultures ofE. coli using the
alkali lysis method (Birnboim 1979). This extracti was further purified using
phenol: chloroform: isoamyl alcohol (25:24:1). Tphlasmid DNA was re-suspended
in water. Restriction analysis reactions were penf to confirm the presence of an
insert in the isolated plasmids. The correspondibxg buffer constituted 10% of the
total reaction with unit of enzyme for eagh of DNA. The reaction was carried out

at 37C for 6 and the restricted DNA was analysed on aag#ose gel.

2.2.17.5 Colony PCR, sequencing of DNA and constrian of phylogenetic trees.

The presence and size of inserts was also confimsaty colony PCR with M13
forward and reverse primers, which bind to eithde ©f the multiple cloning site in
the pGEM-T-Easy vector. Plasmids with confirmedeits were then sent to Ingaba

Biotechnical Industries (Pty) Ltd, and sequencedgithe standard M13 primers.

Phylogenetic trees were constructed using the ME@GWlecular Evolutionary

Genetics Analysis) software (Tamura et al., 20149l ashe MUSCLE algorithm

(MUItiple SequenceComparison byl og- Expectation) (Edgar, 2004). Trees were
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constructed using the neighbour joining method abdotstrap test of phylogeny was

carried out with 500 bootstrap replications (Efrb882) (Felsenstein, 1985).

2.2.18 Quantitative PCR.

2.2.18.1 RT —PCR to confirm RNA levels following DN damage.

In order to confirm the Northern blot results RTHP@vas performed using the
Access RT-PCR kit (promega cat#A1250) using volunseggested by the

manufacturer. RNA samples were collected from flileat had been exposed to
camptothecin, methyl pyruvate and a combination noéthyl pyruvate and

camptothecin, as well as male and female flies kizat remained untreated. RNA
was also collected two days after treatment andettsamples were referred to as
recovery samples. RNA was also collected from égkand untreated larvae. RNA

was quantified using the samples A260 readings rmamadrop.

For the Dmp53, Shama and Reaper transcripts the cycling conditions were as
follows: 50°C for 30 minutes; 94°C for 5 minutefgllowed by 32 cycles
(determined to be the midpoint of exponential afigaltion) of: 94°C for 30
seconds, 60°C for 40 seconds, 68°C for 70 secamiba final extension at 68°C for

5 minutes. FORp49 the annealing temperatures were lowered to 56°C.

2.2.18.2 Internal standard.

In order to perform semi-quantitative PCR the cyalanber at which exponential

amplification was occurring had to be establish&ahplification reactions oRp49
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were used to establish this cycle number by peifayn25, 30, 35 and 40 cycle
reactions. These were then run on a 1% agarosargeldigitized on a GS800
calibrated densitometer (Bio Rad cat# 170-7980) #red resulting images were
analysed using the Quantity one software. This nepeated to give three technical
replicates for each sample. The process was gisated using different samples to
give three biological replicates. The average dmssof the individual bands were
used to plot a curve of product produced versusecyamber. The resulting graph
was then used to determine the optimum cycle numwhere product formation was

still occurring at an exponential rate.

2.2.18.3 gPCR.

RNA was extracted from flies exposed to camptotherid used as a template for
reverse transcription using the Improm RT-PCR Ktofmega cat# A380). The
concentration of the resulting cDNA was establishad equal amounts of template
were used in the gPCR. gPCR was performed usingnaagprobes (Applied
Biosystems) with VIC labels for thehnama probe and NED label for thep49 probe.
The primers Realtime Snama forward, and reversaltiRe rp49 forward and reverse
and a predesigned assay Bmp53 (Applied biosystems cat#Dm02154336_g1) were
used in the multiplex gqPCR. The reaction was paréal in a 25 volume, which
included 50 ng{l of template, 100 nM of each forward primer andr8@ of each
reverse primer and 250 nM of each probe. The 2xtéMadix contained ROX as a
passive reference. Amplification and detection weegformed using an ABI Prism
7500 sequence detection system (Applied Biosysteaig 4324018) using the

following program 95°C denaturation to 54°C anneghvith an extra 62°C extension
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step. A melt curve was performed to establish thenlver of products formed.
Accurate biological replicates could only be peried on theDmp53 and Rp49
assay. Three biological replicates were performed these values were used to

calculate the mean value as well as the standaidtaen and error.
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3.1 Introduction.

One of the aims of this study was to monitor theADddimage response in the model
organismDrosophila melanogaster. DNA damage was initiated through the use of
chemotherapy agent camptothecin. Camptothecirplard alkaloid isolated from the
asteridCamptotheca acuminata (Lorence and Nessler, 2008€oor solubility and high
toxicity has limited the usefulness of camptotheasnan effective anticancer agent.
Water soluble camptothecin derivatives were firgpraved for use as anticancer
drugs during the mid-nineties (Lorence and Nes2€04),(Chung et al., 2006).
Camptothecin is a topoisomerase poison as it itshitiie nuclear enzyme DNA
topoisomerase |. This enzyme introduces transiggles strand breaks supercoiled
DNA, relaxing it. The enzyme re-ligates the nick&dand forming an intact DNA

helix again. (Lorence and Nessler, 2004).

A key step in the process is the formation of awddle complex between the enzyme
and DNA through covalent linkage between a tyroginthe enzyme active site with
the 3’ end of the DNA strand. Camptothecin andiégvatives turn topoisomerase |
into a cytotoxic poison by stabilising the cleavabbmplex. This prevents re-ligation,
causing multiple breaks in genomic DNA. The cantpoin-DNA-topoisomerase
complex is transient because camptothecin doedanot covalent bonds with the
enzyme (Lorence and Nessler, 2004) (Marchand et28D6). Concentrations of
camptothecin of 1 puM have been shown to decrease athility of human
topoisomerase to relax supercoiled DNA by as mecb®% (Holden et al., 1999).
In Drosophila Topoisomerase | is an essential protein requiredhguembryonic

developmentlt is concentrated in the ovaries and is maternalterited by the early
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embryo (0-2 hours) with maximal zygotic expressionhe 6-12 hour period (Lee et

al., 1993).

Camptothecin has also been observed to initiatptapis in a caspase independent
pathway via the formation of acidic organelles dlsemes). This cell death pathway is
also independent of changes in mitochondrial mengermeability (Ondrouskova

et al., 2008).

Camptothecin, is known to have negative effectsestility and reproductive ability
in premenopausal womémanaka et al., 2008) and mice (Utsunomayi e2808) It

iIs not known whetheDrosophila, and therefore, other insects will respond in the
same way to camptothecin treatment as vertebratebl@wever, bservations made
during the course of exposing the flies to camm@oih led to the monitoring of
changes in the ability of the fly to produce emisrymllowing camptothecin exposure.
The effect on embryos produced by adult flies egdo® camptothecin was also
monitored through fluorescent microscopy. Overairiges in the proteomic response
of Drosophila melanogaster following camptothecin exposure were monitored
through the use of 2D-PAGE combined with MALDI-TCdhalysis of protein
extracts. The effects of the camptothecin inducBidA[damage on the transcription of
snama anddmp53 andreaper were assessed at the RNA level using Northerrs blot
semi-quantitative Reverse Transcriptase-PCR asageReal Time PCR. Meanwhile
the effects of camptothecin exposure on the exjgmedsvels of Dmp53 and Snama

were assessed using Western blot analysis.
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The exact role of Snama, tibrosophila DWNN containing protein is unknown. Its
orthologues such P2P-R, PACT and RBQ1 are invoivedell cycle regulation,
whereas the yeast ortholog Mpel is involved in mRNécessing. There is evidence
that Snama may interact and regulate p53 (Rakgof@)7), possibly by
ubiquitinating p53 and degrading it in a similarans to that of MDM2 (Brooks and
Gu, 2006). Alternatively, Snama may behave as a FRBBomolog and negatively
regulate p53 through an indirect manner utilizingfedent signalling networks.
Disruption of the mice homolog PACT leads to anuacglation of p53 and increased
apoptosis. PACT also enhances the MDM2-p53 assmicjahereby increasing p53

turnover (Li et al., 2007).

RBBP6 is able to act as an E3 ubiquitin ligase, r@hteubiquitinates YB-1 (Y-box
binding protein 1) leading to decrease in the kewélYB-1 (Chibi et al., 2008). This
may also provide a means whereby RBBP6 is ablegolate p53 as YB-1 is known
to repress p53 levels, its negative regulation BBR6 means that up-regulation of
RBBP6 would lead to an increase in apoptosis. Simsecontradicts the positive up-
regulation of p53 due to ubiquitination of MDM2. i$hmeans that RBBP6 may act on

p53 in two separate ways producing two differestits (Chibi et al., 2008).

Snama also seems to play a role in development Eepression is regulated by
hedgehog signalling, though not exclusively. Hedagelsignalling is normally
associated with cell proliferation and controls lcycE and D transcription and
therefore, cell cycle control (Jones et al.,, 2006Qss of Snama seems to be
implicated in aberrant DNA synthesis being assediavith DNA over-replication

(Jones et al., 2006).
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In an attempt to understand the role of Snama iADimMage as well as any role it
plays in the regulation of p53, camptothecin wasdu® damage DNA. Total RNA
was extracted and the transcription levelsDohp53 and Shama were monitored
through the use of Northern blot analysis, semirtjtetive reverse transcriptase PCR
and quantitative Real Time PCR. The changes inetkgession of Dmp53 and
Snama, following camptothecin treatment, were nooad through the use of western

blot analysis.

3.2 The physiological effects of camptothecin expo®.

As camptothecin causes DNA damage it is potentiallytagenic. Rats exposed to
high doses of a camptothecin analogue showed aavidg of symptoms including a
high incidence of hair loss; decreased food consiomphigh thymic atrophy; visible

defects of thoracic and abdominal organs; increase®stosterone and finally a
decrease in litter size as a result of an increasiee number of foetal deaths (Chung

et al., 2006).

Following camptothecin exposure it was noted thHa# fecundity of the flies
decreased. These observations were related toutmder of embryos the affected
flies were able to produce, the number of embrias successfully developed to the
larval stage, as well as the time needed for deweémt. In order to obtain
quantitative data for these effects, male and femfiles were exposed to
camptothecin separately. These populations of egdses were then mated with

populations of untreated male and female flies aiith themselves to generate
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populations where one sex was treated while theratlas not, or populations where

both sexes were treated, or untreated.

The numbers of embryos produced by these poputaias counted and the adults
were removed to new vials. The number of pupae fthally developed from these

embryos was then counted. These numbers were asediadication of development
time and success. Finally the numbers of aduls fié both sexes that died were

recorded as an indication of the effect of cam@oith on mortality levels.

3.2.1 Camptothecin exposure results in a decrease the reproductive ability of

female Drosophila melanogaster.

Figure 3.1A is a representation of the effect omptothecin on the number of
embryos produced. Camptothecin treatment of ferfi@e resulted in a significant
decrease in the number of embryos being produceshwbmpared to the untreated
control flies (p = 0.0039). The low numbers of eyds produced by populations
where females had been exposed to camptothecimsstiat the reduced ability to
produce embryos is related to camptothecin affgdtie female reproductive organs.
The populations containing males that had been s@do camptothecin initially
showed little difference in the ability to produembryos compared to untreated flies
(p = 0.7473), with significantly higher numbers @hbryos than populations with
treated females (p value = 0.0098). Towards ther lstages of the experiment the
embryo production decreased in comparison to theeated flies. However as can be
seen by figure 3.3 this is probably due to incrdasertality in the males exposed to

camptothecin (see below). The DMSO fed flies shoslightly decreased ability to
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produce embryos but this is not significant (p €1@.7). Once again, this may be due

to increased mortality.

Camptothecin also affected the ability of embryosréach the pupal stage of
development (figure 3.1B) with the number of emlsryom the flies that had been
treated with camptothecin that developed into pupaeg significantly lower (p =
0.0057) than those from untreated flies. Howeusgseé effects do not continue past
the pupal stage, and the number of adults thatgamfeom pupae is not affected by
camptothecin treatment (p =0.6238). These effedscammon to all populations
where one of the sexes had been exposed to camgtatiDespite camptothecin not
affecting the ability of male flies to fertilised@hfemales, it does seem to be lead to
heritable damage of their offspring. Therefore, rdaggroductive cells of the male flies
seem to also be affected by the camptothecin teatnit was also noticed that
embryos from fly populations where one or both leé sexes had been exposed to
camptothecin, showed longer development times (datashown) and took one to

two days longer to reach the pupal stage than emsldrgm untreated flies.
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Figure 3.1: The influence of camptothecin @rosophila fecundity and development

times (A). Populations containing females that had berposed to camptothecin

showed a significantly (p = 0.003) decreased gbibt produce embryos. The error
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bars reflect the standard error of the mean ofogichl replicates. The roman
numerals represent homogenous groups where ther® isignificant difference
between the means. The effects of camptothecin sexpoon larval and pupal
development are shown in (B) A significantly higlpercentage of embryos produced
when both sexes had been exposed to camptothésonfaded to develop into pupa
(p = 0.057). These effects were decreased busgilificantly higher when only one
of the sexes was exposed to camptothecin (p = D.GBvever, in all populations
those embryos that managed to develop into pupae wqually successful at
developing into adults (p = 0.628). The error bafdect the standard error of the

mean of biological replicates.
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Increased development time is a classical indinatb increased apoptosis in fly
embryos (Li et al., 1999). Additionally these negaieffects are transmitted from the
fly male or female to the embryo, where they deseethe survival rate of the

embryos. A situation similar to that seen in r&byng et al., 2007).

3.2.2 Staurosporine exposure has no effect on thenfiale's fecundity.

In order to establish whether the observed decreasenbryo number is due to the
specific action of camptothecin and not due to ceduenergy and resource use for
reproduction by flies responding to stress, flieyavexposed to staurosporine. This
toxin inhibits protein kinase C (Tamaoki et al. 869 and therefore initiate apoptosis
in a different manner to camptothecin. Followingpesure the number of embryos
produced was counted, and as figure 3.2 showsuh#er of embryos produced on
days 1 and 2 remained high in the flies that weposed to staurosporine, compared
to untreated flies (p = 0.4108). This implies thaitially there is no significant

difference between the embryo production of stapoose treated and untreated flies.
Egg production decreased significantly at around3i§ = 0.0127), but this was due
to increased mortality in the samples where thesflhad been exposed to

staurosporine, which consequently lowered the nurabembryos produced.
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Figure 3.2: The effect of the protein kinase C inhibitor, Steporine on the ability

of female flies to produce embryos. Exposure @fsflio staurosporine did not result in
a significant decrease in the number of embryosvileae produced (p = 0.4108). This
implies that the decrease in fecundity is a paldictesult of camptothecin exposure
and is not due to any general stress responsdingsuid a decrease in reproduction.

The error bars represent the standard error ahttens of biological replicates.
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3.2.3 Camptothecin decreases the survival probalii of male and female flies.

Figure 3.3 is a Kaplan Meir survivorship plot ofawundred flies of different sexes
that have been treated with camptothecin or lefiteated. The plot clearly shows an
increase in the mortality rate of flies of both egxonce they had been fed
camptothecin. All populations show a similar suatiyprobability until days 3-4
where the mortality rate of the treated males adales increases. This increases
sharply again on day 5. After this the probabibfysurvival stays constant until day
nine. The increase in the mortality observed on @ay the untreated females and is
probably due to a factor separate from camptothegposure. Therefore, it can be
concluded that the mortality due to camptotheciakperapidly after exposure at
around day 5. After this the flies seem to recovwever, on day 11-12 there is
another sharp increase in mortality in those #iggosed to camptothecin. This seems
unlikely to be due to direct effects caused by datmecin and may be due to some
secondary effects such as an increase in ROS otbmalye to the high energy costs
of the initial stress response. The difference ha survival probability between
untreated males and females is unsurprisingrasophila females tend to live longer

than males (Tower, 2006).

Therefore, a consequence of camptothecin treatnsemlie increase in mortality

resulting from fatal physiological stress in thernfio of DNA damage and the

generation of ROS.
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Figure 3.3: The Mortality rate of untreated flies compared thmse exposed to
camptothecin. A Kaplan-Meier product limit estimaik the survival functions of
each individual fly grouped according to sex argitiment was performed at a 95%
confidence interval. The resulting survivorship tpihowed that both sexes fared
poorly when treated with camptothecin. Untreatedesh@and females both showed
decreased survival probability on day 10. By the ehthe experiment flies from both

sexes only had a 37% chance of survival comparé&®db for untreated females and

75% for untreated males.

-119 -



3.2.4 Higher levels of apoptosis occur in embryosr@duced by flies that have

been fed camptothecin.

Acridine orange staining was used to monitor lesdlsapoptosis in embryos from
camptothecin treated and untreated flies. Increapegtosis may explain the higher
mortality rate and longer development time in erobrfrom adults that were exposed
to camptothecin. Acridine orange is a cationic ffeszent dye, which is cell-
permeable. It interacts with nucleic acids via rnosééation and electrostatic
interactions. When bound to DNA it emits green tliglith a wavelength of 525 nm
when excited at 502 nm. The intense green fluorescef acridine orange (AO) is
specific for cells dying of apoptosis where it Bntb condensed chromatin or
fractured fragments of DNA that form due to apogd¢ébrams et al., 1993). This is
due to the different excitation and emission wavgiles when (AO) associates with
RNA and DNA. As the fragments of DNA in dying cellse more accessible more

AO will associate with DNA than is possible in heglcells.

The results depicted in figures 3.4, 3.5 and 3®wsincreased apoptosis in those
embryos from flies that were fed camptothecin, carag to those from untreated
flies. Apoptosis is first observed in the develapiDrosophila embryo at what is

regarded as stage 11 of development, which is appately 7 hours after the egg is
laid. In figure 3.4 the embryo from untreated fl{8s4A and B) is very young and is
probably at stages 3- 4 in development, as theaeciear peripheral ring. In contrast
to this the embryo from the treated flies (3.4 @ &) is featureless with a very high

rate of apoptosis occurring throughout the embryo.
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The embryos depicted in figure 3.5 are 3-6 houds aid should be at a stage Iin
development (approximately stages 7-11) where neryctures are visible. The
embryo from untreated flies, shown in figure 3.54Ad B) is approximately 6 hours
old and is at stage 11 of development. It showscgires such as the foregut, hindgut
and tracheal pits. There are no detectable sigashigh rate of apoptosis. This is not
unexpected as apoptosis is only expected to odchigher rates in the™hour of
development at about stage 11. In accordance wéHiterature the regions of the
embryo where apoptosis is observed are the dagadr of the head just anterior to

the tip of the germ band (Abrams et al., 1993).

In contrast the embryos from flies treated with p&sthecin show either a disrupted
development with high levels of apoptosis (figut® & and D), or slower rates of
development, with 3-6 hour embryos still resemblthgse at very early stages of
development (fig 3.5 D and E). Figure 3.5 C andhbves an embryo at a slightly
earlier stage of development than the embryo iaréd.5 A and B. The proctodeal
invagination has begun to form in this embryo. Ajosps in the germ band at this
stage is normally confined to the anterior regidowever, widespread apoptosis is
occurring throughout the germ band. Such widespegauptosis should only occur
much later and is tightly controlled and tissuecdpe As mentioned previously the
only other areas where apoptosis should be ocgusairthis developmental stage is

the gnathal segments and clypeolabrum (Abrams,et393).

Figure 3.6 depicts embryos that are between 6-8shald, with images (A)(B)(C) and

(D) being embryos from flies that were not exposedamptothecin while images

(E)(F)(G) and (H) are embryos from flies that werposed to camptothecin.
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Figure 3.4: Acridine orange staining of 0-3 hour embryos ttedeapoptosidn order

to detect an increase in apoptosis, 0-3 hour ensbwere exposed to camptothecin
(C) and (D) or left untreated (A) and (B). Figufdd and (C) are images of the same
embryos in (B) and (D) respectively. Images (B) gmj were obtained using
reflected fluorescent light at a wavelength of 480rnimages (A) and (C) were
obtained using light microscopy. The levels of apsjs were based upon increased
fluorescent intensity compared to the control erabrfyom untreated flies. There is a
high level of apoptosis occurring throughout thebgya in (D). The peripheral ring
clearly visible in (A) shows that this embryo fronmtreated flies is at stage 4 in
development and there is no sign of apoptosis & lilastoderm nuclei at the

periphery (B).

-122 -



Hindgut A g T B

Forequj_

Germ bagee—

Tracheal
_pits

Proctodeal
invaginatiol

500pm 00y

e

Figure 3.5: Acridine orange staining of 3-6 hour embryos ttedeapoptosis. Images
represent 3-6 hour embryos from flies that had b®gosed to camptothecin (C),
(D), (E) and (F) or from flies that remained untesh(A) and (B). Images (A), (C)
and (E) are images of the same embryos in (B) afidl) (F) respectively. Images (A),
(C) and (E) were obtained using reflected fluorastight at a wavelength of 480nm.
Images (B), (D) and (F) were obtained using ligintroscopy. The embryo in images
A and B is at the 11th stage of development, aatufes that are characteristic of this
stage can clearly be seen. The embryo in imaged@an at a slightly earlier stage of
development but structures are not clear. Theegihs to be developing but there is a
very high level of apoptosis occurring and the digvieg organ seems misshapen.
The embryo depicted in images E and F appearsitdetat a very early stage of
development despite being 3-6 hours old. This iegplthat the embryo has an
increased development time compared to wild typebrgas. Higher levels of

apoptosis are still visible in the embryos from titeated flies.
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The embryos from unexposed flies show normal dgvetnt and apoptosis for
embryos of this age. By 7 hours after being lagléembryos have reached stage 12 of
development. In stage 12 apoptosis intensifies dtbnine developing epithelium of
the gnathal segments through the procephalic lodenathin the clypeolabrum. Cell
death is also observed in the posterior abdomegingents; along the ventral midline
and beneath the dorsal ridge. Apoptotic cells alagk out a segmented pattern within
the ventral region (Abrams et al., 1993). In 3.6hB segmented pattern is clearly
visible with a high degree of staining present. pgotic cells are also visible in the
procephalic lobe and the clypeolabrum in 3.6 D. &hea of the abdominal segments

shows an intense green fluorescence in both 31tdBDa

Many of the 6-9 hour embryos from flies treated hwidamptothecin still show
abnormal development and increased levels of apwptffigure 3.6 F). Other
embryos do not seem to be in the correct stage exeldpment, showing
characteristics of embryos that are much youngam 69 hours. This is most likely
due to increased levels of apoptosis when the emtmas younger. There are also
much fewer viable embryos present 6-9 hours adtgng than there were in younger
samples of embryos from flies treated with cam@oit This may be due to many of

the embryos dying (figure 3.1B).

The effects of camptothecin on the levels of apsiptvere quantified by counting the
number of embryos displaying higher levels or ualigatterns of fluorescence. This
indicated higher or abnormal occurrences of apoptdse results of this analysis are

depicted in figure 3.7.
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Figure 3.6: Acridine orange staining of 6-9 hour embryos téedeapoptosis. 6-9

Hour embryos were collected from flies that hadnberposed to camptothecin (E),
(F), (G) and (H) and from flies that had remainettreated (A), (B), (C) and (D). The
ventral view of an embryo from untreated flies @Jjd (B) demonstrates the normal
pattern of apoptosis in stage 12 (7-9 hours), wlieeedying cells demarcate the
segmented pattern within the ventral region. (AJ &) also show that at this stage in
development, apoptosis occurs in the procephalie lEnd within the clypeolabrum,
as well as the posterior abdominal segments. Itrasinthe embryos from flies that
have been exposed to camptothecin are still shoalmgrmal high rates of apoptosis
(E). However, there is a higher percentage of eowihat are not displaying high
rates of apoptosis. Rather these embryos displaych slower rate of development

and appear to be at an earlier stage of develop{@gnt
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Embryos from untreated flies display significarityyver rates of abnormal apoptosis
in both 0-3 hour and 3-6 hour embryos, while ov@¥5of the embryos from treated
flies showed abnormal levels of apoptosis figuré 2n ANOVA analysis of these
numbers confirmed that at the 95% confidence léwele is a significant difference
between the means of the numbers of apoptotic @amdapoptotic embryos from
untreated adults at 0-3 (p = 0.02) or 3-6 hours (p001) . However, for the 0-3 hour
embryos there was no significant difference betwitbenmeans of the embryos from
treated embryos (p = 0.403) implying that there evequal numbers of embryos
displaying normal and abnormally high levels of pjosis. For 3-6 hour embryos
none of the means were similar but the levels obainal apoptosis were the highest
in embryos from treated flies. The situation at thter stages of development is
slightly different (figure 3.7). For the first timthere are two groups of means
showing significant similarity. These are the enasrydisplaying normal apoptosis,
from both treated and untreated flies (p = 0.06@f)d the embryos displaying
abnormal apoptosis, once again from both treatedustreated flies (p = 0.0607).
Therefore, regardless of the treatment of the dtlat there are a higher number of
embryos showing normal levels of apoptosis tharetlaee showing abnormal levels
of apoptosis. This shows that many of those embfya® treated flies that have
survived past this point are recovering from thiea$ of camptothecin treatment of
their parents and may continue to develop normallyeit at a slower rate than those
from untreated flies. Alternately these may repnésesub-set of embryos that were
not severely affected by camptothecin treatment aednow the only embryos that
have survived; however, the slower developmentgisteow that these embryos have

still been negatively affected.
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Figure 3.7. Proportions of embryos displaying normal or almalr patterns of
apoptosis. Embryos from untreated flies show siggitly lower levels of abnormal
apoptosis in the younger 0-3 and 3-6 hour embryuith, over 50% of the embryos
from treated flies showing abnormal levels of apsi®. This level drops dramatically
in the 6-9 hour embryos, where the treated embsy@sv no significant increase in
the number of embryos undergoing abnormal apoptbi&ie it could be assumed that
most of the badly affected embryos have died andethhat remain are viable and are
recovering from the camptothecin exposure. Therdpars represent the standard
error of the means of biological replicates. The'gues displayed were obtained
through a student’s two tailed t test comparisothef normal apoptosis humbers for

the embryos from treated and untreated adults.
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3.3 Topoisomerase | assays were inconclusive.

In Drosophila topoisomerase | is supplied maternally and is doah high levels
throughout embryogenesis (Gemkow et al., 2001). Te#rimental effects of
camptothecin seem to be passed from the adult titiekeir offspring. In order to
monitor topoisomerase 1 activity, the nuclear proteomponent of early stage
embryos whose parents had been exposed to campiotheas tested for

topoisomerase | activity via a relaxation assayufie 3.8).

When pucl8 was treated wirosophila embryo cytoplasmic extract it resulted in
the DNA being totally digested (data not shown).cas be seen in figure 3.8, the
nuclear extract from embryos whose parents had yeit been exposed to
camptothecin were able to partially relax the sopéed pucl8 DNA while those
whose parents had been exposed to camptothecinotlidhow any ability to relax
supercoiled DNA. This disappearance of the abibtyelax supercoiled DNA may be

due to the continued inhibition of DNA topoisomeragtivity.

A chi squared analysis of replicate experiments performed. The hypothesis was
that one band would be present in samples treaitibddwclear extract from embryos
whose parents were untreated and three bands Wweybdesent in the other samples.
The chi squared analysis showed that this could dr@d accepted at the 80%

confidence level.
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Figure 3.8: Topoisomerase relaxation assay. Topoisomerase |l catalyse the
topological change in duplex DNA by nicking oneastl and altering the linking
number by allowing the unbroken strand to moveuglothe broken strand. This can
relax both negative and positive supercoiling (Stéwand Champoux 2001).
Topoisomerase activity should convert supercoil@tiAlio relaxed DNA. The box
above the gel image describes what components pveeent in each reaction tube.
Only the nuclear extract from embryos whose paréwig not been treated with
camptothecin was able to relax supercoiled DNA. Qtathecin treatment of this
extract resulted in any topoisomerase present being able to produce partial

relaxation.
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3.4 Proteomic analysis ofDrosophila melanogaster following camptothecin

exposure

A 2D-PAGE analysis of crude protein extracts framated and untreated flies was
performed (figure 3.9); in order to identify prateexpression changes following
camptothecin treatment. Proteins whose expressatterps had changed were
excised and sent for mass spectroscopic analysis. pfoteomic analysis following

camptothecin treatment (figure 3.10), identifiecamfes in the levels of proteins
related to oxidative metabolism, protein foldingtaskeletal proteins and anti-oxidant

activity (table 3.1).

3.4.1 Camptothecin exposure results in a glycolytiitux

An alteration of the expression level of proteingalved in oxidative metabolism

followed camptothecin exposure (figure 3.10 A). 3éancluded four glycolytic

pathway enzymes namely Fructose-1,6 Bisphosphaiese€phosphate isomerase;
Enolase and pyruvate kinase, three citric acid ecyahzymes namely Aconitase;
Knockdown (citrate synthase) and Dihydrolipoyl détogenase and three other
enzymes involved in metabolism namely UGP; ATP Isgsé; and bellwether. Three
of the glycolytic enzymes Fructose-1, 6 Bisphosph@t = 0.00346); Enolase (p =
0.0072) and pyruvate kinase (p = 0.0111) show aifssgnt increase in expression
following camptothecin treatment, while Triosephosfe isomerase shows a

significant decrease in expression (p = 0.009fgué 3.10 A).
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Figure 3.9: 2D gel electrophoresis @. melanogaster crude protein extract before
and after exposure to camptothednoteins that were excised for further analyses ar
marked by one of three symbols based upon theurosmce and changes in optical
density in differently treated samples. Proteire thccur in both samples are marked
with a triangle. Those that only appear followirggrptothecin exposure are marked
with a circle. Finally those that disappear follogi camptothecin exposure are
marked with a square. The number of spots was nhigier in the camptothecin
treated sample, which reflects the large numbempmiteins that only appeared

following camptothecin treatment.
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As can be seen from the error bars in figure 3.10th#s pattern emerged in all
replicate gels. The ATP synthase components béievefp = 0.0018) -the alpha
subunit of the mitochondrial ATP synthase- andidé& subunit of ATP synthase (p =
0.0076) are both significantly up-regulated follagiicamptothecin exposure. This
suggests an increase in ATP usage. The expreskie @itric acid cycle enzymes
aconitase (p =0.0381), dihydrolipoyl dehydrogengse 0.006) anditrate synthase

(p = 0.0001) are also significantly increased (9.6001) by camptothecin exposure.
Other proteins involved with glycolysis whose exgsien is increased following

camptothecin exposure are the uridylyltransfera&PUp = 0.0001) and arginine

kinase (p = 0.067).

The functional enrichment analysis indicated tHatré is an overall significant
increase in the expression of proteins involvedxidative metabolism following

camptothecin exposure (p = 0.0116).

3.4.2 Camptothecin exposure results in an increasén antioxidant and

detoxification activity as well as cytoskeletal chages.

Changes in the levels of detoxification, cytoskaleind proteins involved in the

processing of incorrectly folded proteins, follogircamptothecin treatment were

observed (fig 3.10B).
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Figure 3.10: The optical densities of the proteins isolatednfrthe hemolymph of
fungal infected and uninfected beetles, identifiesing 2D PAGE and mass
spectroscopy. (A) Represents those proteins indalveoxidative metabolism. These
proteins are predominantly enzymes involved in gllysis and the citric acid cycle
and the expression of all but one of these proteineases. (B) Represents those
proteins involved in protein folding, antioxidant aletoxification activity. Not
surprisingly the expression of chaperones incredskswing stressful conditions
such as camptothecin exposure. (C) The expressiais| of cytoskeletal and other
proteins before and after treatment with camptothethe expression level of both
cytoskeletal proteins increases following camptoitndreatment, and may reflect
cytoskeletal changes as a result of apoptosis aadges in cell shape following
camptothecin treatment. Both mitochondrial progegspeptidase and the 20S
proteosome play a role in ubiquitin linked protpnoteolysis. The error bars indicate
the standard error of the mean among three bidbgaplicates. Students two tailed t
test was performed to establish if changes in thamof each proteins OD following
camptothecin treatment were significant. The rasylp-values appear above each
protein in figures A-C. Functional classes weragmss] based on sequence similarity

with proteins with known functions.
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The increase in the expression of chaperones idhat &éhe correct folding of proteins
would help prevent damage and misfolding of prat@aused by the exposure of cells
to a toxic agent. There is a significant increaséhe expression of protein disulfide
isomerise (p = 0.0062) and chaperonin C (p = 0.p4bllowing camptothecin
exposure. However, the highly similar Erp60, whies similar functions to that of
protein disulfide isomerase appears to be downlaggn following camptothecin
exposure, but this decrease is not significant (p5221) (figure 3.10B). Functional
enrichment analysis indicates that there was noifgignt overall increase in the

expression of proteins responsible for proteinifadp = 0.99).

Like many other chemotherapeutic agents, camptoth#eatment results in the
generation of free radicals. Camptothecin has hien found to induce increased
expression of co-enzyme Q10 and consequently higlvets of reduced coenzyme
Q10 are found in cancer cell lines that have beeatéd with camptothecin
(Fernandez-Ayala et al., 2005). DNA damage alsalt®n the generation of ROS.
Toxic compounds such as insecticides, xenobiotick environmental pollutants are
metabolised by enzymes to aid in their deactivainod excretion. Two of the most
common enzymes used to detoxify chemicals in issaot the Cytochrome p450s
and Glutathione S transferases. Consequently,¥peegsion of proteins involved in
de-toxification and anti-oxidant activities increasollowing camptothecin treatment
in order to remove this toxic chemical and deahvilie excess ROS that has been
generated (figure 3.10 B). Glutathione S transksa@ = 0.0252) as well as the
enzyme superoxide dismutase (p = 0.047), which exs\vQ to hydrogen peroxide

were found to be significantly up-regulated folloggicamptothecin exposure.
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The expression of the iron binding protein ferriéitso increases significantly (p =
0.0179) following camptothecin exposure. Ferritmknown to play a role in the
response of organisms to anoxia (Larade and St@f4) and may protect the cell
against ROS. Functional enrichment analysis indgahat there is a significant

increase in the expression of detoxification pregd€p = 0.007).

The expression of the nitrogen metabolising enz@hdamine synthetase increases
significantly (p = 0.0303) following camptothecreatment. It has been observed that
this enzyme is prone to damage by oxidative stf€astegna et al., 2011). The Yolk
proteins YP1 (p = 0.0093) and YP2 (p = 0.0088) alsow a significant increase in
expression following camptothecin treatment ash#odytoskeletal proteins actin (p =

0.032) and flightin (p = 0.028).

The levels of Mitochondrial processing peptidaseP® also increase following
camptothecin exposure (fig 3.10C). MPP is respdasdr the proteolytic cleavage of
the N terminal pro-sequence that targets mitochahgroteins encoded for in the
nucleus, to the mitochondria. These pro-sequenaesist of 20-60 residues and are
normally positively charged. Following translocationto the mitochondria the
prosequence must be removed to allow for corrddirfg (Gakh et al., 2002). The
expression levels of the 20S proteosome, whicmvelved in the degradation of
damaged, unneeded or misfolded proteins, is atpofisiantly increased (p = 0.0144)

following camptothecin exposure.
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3.4.3. Some proteins have multiple identities usinglascot

Many of the protein spots were assigned multipénidies using the mass fingerprint
data (table 3.1). This is because each spot gedenaultiple peptide fingerprints, or
had mass fingerprints that were similar to thosmolkiple proteins. Onlyrosophila
proteins were considered as valid probable protdihe protein score obtained using
Mascot was also used to evaluate the protein iftlgattons. This protein score is
equal to.

-10*Log(P)
P is the probability that the observed match isrmdom event, with protein scores
greater than 67 being significant (p<0.05). Onlgtein hits that scored above or near

this value were retained as possible identitiesHerunknown proteins.

3.4.4. Changes in optical densities mirror changes the enzyme activity of

Glutathione S transferase.

Due to the large degree of error seen in the dptieasity readings represented in
figure 3.10, it was decided to perform an enzym&apn one of the up-regulated
proteins in order to establish if the observedease in optical density did translate to
an increase in the amount of protein present. @lilae S Transferase was selected
due to the ease and low cost of the assay. The absavs a threefold increase in
GST activity in the protein extracts from camptathetreated flies. However, the 2D
PAGE gels indicated that at least 6 times as mugh (S present in the extracts from

camptothecin treated flies compared to those thae Imot (figure 3.11 A and B).
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Table 3.1 The identification of up or downregulatedoroteins using MALDI-TOF MS

Sample Identity Accession Mw Pl Score Error

number number (ppm)

Oxidative metabolism

0302 Chain D, Fructose -1-6-bisphosphate Aldolase G-3C692-RA 39231 6.67 175 36
4105 Triose phosphate isomerase CG-2171-RA 269400 6. 220 36
5501 Enolase, isoform A CG17654-PA 46861 6.10 152 01 4
9602 UGP, isoform A CG4347-PA 58944 6.92 198 27
9602 Lethal (1) G0O030, isoform A CG3861-PA 51713898. 59 46
9602 Pyruvate kinase RHO07636p 57951 7.13 51 35
9801 Aconitase CG9244-PB 86200 8.49 517 31
0401 ATP synthase beta subunit 53544 5.19 229 32
0302 Arginine kinase CG32031-PD 40126 6.04 221 42

5603 Dihydrolipoamide dehydrogenase mitochondri&@@ G7430-PA 53565 6.41 114 -

precursor
9602 Bellwether CG3612-PA 59612 9.09 167 38
9801 bellwether CG3612-PA 59612 9.09 269 19

Protein folding

2601 Protein disulfide isomerase, isoform A CG6938- 56031 4.72 243 30
4606 Chaperonin, isoform C CG7033-PC 58223 5.68 256 21
4602 ERp60, isoform C CG8983-PB 55678 5.62 162 32

Antioxidant activity and detoxification

2201 Glutathione S transferase S1, isoform C CG833B8 27653 4.57 224 30
5002 Superoxide dismutase CG11793-PA 15974 5.67 187 39
4202 Ferritin 2 light chain homolog CG1469-PB 25483.90 63 -
6606 Transferrin precursor 72964 6.69 387 49
3506 Glutamine synthetase 2, isoform C CG1743-PC 9621 5.42 177 32
Cytoskeleton

3506 Actin 88F CG5178-PA 42072 5.29 145 31
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2205 Flightin CG7445-PA 20643 5.30 124 30
Other

4501 Yolk Protein 1 CG2985-PA 48739 7.19 275 19
5505 Yolk Protein 2 CG2979-PA 49744 7.74 248 34
7501 Yolk Protein 2 CG2979-PA 49744 7.74 373 35
5003 Odorant- binding protein 99a CG18111-PA 1638419 63 18
3506 Mitochondrial processing peptidase CG3731-PA 2525 5.67 81 -

2205 20S proteasome alpha subunit 26995 4.83 83 23

The table above contains the data obtained forptbéeins isolated using the 2D-
PAGE analysis of samples isolated from flies thatl lbeen treated with and not
treated with camptothecin. The spots were seletted a 2D-PAGE gel based on
differences in optical density and therefore exgimes level. These spots were then
analysed with MALDI-TOF mass spectrophotometry. sThallowed for the
identification of some of these proteins and alsppsied the Mr and PI data. Some
spots gave more than a single identification agp#pide fragments mass fingerprints
matched more than one protein in tBeosophila database. Since protein scores
greater than 67 are significant (p<0.05) only thadentifications were the score

exceeded or was close to this were kept as pogziblein identifications.
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Figure 3.11: GST enzyme assay for camptothecin and untreateceXtracts to
confirm optical density changes do reflect changegrotein amount. (A) The
camptothecin treated sample showed a significangjiger (p = 0.0009) GST activity
than that of the untreated sample. The camptothezated samples had an activity of
0.15pumol/min/ml while the untreated sample had an aiti®i051pumol/min/ml. (B)
The camptothecin treated flies therefore had tlotdeiigher activities of GST. In
contrast 2D page showed a 6 fold higher amount T @resent in camptothecin
treated flies. The error bars indicate the standamt of the mean amongst biological

replicates.
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3.5 Methyl pyruvate supplementation.

As a result of the fluctuations in enzymes involvaedcarbohydrate metabolism,
methyl pyruvate was used to supplement yeast. Whidd supply the flies with the
end point of glycolysis and might prevent the glyto flux that was observed
following camptothecin exposure. Methyl pyruvat@@ementation may also restore
the fecundity of female flies that had been expdsechmptothecin and improve the
mortality rates of the treated flies. In order siablish the effectiveness of methyl
pyruvate supplementatiol). melanogaster were fed yeast containing a mixture of
methyl-pyruvate and camptothecin. Yeast contaifiisjcamptothecin or just methyl

pyruvate served as a control.

3.5.1 Methyl pyruvate supplementation failed to sigificantly improve the
reproductive ability of the female flies when both sexes were exposed to

camptothecin.

In order to test if the presence of methyl pyruvatauld reverse the effects
camptothecin had on embryo development, newly edlasales and females were
separated into four populations. These populatimese exposed to one of the
following treatments: camptothecin; methyl pyruyate combination of both or

untreated yeast. As shown in figure 3.12, the atdck populations as well as the
camptothecin treated males and females behavedhexec had been previously
observed (figure 3.2) with no significant decremsthe number of embryos produced
by the untreated female populations (p = 0.6089)y Aamptothecin treated female

populations produced significantly lower numbergwibryos (p = 0.0033).
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The methyl pyruvate treatment had a significantrickeintal effect on embryo
number, regardless of which sex was treated (p0£0d. for both, p = 0.0098 for
males and p = 0.0185 for females). This effect wat as severe as the effect
camptothecin had and was short lived, with thesfliecovering on the 3rd day after
mating (figure 3.13). Methyl pyruvate treatment wable to partially rescue
populations where only one sex was exposed to adheutin. This was compared to
those populations where the females had been edpgossamptothecin (p = 0.009).
These populations also showed a faster rate oveego However, the population
where both males and females were exposed to c#mpio and methyl pyruvate
showed continued poor egg laying ability (p value0#4652), and unlike the

camptothecin treated samples they had failed tovexcas effectively by day eight.
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Figure 3.12 The effect of methyl pyruvate on embryo numbédsice again the
untreated population as well as those where thealEssnwere not treated with
camptothecin produced the highest embryo numbeng. methyl pyruvate itself
seemed to have a detrimental effect, regardleseghah sex was treated. This effect
was short lived, disappearing on the 3rd day afteating. Methyl pyruvate
supplementation failed to significantly improve tle@productive ability of the female
flies when both sexes were exposed to camptotheldwever the population where
only the females were treated to camptothecin amdhyh pyruvate showed a
recovery on day 3 similar to the methyl pyruvatsated populations. The error bars

represent the standard error of the means of bhzdbgeplicates.
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3.5.2 Methyl pyruvate is able to partially increasethe viability of embryos

produced by flies exposed to camptothecin.

As camptothecin treatment affected the viabilityemhbryos produced by flies that
had been exposed to camptothecin, the viabilitgrabryos from adults exposed to
methyl pyruvate and camptothecin and methyl pymiwveas also examined. Figure
3.13 shows the number of embryos that developedpapae following treatment of
the parent flies with camptothecin, methyl pyruvated camptothecin and methyl
pyruvate together. Methyl pyruvate alone had a knmalignificant detrimental effect
on the number of embryos that survived to the pgpage (p = 0.2125). In contrast
camptothecin treatment once again resulted in dhgel detrimental effect that had
previously been observed (Figure 3.1 B) (p = 0.00upplementation with methyl
pyruvate results in a significantly greater numbeembryos surviving to the pupal
stage (p = 0.0249) (figure 3.13). However, this wsdl significantly lower
(p=0.0013) than the number of embryos that develguevived to the pupal stage in
the untreated sample. This shows that methyl pyeusgaable to rescue some embryos
from camptothecin induced death. These effects b@agccurring in the adult flies
and result in a higher number of viable embryosdpgiroduced or they may be

occurring in the embryos themselves.
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Figure 3.13: The ability of methyl pyruvate to rescue the castimtcin phenotype.
The supplementation of camptothecin containing medih methyl resulted in an
improved survival rate of the embryos, as a higbencentage developed to pupa.
However, the methyl pyruvate on its own seemedateha small detrimental effect
on the ability of embryos to develop into pupaee Biror bars represent the standard

error of the means of biological replicates.
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3.6. Effects of camptothecin exposure ofhama Dmp53 and Reaper mRNA levels.

There are no reports on the result of camptothexposure orbrosophila and what
role Dmp53 may play in this response. To determingmere was any interaction
between the transcription levels 8hama and Dmp53, camptothecin was used to
damage DNA and alteDmp53 transcription. Total RNA was extracted and the
transcription levels oDmp53, Shama and the pro-apoptotic gerieaper, which is
under the control of Dmp53, were monitored throupk use of Northern blot
analysis, semi-quantitative reverse transcripta€® Rind quantitative Real Time

PCR.

Camptothecin treatment would be expected to inergas3 transcription as the
presence of p53 is required for camptothecin indwgeoptosis (Takeba et al., 2007).
The evidence that Snama interacts with Dmp53 isdas pull down assays, where
Dmp53 and Snama were shown to co-immunoprecipif@akgotho, 2007).
Heterologously expressed portions of Snama were tablunction as an E3 ligase in
an ubiquitin ligase assay. This region, known asRIEM (from the DWNN domain
up to the RING finger), may therefore play a rateprotein regulation (Antunes,
2008). It is not known whether this interaction paps in vivo. If Snama is able to
catalyse the addition of ubiquitin or DWNN domaitts Dmp53 then it may be
involved in the negative regulation of Dmp53 in @Enilr manner to Mdm2.
Especially as there is no known Mdm2 homolodpiosophila. The identification of
Snama as a homolog of RBBP6 implies that it mayatiegly regulate Dmp53

through an indirect manner utilizing different sadjimg networks.
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3.6.1 Significant changes in the transcription ofShama and Dmp53 following

camptothecin exposure could not be determined usingprthern blots.

Northern blots were performed to establish thesraption patterns obmp53 and
Shama following camptothecin exposure. These blots weeefggmed with total
RNA, extracted from flies that had been fed 1 mNhptothecin mixed into yeast

paste Rp49 Probes were used as an internal control.

Figure 3.14 A depicts the results of the Northeloid) as well as a duplicate of the
formaldehyde gel used to perform the northern figure 3.14 B). The gel shows
that the total RNA samples used were intact. e transcripts closely match the
expected size with the smallBmp53-PB (FBpp0083753) transcript of around 1500
bp being detected. Figure 3.14 C is a graphic sgmtation of the amount of
transcript detected in each sample based on theabdensity of the bands shown in
figure 3.14 A. TheRp49 control was used to correct for differences in léneels of
RNA in each sample. Figure 3.14 shows tratma transcript levels are lowest in the
untreated adult flies and increases following DM®6O camptothecin treatment.
However, the p values show that these changes @resignificant for either the
DMSO treatment (p=0.9609) or the Camptothecin tneat (p= 0.9194). Figure 3.14
also indicates that the levels BMp53 transcripts decreased following camptothecin
treatment as the same effect is observed in the Ok&ated sample, this increase in
the transcription level of the shorter transcripDonp53 (FBpp0083753) could be due
to the presence of any foreign agent and not hesptesence of camptothecin. One
again these changes in the expression levE@lngh53 are not significant with either

the camptothecin (p= 0.9609) or DMSO treatmentA.02).
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Figure 3.14:The effects of camptothecin and DMSO treatmernthertranscription of
Dmp53 andShama in Drosophila. (A). The size of the bands was calculated usieg th
stained duplicate of the formaldehyde gel (B). Bhezes were approximations but
closely matched the expected sizes of 534-800b@®0-1800bp, and 3939bp
respectively (C) OD values were obtained usingQu@ntity one software package.
None of the changes detectedSmama and Dmp53 mRNA levels were statistically

significant regardless of treatments.
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The northern blot shows that bobmp53 and Shama are transcribed at very low
levels compared t&p49, irrespective of the samples treatment or origimsTagrees
with the established expression pattern for Snantalmp53, both of which show
reduced expression in adults (Bensaad and Vous2le®i/; Mather, 2005). The
pattern observed fddmp53 andShama mMRNA levels after camptothecin treatment is
the exact opposite of what was expected. Accortiinthe hypothesis that Snama
negatively regulates Dmp53 to decrease apoptdsiss presumed that camptothecin
exposure would lead to DNA damage, followed by acrease inDmp53
transcription and an increase in apoptosis. Thel$egf Shama transcription would
then decrease preventing it from negatively requdaDmp53. However, as none of
these changes can be considered statisticallyfisigmi from the mRNA levels in the
untreated flies, it is impossible to accuratelyerptet these results as changes in the

transcription of these genes following camptothématment.

3.6.2 The exponential production oRp49 from a cDNA template occurs at

approximately 32 cycles.

Since northern blots failed to establish the effemft camptothecin treatment on the
presence and quantity Beaper, Dmp53 andShama transcripts, a further attempt was
made using semiquantitative Reverse Transcript&3® Pperformed on total RNA
extracted from flies that had been exposed to catingtin and from untreated flies.
Additionally, total RNA was also extracted fromefti that had been exposed to methyl
pyruvate and a combination of camptothecin and yhg@yruvate. This was done due
to the glycolytic flux that was observed followimgmptothecin exposure. The end

product of glycolysis may therefore have an effaanodulating the stress response
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following camptothecin exposure and influence ttangcription ofShama, Dmp53

andReaper.

In order to perform semi-quantitative RT-PCR, thgele number at which the
exponential amplification of the internal controRP49) occurred, had to be
determined. This is necessary as the amount ofuptddrmed should be due to the
amount of template present and not due to anylimteng component or condition.
The cycle number at which the reaction was occgrah an exponential rate was
determined by running the reaction for differentleynumbers. Starting at 25 cycles

the reaction was run in increments of 5 cyclesausp( cycles.

Equal volumes of the resulting products were etgttoresed on a 1% agarose gel
and stained with ethidium bromide. The optical dgnsf the resulting bands (figure
3. 15 A) were determined using the Quantity ondyasmasoftware. An ANOVA test
was carried out on the optical density data andileey's HSD (Honestly Significant
Difference) test was used to compare the means.35hend 40 cycle OD readings
showed no significant difference (p = 0.6245). Tineans of the 25 and 30 cycle OD
readings are significantly lower than the 35 andyfle OD means. These OD values
were then plotted on a graph (figure 3.15 B) ardycle number where the reaction
was proceeding exponentially was determined toZey8les. This cycle number was

then used in all subsequent reactions.
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Figure 3.15: Determination of the exponential phase of RT-P@®ldication of the
internal controlRp49. (A) Shows a typical result of the RT-PCR using thternal
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different cycle numbers. An equal volume of prodwets run on a 1% agarose gel.
(B) The Optical density of the resulting bands dateed the amount of product
formed. These values were plotted to determinecyfode number at which product

formation is occurring exponentially.
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3.6.3Reaper transcription patterns do not match that of Dmp53.

Reaper is a direct downstream target of Dmp53 &edtianscription oReaper is
activated by Dmp53 following irradiation (Brodskyad., 2000). It was expected that
the levels ofReaper mMRNA would reflect the levels ddmp53 mRNA. That is an
increase iMDmMP53 transcription would result in an increaseReaper transcription.
However, the expected relationship betwé®maper and Dmp53 was not observed
(Figure 3.16)Reaper mRNA is detected wheDmp53 transcripts are not and intense
Dmp53 MRNA levels are accompanied by faRgaper mRNA levels (figure 3.16).
The lack of a direct relationship between the Is@#ltranscription between these two
genes is re-enforced by the graphic representatifothe optical density values
obtained (figure 3.16 B). This figure demonstrathat following camptothecin
treatment there is a significant increase in theNRevels of Dmp53 (p = 0.0236)
while Reaper transcript levels decrease significantly (p = 903 This absence of a
relationship betwee®mp53 and Reaper is not due to a delayed response in the
initiation of reaper transcription by p53Reaper levels are not significantly different
from the untreated samples after camptothecinnresat (p = 0.323) while thBmp53
MRNA levels show a slight but not significant irmse compared to the levels in the
untreated samples (p = 0.0532). The regulation edpRer by Dmp53 may not be
apparent at the mRNA level. These results alsoesighat apoptosis induced by an

increase irReaper transcription does not occur following camptotheceatment.
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Figure 3.16: The semi-quantitative Reverse Transcriptase-PCiysis of the level
of RNA transcripts present fdReaper, Dmp53, Shama and the controRp49. The
results of the semi-quantitative RT-PCR analysishef four different transcripts are
shown aboveRp49 is present in each lane at nearly the same inyeriBi). Following
camptothecin treatment the level &fama transcripts decrease while that@inp53
increases. Despite this the transcription leveRedper, the downstream target of
Dmp53 also decreases. BotReaper and Shama transcript levels increase in the
recovery period whil®mp53 levels return to levels not significantly greatiean in
the untreated flies. This pattern is repeated dunrethyl pyruvate treatment with
Shama mMRNA levels decreasing while those Dmp53 increase.Reaper mMRNA
levels are unaffected by methyl pyruvate exposure i® virtually absent in the
recovery period, whil®mp53 mRNA levels returning to the levels in untreatbelst

A different pattern emerges when flies are exposedmethyl pyruvate and
camptothecin. The level @mp53 transcripts decreases and is virtually absenten t
recovery period, whileReaper transcription increases and remains high in the
recovery stageShama transcript levels remain unchanged with respectthe
untreated flies during and after treatment with ptothecin and methyl pyruvate.
Therefore Reaper transcription levels do not mirror those@mp53, while the levels
of Shama transcripts seem to show an inverse relationshifhose ofDmp53. The
error bars indicate the standard error of the meébsological replicates. The change
in transcription levels following treatments werebysed using a student's t test at the

95% CI.
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This lack of a relationship betwe®mp53 andReaper is also observed in the methyl
pyruvate treated samples. Here the leveBrop53 mRNA increase significantly (p =
0.0272) and then once again decrease to a levsigmficantly different from that in
the untreated flies (p = 0.0573). Howev&eaper transcripts remain unchanged
during methyl pyruvate exposure (p = 0.516) andekse to barely detectable levels
during recovery from methyl pyruvate treatment (p.6109). This suggests that even
though the methyl pyruvate is acting as a streasdrincreasing the levels Bimp53

transcription, there is no increase in Reaper dégretrapoptosis.

When the flies were treated with a combinationahptothecin and methyl pyruvate
the levels oDmp53 MRNA dropped significantly (p = 0.033), virtuallysdppearing

from flies that were recovering from the combinegatment (p = 0.0061). Conversely
Reaper transcript levels increased significantly followitige combined treatment (p

=0.044) and remain high throughout the recoverysplfp = 0.0379).

3.6.4 Methyl pyruvate alters the transcription ofDmp53 and Snama.

As seem in section 3.5.1 methyl pyruvate suppleatemt failed to rescue flies from

the camptothecin phenotype with respect to theedsed fecundity that was observed
following camptothecin exposure. Since camptotheciduces a p53 dependent
apoptotic response and if we assume that increageptosis is responsible for the
decrease in fecundity, we would expect that megyylivate supplementation has no
effect on the transcription levels bimp53. However, if methyl pyruvate can alter the

DNA damage stress response resulting from camptiotheeatment, it may also be
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able to restore the levels d@nama, Reaper and Dmp53 transcription to pre-

camptothecin treatment levels.

Methyl pyruvate treatment or camptothecin treatnaomhe equally increasdamp53
MRNA levels (p = 0.267) (figure 3.16). During thecovery phase post methyl
pyruvate treatment, the levels &mp53 mRNA remain high in both samples
(p=0.664). Under the same conditioldeama mMRNA levels are decreased to
statistically equal levels following camptothecinmethyl pyruvate treatment alone
(p = 0.207). The levels dhama mMRNA remain low during recovery from methyl
pyruvate exposure while it increases to a high lle@ing the recovery from
camptothecin treatment (p = 0.0041). This suggtsis methyl pyruvate alone is
inducing a stress response and could be leadingcteased levels of apoptosis.
However, ifReaper mMRNA levels are used as an indication of apoptibsia there is
a significantly higher level oReaper transcripts in the methyl pyruvate treated
sample compared to the camptothecin sample (p=0lb&g situation is then reversed
as the levels ofReaper increase following camptothecin exposure and deeae

following methyl pyruvate exposure (p= 0.0179).

The combined effect of camptothecin and methyl pgte exposure seems to indicate
that the methyl pyruvate is protecting the celarfrcamptothecin induced apoptosis,
as the level oDmp53 mMRNA decreases significantly compared to the ik
sample (p = 0.033) and camptothecin treated sar{ples 0.0127) during the
combined camptothecin and methyl pyruvate treatménis decrease continues to
proceed to such an extent that in the recoveryesiigp53 transcripts are virtually

absent (p=0.0067). However, the levelsshhma mRNA remain unchanged during
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(p= 0.978) and following (p =0.0608) exposure toombination of methyl pyruvate
and camptothecinReaper levels also increase significantly (p=0.030) aedain
high (p = 0.0271) during and after treatment okdliwith a combination of
camptothecin and methyl pyruvate. This seems tccatel that methyl pyruvate is
protecting the flies from a p53 dependent increasgpoptosis and in circumstances
of decreased p53 dependent apoptosis, the levélsaaia transcription remain at a
steady level. However, the elevated level®Refper mMRNA and the lower embryo

numbers indicate that apoptosis is still occurring.

3.6.5 Snama and Dmp53 demonstrate an inverse transcriptional relationship

following stress exposure.

A common feature across all these results is therge relationship betwe&mnama
and Dmp53 where mRNA levels of one will increase while th&NA levels of the
other decrease, following exposure to a potent2MA damaging stressor. If Snama
is a negative regulator of p53 and camptothecimdrd a p53 dependent apoptotic
response, a significant decreaseSmama transcripts would be expected to occur
following camptothecin exposure and this was indéedcase (p = 0.001) Likewise
the transcription ofDmp53 was observed to increase significantly following
camptothecin treatment (p =0.0236). During recovieoyn camptothecinDmp53

transcript levels decrease while thos&wdma increase.
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3.6.6. Levels ofDmp53 transcription do not change in larvae treated with
camptothecin, while Snama and Reaper transcription is highest in untreated

larvae.

As both Snama and Dmp53 are expressed at highelsl@v the larval stages of
development (Brodsky et al., 2000; Mather et a@Q2 Ollmann et al., 2000), an
attempt was made to monitor changes in transcrigeoels ofDmp53, Shama and

Reaper in larvae produced by flies that had been expdsecamptothecin, methyl

pyruvate and a combination of both.

As can be seen in figure 3.17, neither camptoth@cm 0.3218), nor methyl pyruvate
(p = 0.229) treatment of the adult flies, seemedhdve any effect on the levels of
transcription ofDmp53 in their larval offspring. The levels @nhama mRNA were
significantly lower in larvae from adults that hbelen treated with camptothecin (p =
0.026), while methyl pyruvate treatment led to massignificant (p = 0.089) decrease
in transcripts. BothShama (p = 0.0059) andimp53 (p =0.0022) transcripts were
reduced to very low levels in the RNA extractedhirtarvae whose parents had been
treated with both methyl pyruvate and camptotheblore importantly, the larval
samples do not show the inverse relationship betv@ama and Dmp53 that is
observed in adults. The larvae do exhibit the pnesly observed pattern of

decreasing levels @ama mRNA following stress.

Figure 3.17 shows the mRNA levels of the pro apopt@eaper larvae remaining

statistically unchanged following exposure of tlezgmtal flies to camptothecin (p =

0.3211) or a combination of both camptothecin arethyl pyruvate (p = 0.604).
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Figure 3.17: The semi-quantitative Reverse Transcriptase-PCiysis of the level

of RNA transcript levels ofShama, Reaper and Dmp53 in larvae following
camptothecin and methyl pyruvate exposure of parérgs. (A) Shows the results of
the semi-quantitative RT-PCR on a 1% agarose §lShows the average optical
densities obtained via the analysis of the band®&)nNo clear relationship between
Dmp53 andReaper is presentShama transcription in the larvae seems to be similar to
the adult with a high transcription level in thetn@ated larvae and decreases
following all the treatments. Bothmp53 andShama transcripts could not be detected
in larvae treated with both camptothecin and metbytuvate. The error bars

represent the standard error of the means of badbreplicates.
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Levels ofReaper mMRNA are lower in larvae produced by adults thaterfed methyl
pyruvate (p = 0.0066). As in adult flies, no clealationship betwee®mp53 and
Reaper transcription was present. Taken in combinatiotihhe lower survival rates
during the development of embryos from flies thadvén been exposed to
camptothecin, these results suggest that campiothexatment of the adults has

altered larval development through Reaper deperafstotic pathways.

3.6.7. Real Time PCR results confirm those of theemi-quantitative RT-PCR.

Real Time PCR was used to confirm the relative tjtyaiof Dmp53 and Shama

transcripts following camptothecin treatment. Tlesults as seen in figure 3.18
confirm the inverse relationship betwearama andDmp53 transcription levels. They
also reinforce the results obtained for the senairgjtative PCR as the mRNA levels
of Shama drop (p= 0.003, 0.0009) while those@mp53 increase (p= 0.601, 0.0117)
following camptothecin treatment. The increaseDmp53 mRNA levels during

camptothecin treatment is slight and insignificatitis is followed by a large

significant increase in the recovery treatment.

The Real Time PCR results suggest that the flieaataecover from camptothecin
exposure in the 24 hour period post camptotheemtitnent, with the levels &imp53

and Shama transcripts not returning to levels near pre-cathgcin levels. Neither do
they stay steady. Instead the levelSuima mRNA, continue to fall, while the levels
of Dmp53 transcripts continue to rise. This is in contrestthe semi-quantitative

Reverse Transcriptase PCR results which suggedinéiies do begin to recover.
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(A) Shows the quantity of the mRNA transcripts éaich of the genes as a function of
the rate they reached the cycle number threshetdtlés number for the No Template
Control. (B) The pattern of transcription followimgmptothecin treatment is similar
to that seen with the semi-quantitative PCR. LewdlsShama mRNA decreases
following camptothecin exposure while the levels DMpP53 transcripts climb.
However, there are no signs of recoverySaama transcript levels continue to drop
while those oDmMp53 continue to climb. The error bars represent thedsrd error of
the means of biological replicates. The p valuesthe result of a student's -t test

comparing the two treatments to the untreated.flies
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3.7. Changes in the expression pattern of Dmp53, &ma following camptothecin

exposure.

The Northern blots and RT-PCR supplied experimestd#h concerning the levels of
dmp53, snama and reaper gene transcription during and after exposure to
camptothecin, methyl pyruvate and a combinatiomath. However, mRNA levels
may not reflect the levels of Dmp53, Snama or Regpeteins (Greenbaum et al.,
2003b; Remedios et al.,, 1996) in the fly followimxposure. Proteins are the
functional product of genes and therefore, the gmoie is a more useful tool in
determining cell function. The relationship betwem®RNA and protein levels is
complex with different studies reporting variougdks of correlation between the two.
Positive highly significant correlations betweer tthanges in protein and mRNA
levels have been reported (Anderson and Seilhab®97) (Orntoft et al., 2002).
Other studies report only limited correlations betw mRNA and protein expression
levels (Greenbaum et al., 2003a) (Chen et al., R0®Rile other studies found no
correlation at all (Lichtinghagen et al., 2002) €8k low levels of correlation are most
likely due to post transcriptional modification pfoteins and protein turnover rates
(Greenbaum et al., 2003a). These proteins couldebelated at the protein level
through degradation or by regulating protein attivin order to establish the levels
of these proteins following exposure, western blatsre performed on protein
samples extracted from flies before, during anckrafixposure to camptothecin,

methyl pyruvate and a combination of both thesercbals.

- 162 -



3.7.1 Anti Dmp53 detects two band of the correct ze.

Anti-Dmp53 antibody is detects two bands at 30 4h#Da. These bands are close to
the expected size for Dmp-53-PD (FBpp0300896) amdp®B-PA (43.7 kDa)
(AAF5607) respectively (figure 3.19 A). The untregiflies have significantly higher
expression of the 45 kDa band than flies that Hmean treated with camptothecin (p
= 0.0283 F = 0.3912) or methyl pyruvate (p = 0.0E68 0.1479). It is completely
absent in flies that have been allowed to reconmen fcamptothecin treatment, as well
as from flies that had been exposed to a combimagfocamptothecin and methyl
pyruvate. This differs from the transcription pat&observed in the semiquantitative
RT-PCR (figure 3.16) and Real Time PCR (figure 3.I8his expression pattern is
also unexpected, as exposure to stress would keEztdto increase the expression of

Dmp53.

A smaller 30 kDa band was detected in all fliesardtgss of treatment (figure 3.19B
and E). There is no significant difference betwtdenexpression levels of this protein
in most of the treated flies compared to the utéckdlies. However, when flies were
exposed to a combination of both camptothecin aathyh pyruvate, the expression
of this protein is lower than in the untreateddli@uring treatment p = 0.0258 f =
0.0143 and after treatment p = 0.0786 f = 0.04071h dhose flies that were exposed
to camptothecin alone (During treatment p = 0.0f1Z2.0032 and after treatment p =

0.0284 f = 0.0058).
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Figure 3.19: Western blot analysis oDrosophila melanogaster treated with
camptothecin, methyl pyruvate and both camptothaooh methyl pyruvate. Positive
controls exist of a recombinant GST-DWNN Cataly@iomain fusion protein and a
recombinant GST-Dmp53. (A) Is a duplicate gel. B)Anti Dmp53 detects a 45 and
30 kDa band. The 45 kDa band is similar in sizén&43.7 kDa Dmp53-PA while the
smaller 30 kDa band is near to the 36.1 kDa size¢he smaller transcript Dmp-53-
PD. This 45 kDa band vanishes during the recoweny fcamptothecin treatment. It is
also undetectable in flies during and after treatmwith a combination of
camptothecin and methyl pyruvate. The expresswallof the smaller 30 kDa band
in most of the treated flies is not significantiyferent from the level in the untreated
flies. The exception is those flies exposed to mlmoation of both camptothecin and
methyl pyruvate. (C) Anti-Snama detects the Snaomtige control, a 35 and a 40
kDa band in all flies regardless of treatment whaléarger 50 kDa is detected only
when flies are exposed to methyl pyruvate. (F) BdekDa band is detected at
statistically the same level in all flies regardled treatment. The 40 kDa protein is
detected at significantly lower levels in fliesdted with camptothecin and during
treatment with both camptothecin and methyl pyrev&t) Anti actin detects a band
of the correct size at approximately 41.8 kDaDomelanogaster actin. In (E) and (F)
the error bars indicate the standard error of tkama of biological replicates. The p
values are the result of two tailed t-test analpsisveen the untreated and all treated
flies, as well as between the camptothecin treatetl combination of camptothecin

and methyl pyruvate treated flies.
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3.7.2 Anti-Snama detects 3 different bands, none wfhich are the correct size.

The anti-Snama antibody detects a 35 and a 40 kibd n all flies regardless of
treatment (figure 3.19 C). While there is no sigmaint difference in the expression
level of the 35 kDa band regardless of treatméwtiet is a significant decrease in the
level of the 40 kDa protein in flies treated witlingptothecin (p = 0.0502 F = 0.0624)
as well as in flies treated with both camptothexsid methyl pyruvate (p = 0.0403 F =
0.481) (figure 3.19 F). Anti-snama also detectargdr 50 kDa protein in flies that
have been exposed to methyl pyruvate or a combmatif methyl pyruvate and
camptothecin. This band is detected in flies tmatsdill undergoing treatment as well
as in flies that are recovering from treatment. réhis no significant difference
between the expression level of this 50 kDa prategardless of treatment or stage of
recovery. The common factor amongst all the fllest £xpress this protein seems to
be exposure to methyl pyruvate. The expressiomesd proteins does not match the
transcription patterns observed in the semiqudivigd&R T-PCR (figure 3.16) and Real
Time PCR (figure 3.18). However, neither do theyechahe expected protein size of
139 kDa. The larger 50 kDa band is near to the ¥@& predicted size of a

theoretical splice variant of Snama (Snama-PB).

3.8. Functional role of Dmp53 following camptotheci treatment.

In order to establish what role Dmp53 plays in vif@lowing camptothecin

treatment, the drug was used to treat flies thak &n active Dmp53. The mutant fly

line y* w''® p53*1 contains a 3.3kb deletion @mp53 gene. These flies show an

increased ability to survive UV irradiation (Qiat, 2004) and a higher mortality rate
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during development (Jaklevica and Su, 2004). Ireotd establish what role dmp53
plays in the effect that camptothecin has on thityabf the flies to reproduce, or to
develop to adulthood,*yw'**® p53*1“4 mutant flies were separated into males and
females and exposed separately to camptotheciefouhtreated. The response of

these flies to treatment was then monitored.

3.8.1 Camptothecin exposure has no adverse effectsm the fecundity or

development of p53 null mutant flies.

As can be seen from figure 3.20 A, camptothecinrdignificant negative effect on
the ability of the mutant flies to produce embryps= 0.3673) compared to the wild
type flies, which displayed a significant decreasembryo production when female

flies were fed camptothecin p = 0.0001).

The embryos produced by the mutant flies that veepgosed to camptothecin did not
display any significantly reduced ability to rea@dulthood (Figure 3.20 B)

(p=0.000). They did show a slightly higher mortatiate than the wild type flies. This
was expected due to the complete losdng#53. This higher mortality occurred in the

pupae as well as the embryos and larvae.

To confirm that the p53*!* mutant strain did indeed have a 3300 bp deletion o
dmp53, PCR was performed witbmp53 specific primers using genomic DNA -
extracted from wild type and p53*“- as a template. THBmp53 primers amplify a
1200bp fragment from wild type flies but failed amplify a product from p53***

flies (figure 3.21). The presence of good qualiyact genomic DNA for both
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samples was demonstrated via the successful aoapidn of a product of the correct
size for Rp49, using primers specific foRp49. This implies that these flies were
indeeddmp53 null mutants and the effects observed in figugd3s indeed due to a

lack of active Dmp53.

3.9 Discussion.

As camptothecin is a DNA damaging agent, it is gepial mutagen, with toxicity in

mammals manifesting itself in a wide variety oflpbgies. These include hair loss;
decreased food consumption; high thymic atrophgible defects of thoracic and
abdominal organs; increases in testosterone amdlyfia decrease in litter size as a

result of an increase in the number of foetal deéiihung et al., 2006).

3.9.1. DNA damage has negative effects on fecundityespan and the viability of

D. melanogaster offspring.

Camptothecin treatment had severe and highly radtieeeffects on the fecundity,
development and mortality &f. melanogaster. Embryo production decreased sharply
after treatment. This effect on fecundity was coedi to female flies and was due to
some direct effect produced by the action of cathetmn. It is already known that
camptothecin negatively impacts gonads, @ssavhich proliferate rapidly are the
main targets of anticancer drugs (Tanaka et a08R0rherefore, lkemotherapy often
results in gonadal impairment with alkylating agecausing the most severe damage

((Meirow, 2000) ,(Howell and Shalet, 1998), (Grédisand Schilsky, 1988) ).
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Figure 3.20: The effect of camptothecin odmp53 null mutant flies. Figure (A)
shows that camptothecin has no effect on the wlofithe Dmp53 null mutant flies to
produce embryos. However, embryo production ishfliyjglower in theDmp53 null
flies than in untreated wild type flies. Figure (Bhlows that camptothecin has no
effects on the development of the embryos produme@53 null mutant flies that
were exposed to camptothecin. This is in starkreshto treated wild type flies. The
error bars represent the standard error of the snedntechnical replicates of

biological replicates.
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3000

Figure 3.21: Confirmation of the genotype of y1 w118 p53 5A-Inditants through
PCR. The PCR confirms that the yl1 w118 p53 5A-1utamts lackDmp53. The
Dmp53 specific primers fail to amplify the gene from the w118 p53 5A-1-4 DNA
extracts, whileDmp53 is amplified from the wild type flies. This is ndue to the
guality of the extracted DNA as the RP-49 contmoingrs do successfully amplify

Rp49 in both the wild type and the mutant DNA extracts.
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Through the use of null Dmp53 mutant flies, homanygyfor a 3.3 kb deletion of the
Dmp53 gene, it was shown that the decrease in fecuriditgwing camptothecin
treatment is Dmp53 dependent. Examination of cathptin treated female ovaries,
showed them to be abnormally small and with lowes&dctural integrity (Ntwasa
private communication), which is indicative of irased levels of apoptosis. This
implies that the decreased fecundity is a resulrofincrease in Dmp53 dependent
apoptosis in the ovaries. Another toxin, the protenase C inhibitor staurosporine
had no effects on fecundity. Therefore, the obskmecrease in fecundity is due

specifically to the DNA damaging effects of campatin.

Camptothecin treatment leads to an equal increagbe mortality of both sexes,

despite the concurrent increase in detoxificati@megg. This may be due to the
increased energy used to express the detoxificaimymes, or the failure of the
detoxification systems to completely rescue thesfliAdditionally camptothecin

treatment of adult flies led to offspring that deyeed slower and displayed higher
than normal levels of apoptosis that occurred appmopriate stages of development.
This situation has also been observed in ratsetleatth camptothecin (Chung et al.,

2007).

Camptothecin itself could be transferred to the o in small amounts, as other
toxins are known to enter thi melanogaster embryo following exposure (Stallings
et al., 2006). Topoisomerase assays failed to stmmly show a lack of
topoisomerase activity in these samples (figurg. 3®wever, there was still some
evidence that active topoisomerase is absent fhr@setembryos. Since camptothecin

is used as a chemotherapeutic agent it should lee@bross membranes and into the
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embryos from the adult female where it may contiriaeinhibit topoisomerase

activity. The ring canals that connect the deveigpbocytes would also aid in the
transport of camptothecin between cells. The dsfacdevelopment may be due to
topoisomerase | no longer being supplied in higbugh quantities to the embryo in
the ovary, as it has been depleted through theraoficamptothecin. Previous studies
using Western blot analysis show about 90% of Tsgoerase | was found linked to
DNA following camptothecin treatment. This alsouksd in increased ubiquitination

of topoisomerase with a 75% decrease in topoisasedrlevels (Desai et al., 1999).

Ovaries that were surgically removed from patietresated with camptothecin
displayed an absence of growing follicld$ie high levels of apoptosis in thesalls
following treatment with camptothecin, was foundo® due to Fas ligand expression
(Utsunomayi et al., 2008)If camptothecin signalling stimulates specific Eige
expression in th®rosophila ovaries, it would explain why the defects obserwede
confined to the ovaries as well as the poor comditof the ovaries themselves
Camptothecin treatment also increased the trarigmripf Dmp53 as seen in the real
time and semi-quantitative PCR. This could lea@dnoincrease in Eiger expression,
activating the Wengen pathway and resulting in acrease in Hid dependent

apoptosis.

Camptothecin rapidly induces ovarian failure in rpemopausal woman, with
symptoms including decreased sex hormone produ€Tianaka et al., 2008), as well
as an increase in the levels of follicle stimulgtimrmone and lutenizing hormone
levels (Utsunomayi et al., 2008). The major hornsoimeinsects that are responsible
for development and reproduction are ecdysterdtiimd@n et al., 2003). Removal of

insect ovaries leads to a decrease in the syntbésgis/enile hormone (JH) and an
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increase in JH esterase activity (Renuci et aBQ).9ollowing stress both JH and 20
ecdysterone are up-regulated, resulting in decdetesmindity due to delayed oocyte
maturation, increased levels of egg re-absorptiod alecreased oviposition
(Gruntenko and Rauschenbach, 2008). The two horsn@wrilate each other’s levels
by negatively impacting hormone degradation. Howgewvk juvenile hormone is
absent the remaining 20E induces apoptosis inthsercells as well as leading to an
accumulation of yolk proteins in the hemolymph doeocyte re-absorption (Soller
et al., 1999)A disturbance in the hormone levels is impliedhis tstudy due to the
increased levels of yolk protein detected usingPAGE. This may then result in the
decrease in embryo numbers due to oocyte re-al@omqt increased apoptosis in the

nurse cells.

The negative effects of camptothecin on the offgpof exposed flies seem to have
ceased by the larval stagpmp53 RNA levels have returned to normal and the
development studies indicate that at some stages thmeist be near to complete
recovery in one of the larval stages. HoweRegper andShama transcript levels are
both lower in the larvae from the camptothecin tedaflies. This implies that
camptothecin treatment of the adults is still ergrian influence on the larvae. This
difference in the levels dReaper transcripts may be due to a time based induction o
Reaper expression and apoptosis. Reaper is exgresske developing neurons of
larvae, with loss of functiorReaper mutants displaying enlarged central nervous
systems (Peterson et al., 2002). At this stageewtldpment Reaper expression is
most likely under the control of the Ecdysone réoeignalling cascade (EcR)
(Brodsky et al., 2000). This hormone regulates ritetamorphosis from larvae to
adult and puparium formation is preceded by a shiaepin the levels of this hormone

(Bangs and White, 2000). During the initial lansthges the levels of ecdysone
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increase leading to increased Reaper expressiorapmatosis. The hormone levels
drop during the mid-prepupal stages and this ibovietd by a late stage spike of
hormone secretion which triggers puparium format{@uszczak and Segraves,
2000). The lag in development observed in embryasnf flies exposed to

camptothecin would therefore imply that even thotlghembryos were the same age
they may be at different stages of developmentwaodld be expressing Reaper at

different levels.

3.9.2 The Stress response of normal cells to DNA mage by camptothecin

results in a glycolytic flux.

Proteomic analysis of wild typB. melanogaster during recovery from exposure to
the DNA damaging agent camptothecin, revealed awing the expression of new
genes. When the proteomic responses of these nd@noabphila cells recovering
from camptothecin treatment (figure 3.9 and 3.Hd¢ compared to those of human
cancer cells, undergoing camptothecin treatmente(Ra et al., 2009) (Yu et al.,
2007) some similarities are observed. This sintjjais interesting because it
demonstrates a similar but not identical patterprofein expression occurs in human
cancer cells and normdd. melanogaster cells. In both cell types, camptothecin
treatment led to the increase in the expressiaytoskeletal proteins, antioxidant and
detoxification enzymes, metabolic proteins and @rst involved in protein
degradation (Hull and Ntwasa, 2010) (Parenta e8D9) (Yu et al., 2007). Notably
those proteins involved in metabolism were spedliffancreased ifD. melanogaster.

It is also important to note that not all the spptesent on the 2D-PAGE were

analysed by mass spectrometry.
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The increase in the expression of enzymes involnedlycolysis and the Krebbs
cycle is significant. This implies that followingumptothecin exposure the flies are
undergoing a glycolytic flux that involves an inase in enzymes from multiple
metabolic pathways such as the TCA cycle and glguesis. This metabolic shift is
also different to that observed in cancer cellsengtthere is a shift to the rapid but

less productive glycolytic cycle (Warburg, 1956).

In cancer cells an increase in the ability to temmoptosis caused by DNA damage is
linked to an increase in the expression of glydolgnzymes or an increase in the
energy use of the cell and consequently increaseryg production. This increase is
greater than that normally observed in untreatett@acells (Shin et al., 2009).
Additionally, apoptotic stimuli are known to indu@n increase in cellular ATP
levels. Energy is required for the orderly progm@ssof apoptosis and for DNA
damage repair (Zamaraeva et al., 2005). An increae amount of ATP present in

damaged cells also favours apoptosis over nedi@sisch et al., 2002).

As in cancer cells, the normal cells recoveringrfrdNA damage in this study, may
require an increase in the amount of available ggnenecessitating the increased
expression of metabolic enzymes. This energy magtpaired byD. melanogaster to

repair DNA damage or to aid in increased proteinduer. It may also be required for
increased gene expression or even to supply enegyired for an increase in

apoptosis.

The increase in the expression of arginine kinéigeiré 3.10) during the recovery

period may function to generate an energy resarvaviertebrates by catalysing the
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transfer of a phosphate group to arginine to geegphosphoarginine (Wu et al.,
2007). The resulting reserve may be required fgh lenergy buffer systems, rapid
motility, and most interestingly the regulation giycolytic fluxes (Brown et al.,

2004). Therefore, increased arginine kinase maytactreate a reservoir of stored
energy that will be used to generate an increafigeiavailable energy in a short time,

preventing any interruption in cell recovery.

Triphosphate isomerase (TPI) is the only proteirvoived in carbohydrate
metabolism, whose expression levels decreases gdutite recovery from
camptothecin treatment. It is worth noting that thperature sensitivgasted away
mutation inD. melanogaster results in flies that exhibit motor impairment,cualar
neuropathology, and severely reduced lifespan @&neat al.,, 2006). These
pathologies are similar to those found in human ddficiency. Incidentally they also
closely resemble the side effects of camptothecgatinent. Consequently, the
inhibition of TPI by camptothecin treatment may\pda an explanation for some of

these side effects.

The range of metabolic enzymes affected during wego from camptothecin

exposure, shows that pathways have been affectebiseparate cell compartments,
namely the cytoplasm where glycolysis occurs ardntitochondria where the Krebs
cycle occurs. Camptothecin and its analogs are kntov effect mitochondrial

respiration by lowering the expression of suburofsthe cytochrome oxidase
complex. This results in decreased ATP productin €t al., 2007). It has also been
reported that apoptosis resulting from DNA damagesed by reactive oxygen

species, is followed by an initial glycolytic blgdillowed by a glycolytic flux that is

- 177 -



necessary for the apoptotic response. Inhibitionhef glycolytic flux consequently
inhibits apoptosis (Cerella et al., 2009). Therefdhe increase in energy production
observed during recovery from camptothecin treatmesy be a means whereby the
cells compensate for either, the negative effectmotochondrial respiration or an
initial glycolytic block. This may be why camptottie treatment is seen to increase

carbohydrate metabolism in both the cytoplasm aitdamondria.

Glycolysis is largely driven by the activity of théwree enzymes hexokinase,
phosphofructokinase and pyruvate kinase. Thesensexgatalyse the reactions with
the largest negative Gibbs free energy. The dranmatrease in the expression levels
of pyruvate during recovery from camptothecin tneat (figure 3.10), could be
driven by an increase in the amount of glucose rimgfethe glycolytic pathway,
increased levels of the substrate phosphoenolpigulREP) or increased levels of

fructose 1,6-bisphosphate, an intermediate in dypi®

3.9.3 The link between Dmp53, metabolism and apofis.

Disruption of p53 gene function has been demonstrated to causehiftets the
Warburg Effect (Ma et al., 2007) (Bensaad and Vens@007). Mammalian p53 can
inhibit glucose uptake by repressing the expressioglucose transporters such as
Glut 1. Another regulator of pyruvate kinase TIGARP53-induced glycolysis and
apoptosis regulator) is activated by p53 directiibiting the glycolytic pathway.
TIGAR functions to decrease the activity of the ogliytic enzyme 6-
phosphofructose-1-kinase (PFK1). Thirdly, p53 cardlly repress the expression of

phosphoglycerate mutase (PGM). Finally p53 playsngportant role in influencing
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mitochondrial respiration or oxidative phosphorgatthrough transcriptional control
of the Synthesis of cytochrome ¢ oxidase 2 (SCO2) gene(Cheung and Vousden,

2010).

As expected we observed an increase in the tratiserilevels ofdmp53 following
camptothecin treatment. Camptothecin exposure Bwhknto initiate p53 over-
expression in mammalian cell lines and the DNA dgenaepair and apoptosis
functions are conserved between mammalian Bnasophila p53 (Jassim et al.,
2003). Treatment of Hepatocellular Carcinoma Qelth the camptothecin analogue
irinotecan resulted in increased p53 expressionaatidity. The resulting increase in
the levels of apoptosis appear to be p53 deperdetécreased p53 expression results
in decreased apoptosis (Takeba et al., 2007). rélasonship has also been reported
for other cancer cell lines (Albihn et al., 200Z)u(and Zhang, 1998) Significantly
the pro-apoptotic effect of camptothecin can beulagd by p53. In p53-defiecient
cells the camptothecin analogue topotecan indugeptasis and DNA damage more
effectively than in p53 expressing cells. Topotedaiggers topoisomerase |
degradation via the proteasome pathway in a pS8tadsnanner. In doing this p53
does not physically interact with topo | but regetathe synthesis of an unknown
intermediate that may ubiquitinate topo | or beoiwed in transcription-coupled
repair of damage caused by camptothecin (Tomicat. e2005). Our study is the first
to show that camptothecin treatmentDrfosophila melanogaster stimulatesDmp53

transcription.

An increase irDmp53 transcription is accompanied by a decrease inrémescription

of Shama. During recovery from camptothecin treatment tlasfollowed by an
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increase irhama transcription. Methyl pyruvate exposure has alsingffect on the
transcription of Dmp53 and Shama as camptothecin exposure. The inverse
transcription pattern observed fddmp53 and Shama following camptothecin
treatment seems to indicate that a relationshigtexoetween the two molecules,
possibly by controlling each others transcriptieither directly or indirectly. This is
what would be expected if Snama is a negative adgulbf Dmp53, playing a role
similar to that of MDM2. The ability of mammaliaroimologs of Snama such as
RBBP6 or PACT to interact with MDM2 and assisthe negative regulation of p53,
support these observations as does the DWNN donstmustural similarity to
ubiquitin (Mather et al., 2005). This relationshipay involve Snama directly

influencing Dmp53 stability through its function as E3 ubiquitin ligase.

The lack of any correlation between the expresaiwh transcription data famp53
implies that Dmp53 activity is largely regulated the protein level following
exposure to camptothecin or methyl pyruvate. Tlybdn levels of the 45kDa protein
detected in untreated flies may represent inacpr@ein that will be activated
following DNA damage. Alternatively, some studies/b reported that camptothecin
induced apoptosis does not solely rely on p53, widhncrease in the levels of p53
activity (Schmidt et al., 2001). The decrease aldvels of p53 following exposure to
camptothecin or methyl pyruvate is not unheardCaimptothecin treatment is known
to activate both the ATM and ATR pathways. In tihsence of ATM, camptothecin
treatment leads to the activation of the ATR-Chiathways, lower levels of p53 and

delayed apoptosis (Zuco et al., 2009).

- 180 -



The decrease in the level of the 45 kDa protein megyesent a delayed apoptotic
response. The lack of any detectable protein ing¢bevery phase would indicate that
most of the Dmp53 was removed from the cell. Howethee transcript levels remain

high indicating that it may be possible to rapitdyurn to higher levels of Dmp53.

Since the expression levels of the 30 kDa proten ndt change significantly
following camptothecin or methyl pyruvate exposuhe increase in the transcription
of Dmp53 could indicate translational control where theeleef Dmp53 is kept
constant through controlled protein degradations iimportant to note that the PCR
based analysis of themp53 transcripts could not distinguish between the dzife:
isoforms of Dmp53 and therefore, tBenp53 transcript detected using RT-PCR may
not code for the 45 kDa isoform detected in the t&fesblot. Additionally any
differences between the expected and observed smgs be due to extensive
posttranslational modifications that often occup%8 proteins, which complicates the

accurate determination of p53 size (Meek and Aradera009).

One area where the functions of Snama and Dmp58 geecorrespond is in

proliferation. Snama is vital for flies to survieenbryogenesis, and is required for
cells to proliferate. Cells that have differerg@tor are postmitoic cells do not die if
they lack Snama. Proliferating cells that lack fBashave an excess DNA content
which is probably the result of the inability tovidie or aberrant DNA synthesis
(Jones et al., 2006). Dmp53 does not normally playle in cell cycle progression but
it does seem to be required for compensatory praliion in tissues that have lost
cells to apoptosis. Here Dmp53 is activated by DIRO#&hd is able to control cell

progression by inhibiting cdc25 (Wells et al., 2PD0Bollowing this process cells
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proliferate probably due to signals initiated by ps8. However, Dmp53 signalling
must be curtailed in order to remove the cell cydleck, allowing proliferation in
order to replace the cells killed during camptothedreatment. Following
camptothecin treatment cells that have been kiledt be replaced. This would then
explain the transcription patterns &fama and Dmp53 observed in cells recovering

from camptothecin treatment.

The anti-Snama antibody is raised against the DWidMain. Since the anti-Snama
antibody is able to detect the recombinant DCM gaimtbut is unable to detect the
full length Snama at 139 kDa, it can only be asslithat the smaller bands represent
degraded Snama or DWNNylation (transfer of DWNNugp®) of other proteins. This
would imply that the bands detected on the wedt@nrepresent Snama activity and
not Snama itself. Another likely explanation foettetection of no proteins of the
correct size is the basic charge of the C' termofuSnama. This has previously been
reported for PACT where the protein needed to betybted before it could be

detected at the correct size on a Western blotqSsnet al., 1997).

The expression of these proteins do not match rdmesdription patterns observed
previously, with the smallest protein being unaféelcby stress caused by methyl
pyruvate or camptothecin. The detection of a 50kDaztein in flies that have been
exposed to methyl pyruvate is interesting, as &kB8& protein is predicted to be
produced by a splice variant of tBeama gene (Tweedie et al., 2009). This smaller

Snama still contains the DCM and would be detebtethe antibody.
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The expression pattern observed for Snama and Drepéis to reflect a complex
interplay between the two molecules. If Snama isntaming Dmp53 at stable levels
in untreated flies, then the decrease in Dmp53deadiowing DNA damage seems to
indicate an increase in Dmp53 turnover. This ingptigat initially apoptosis is being
prevented. The continued degradation of Dmp53 & récovery phase may then
result in the absence of any Dmp53 protein in thiéies, while there are still

degradation products.

The absence of any direct relationship betw&eaper and Dmp53 transcription
seems to imply that Reaper is being regulated tira means other than Dmp53.
Reaper can be regulated by both the p53 DNA damegmonse pathway and the
Ecdysone receptor signalling cascade (EcR) (Brodskgl., 2000). If the normal
secretion of this hormone is being disrupted dueamptothecin exposure, it could

explain the incongruence Reaper andDmp53 transcription patterns.

3.9.4 The effects of bypassing glycolysis.

Due to the fluctuation in metabolic enzymes obsgmhering the recovery phase after
camptothecin treatment, methyl pyruvate supplentiemtawas expected to have
positive effects on the fecundity, longevity andbeyonic development of flies that
had been negatively affected by camptothecin expofy so bypassing glycolysis it
was intended to determine what role the glycolftix may play in the stress

response to DNA damage.
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The negative effects methyl pyruvate had on embwyobers and recovery rates may
be due to an increase in metabolic pathways cabgedxcess pyruvate. In the
absence of glutathione, pyruvate has been repdotaetbcrease cell viability, most
likely by generating ROS that damage the mitochiahdnembrane (Mari et al.,
2002). The viability of embryos produced by fliegpesed to methyl pyruvate was
decreased compared to embryos from untreated tHesvever, when flies were
exposed to camptothecin and methyl pyruvate, thvasean increase in the viability of
embryos compared to embryos from flies that had lee@osed to camptothecin. This
implies that methyl pyruvate is protecting thesébgras from the increased levels of

apoptosis that they experience following camptath&eatment.

Methyl pyruvate exposure increasBsp53 mRNA which is followed by the near
absence ofeaper transcripts. Pyruvate prevents the nuclear traasion of p53 as
well as affecting the ratios &ax/Bcl-2 (Frenzel et al., 2005; Lee et al., 2003) (Kang
et al., 2001). This may explain the lackReaper transcription as cytoplasmic p53 is

not able to promote transcription.

The absence obmp53 transcripts is matched by an absence of the |dbgep53
protein and a decrease in the levels of the smalletein. Despite this the
significantly higher levels ofReaper transcription implies that the combination
treatment is extremely stressful and the higheeltewof Reaper transcription would

lead to higher levels of apoptosis.

The decrease in p53 transcription and expression eadue increased protection

from ROS by methyl pyruvate by increasing substaatalability for the Krebs cycle.

- 184 -



This would result in increased ATP and NADH, whul lead to an increase in the
levels of reduced glutathione. Pyruvate is alsa &bl scavenge free radicals and
protects DNA from damage caused by high levelauggs in diabetic rats (Frenzel et

al., 2005) (Kang et al., 2001).

3.9.5 Other cellular changes that occur as a resutf DNA damage.

The response dD. melanogaster to chemotherapeutic agents varies. The generation
of reactive oxygen species (ROS), resulting in thereased transcription of a
substantial number of phase | (Cytochrome p450) pimase Il (GSTs) enzymes,
antimicrobial peptides and odorant receptor pretegidermeulen and Loeschcke,
2007). Topotecan and camptothecin treatment arevikrio increase the levels of
antioxidant enzymes such as catalase, glutathiomexplase and superoxide

dismutase (Muluk et al., 2005).

One of the stress response genes whose expresa®nnareased in the recovery
phase following camptothecin treatment [@fosophila melanogaster was GST S1.
GST P1 expression is known to increase followingm@thecin exposure leading to
a decrease in the levels of apoptosis (Haraa e2@b4). As there is no published
evidence that glutathione-camptothecin complexesfoem (Gamcsik et al., 2001)
GST S1 is most likely up-regulated in this studypimtect cells from oxidative
damage caused by camptothecin exposure. GST askaw®d that the changes in
protein expression detected in 2D-PAGE analysikcefactual changes in protein
levels and activity. It may be noted here that GEII' has a lower affinity for the

CNDB substrate used in the GST enzyme assay thast mtbher GST classes
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(Agianian et al., 2003) and this may be the caddbelower than predicted activity

observed during the enzyme assay.

There is also a significant increase in the exprasof detoxification, and
cytoskeletal proteins. Superoxide Dismutase is h@roantioxidant protein whose
expression increases during the recovery from catingtin treatment. IDrosophila
mitochondria SOD is regulated by MAPK signalling\AP-1. Mitochondrial SOD
has three promoter elements MRE-metal responsieenesit-, ARE-antioxidant
responsive element- and XRE-Xenobiotic responsigment. The activation of one
or more of these can initiate SOD transcriptionrdaot et al., 2004). In the case of
camptothecin treatment, both the XRE and the ARKE bearesponding to the drug
and initiating SOD transcription. The MRE respotalfieavy metal toxins and strong
oxidizing agents and camptothecin may be abledada SOD expression in this way

as well.

Components of the 20S proteasome were also foubd &xpressed at higher levels
during recovery from camptothecin treatment (figBr&0). Increase in the activity of
the proteasome has varied effects on apoptosisldepending on when the action of
the proteasome is inhibited. Inhibiting the proteas before treatment of small cell
lung carcinoma cells with camptothecin prevents fh@-apoptotic action of
topoisomerase inhibitors. If the proteasome inbilgitare administered after treatment
with topoisomerase inhibitors, they enhance thedapoptotic effect (Tabata et al.,
2001). The obvious explanation for these obsermatis that the proteosome is
required to allow cells to recover from the effeofscamptothecin. This probably

involves the removal of damaged or misfolded prstafter camptothecin treatment
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and degrading the contents of dead and dying ahlisng the treatment with

camptothecin.

Individual proteins that are responsible for protielding show increased expression
following camptothecin exposure. However, theraassignificant overall increase in
protein folding protein activity. During the recayeperiod two proteins that aid in
protein refolding, protein disulfide isomerase atltaperonin increase while the
expression of a third Erp60, is not significantiyeated (figure 3.10B). Erp60 has
similar functions to that of protein disulfide iserase. Erp60 is also required for the
correct folding of glycoproteins and can be fountsae of the ER, particularly in the
nucleus, where it can act to regulate STAT3 sigmalby binding to this molecule
(Coea and Michalaka, 2010). Since STAT3 is involuedome apoptotic responses
(Horvath, 2000), the expression of this protein nmay increase, as the levels of

STAT3 must remain constant, increasing or decrgagpoptotic signalling.

Another protein whose expression increases durrgg recovery period is yolk

protein. This structural molecule is known to beoiwed in vitellogenesis; oogenesis
and sex differentiation. The protein does possdgmae domain and is known to act
as an antioxidant in queen bees improving theaspan (Corona et al., 2007) and it
may play this passive role iD. melanogaster during the stress response to
camptothecin. However, stress generally leads ¢odicrease in yolk level protein
due to its regulation, expression and uptake byakange in the levels of 20H

hydroxyecdosyne and juvenile hormone (Gruntenko Radschenbach, 2008). It is
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likely that the stress response initiated by cammegttin treatment may also lead to

hormone fluctuation and the increased levels dft pobtein expression.
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4.1 Introduction.

Despite the order Coleoptera being the largeshefitisect orders, the study of the
beetle immune system has been confined to a fewiespeonly one of which is a
representative of the true dung beetles while robshe work on non antimicrobial
signalling components in the coleopteran immunéesyshas been performed in the
beetlesA. dichotoma andTribolium castaneum. The variation amongst beetles due to

their varied habitats and diet should result ifiedénces in their immune system.

Insects initially respond to infection via the wfeconstitutively active responses that
involve hemocytes. These responses involve encapsuland phagocytosis as well
as the pro-phenoloxidase response and are largghpnsible for the removal of most
of the invading pathogen population (Haine et 2008). Insects then rely on the
induced antimicrobial peptide response to remowgarmeing bacteria. The first insect
antimicrobial peptide cecropin was isolated frone ttecropia mothHyalophora
cecropia in 1981 (Trenczek, 1997). Numerous peptides hanae $een isolated from
other lepidopteran, dipteran and hymenopteran tasémtimicrobial peptides have

also been isolated from the holometabolous henapge(Otvos, 2000).

The only true dung beetle whose immune system &ées btudied in detail is a beetle
from the tribe coprini (black dung beetleSpprini tripartitus. Like E. intermedius

this is a tunnelling dung beetle. A defensin wadai®ed from this beetle and named
coprisin. It appears in high amounts only four Isoafter infection and shares 67-71%

identity with other beetle defensins. However,aed have a wider range of activity
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than most defensins being active against gram iegahd gram positive bacteria

(Hwang et al., 2009).

In order to study the response Bf intermedius to infection, adult beetles were
infected with various pathogens. The effectiverdsthese infections was confirmed
using mortality and fecundity assays, while changegrotein expression were
monitored using HPLC and SDS-PAGE. An attempt waslero isolate and identify
antimicrobial activity from the beetle following munization while changes in the
proteome of the beetle following infection wereocalsxamined. Peptide sequences
were used to design primers in order to isolategdees coding for these proteins.
These genes were then used to create cDNA probesataine the transcript levels

following infection.

4.2 The effects of infection and the cost of the imune response.

Beetles were challenged with a variety of differpathogensMicrococcus luteus
was used as a representatiegram-negative bacteria arifscherichia coli as a
representative of gram-positive bacteridne fungal pathogemeauveria bassiana
was used as it is a natural insect pathogen, whicimder investigation as a possible
bio-control agent. Exposure of the beetles to thmegbogens was expected to induce

or increase the expression of anti-microbial peystid
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Table 4.1: List of coleopteran families, sub fapsliand tribes where an analysis of

the coleopteran immune system has been carried out

Polyphaga

Reference

Scarabaeformia Scarabaediae
Dynastinae
Allomyrina dichotoma
Oryctesrhinoceros
Trypoxylus dichotomus
Melolonthinae
Holotrichia diomphalia
Rutelinae
Anomala cuprea
Scarabaeinae (true dung beetles)
Copris
Copristripartitus
Scarabaeus

Euoniticellus intermedius

(Miyanoshita et al., 1996)
(Ishibashi et al., 1999)
(Miyanoshita et al., 1996)

(Lee et al., 1994)

(Yamaauchi, 2001)

(Hwang et al., 2009)

This study

Cujiformia
Tenebrionidae
Zophobas atratus
Tribolium castaneum
Tenebrio molitor
Curculionidae
Stophilus zeamais
Chrysomeloidea
Acalolepta luxuriosa
Elateriformia

Pyrocoelia rufa

(Bulet et al., 1991)
(Altincicek et al., 2008)
(Moon et al., 1994)
(Anselme et al., 2008)

(Imamura et al., 1999)

(Lee et al., 2001)

This table lists those beetle species whose imnsystems have been studied. Most

studies have centred on the isolation of antimiedopeptides. Only the tenebroid

beetlesT. castaneum and T. molitor have had more in depth studies, involving the

study of signalling pathways, following infection.
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It was important to ascertain if these infectioogadures had been effective. To do
this the elution profiles of peptide samples isadafrom infected and uninfected

beetles were compared using reverse phase HPLelfatter stages of this study
more emphasis was placed on the use of the furadhbgen to infect the beetles as
indications of infection withB. bassiana could be observed as the growth of fungi on
dead beetles and a decrease in fecundity. The teffec infection on protein

expression were also monitored using the bandirttignpa observed on a 15% Tris

Tricine SDS-PAGE.

The activation of an insect's immune response G ldetrimental effects on its
normal physiological functioning. This involves actlease in energy available to the
insect to perform other demanding activities sustagiaging and mating. For this
reason the effect of fungal exposure on the fedynali E. intermedius was also

monitored in this study.

4.2.1 HPLC elution profiles and SDS-PAGE gels showhanges in protein

expression patterns following bacterial infection.

HPLC analysis was performed on challenged and uleciged samples. These
produced slightly different elution profiles. Irgtire 4.1 the elution profiles of three
different samples were recorded at two differenvelengths and are represented on
the same set of axes. All three samples wereceloben a C18 column using 60%
acetonitrile, implying that they are hydrophobicdaall three samples displayed
antibacterial activity. The elution profile produceia detection at 280 nm (figure 4.1
A) shows a protein present only in the bacteria fumgal challenged samples eluting

at roughly 13 minutes. The peak is slightly highethe bacterially infected sample,
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but the peak in the fungal infected sample is stilitively large. This 13 minute peak
is visible in the profile recorded at 220 nm (figut.1 B) where it follows a similar
pattern. This could signify an increase in the espion of a peptide following
infection. Although this does not mean that thisregulated peptide has to be an
antimicrobial peptide. Inhibition clearing zone ukts showed that the peptides in the
unchallenged sample (figure 4.2 A) gave rise ttearcng with a larger diameter than
that in the challenged samples (figures 4.2 B a@€) suggesting that the observed
changes in the elution profiles were not due tongka in antimicrobial peptide

expression.

In the latter half of the run the Fungal challengadhple has fewer proteins but there
is a protein that elutes at around 39 minutes itharesent in this sample and the
unchallenged control sample, but is absent frombiheterially challenged sample.
The bacterial sample shows two unique proteins Gatnnutes, but a complete

absence of at least three large peaks betweend250aminutes.

Differences in protein expression patterns are rafication that the beetles were
successfully challenged. This was performed by ingqithe peptides on a 12% tris
tricine SDS denaturing polyacrylamide gel. Foufed#nt samples were used, each
representing a different pathogen treatment obtwtles. These samples wé&ieoli

challenged M. luteus challenged,B. bassiana challenged and an unchallenged
sample. The uninfected sample served as a bast®foparison, with equal amounts

of each sample being loaded onto the gels.
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Figure 4.1: HPLC elution profiles showing changes in peptideels between

challenged and unchallenged beetles: The elutiofilprproduced via detection at
280nm (A) shows very few differences between thptide samples except for a
change brought about by infection at around 13 muThe peak is only present in
the two infected samples. The profile recorded2&x @2m (B) shows a similar pattern.
There are proteins that are unique to individuah®as that eluted in the 15-40

minute period.
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Figure 4.2 Inhibition assays: Photographs of solid mediahitluin assays performed
againstMicrococcus luteus. (A) The largest 22 mm diameter clearing is presers
60% acetonitrile fraction from untreated beetleac® again the largest clearing is
produced by the 60% acetonitrile fractions fréneoli challenged beetles (B) and
from B. bassiana challenged beetles (C). This suggests that thealleciyed beetles
are already mounting a powerful immune responseactwbould be due to their

microbe rich environment.
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The influence of the time of peptide extractiontgagection was also investigated in
this way by loading samples from the different inmsation treatments collected at 4
and 24 hours post infection. Additionally all sasgplwere first purified on a Cation

exchange column and were therefore cationic.

The result of the electrophoretic analysis of trempgles described above is
represented in figure 4.3. From the figure it can doncluded that the time of
extraction after infection seemed to have verielgffect on the banding pattern, with
there being little to no change in the expressiattegpns of the purified peptides
between 4 and 24 hours. The bands that appear éet@/@nd 8 kDa are found in
samples that inhibit the growth d¥l. luteus. These bands are present in the
unchallenged an® bassiana treated samples. This implies that the alteredigept
expression following infection probably occurs ipiand persists for more than 24

hours.

Differences between the protein expression patteetsween infected and uninfected
beetles are more apparent when the samples angsadalsing 2D-tris tricine PAGE.
In figure 4.3 B and C proteins that only appeaonie gel are marked with a red circle,
while those appearing in both are marked with amreircle. There are obviously
more proteins in the whole body extracts, withih&eated sample showing a greater
number of small positively charged proteins. Thare fewer obvious differences
between the infected and uninfected hemolymph sssnplith new proteins around

17 kDa appearing following infection.
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Figure 4.3: Expression patterns on Tris Tricine PAGE gels amditator of peptide
expression pattern change after immuno-challeriyg A{l samples run on the gel
were of equal total protein concentration and @tevpositively charged peptides that
eluted after the crude extracts were sent throhghCation exchange column. A 2D
PAGE comparison of infected and uninfected beeathtem extracts (B and C). These
protein samples were extracted from the whole @&)yand the hemolymph of the
beetles (C). The same small peptides that mayseptehe antimicrobial peptides are
present in all gels (A) (B) and (C) and are mankgith a green circle. Those peptides

unique one set of gels (B) and (C) are marked weithcircles.
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In figure 4.3 B it can be seen that there are gelamount of low molecular weight
proteins that seem to disappear following antinb@binfection (marked with red
circles). This was unexpected and it seems unlikedy any of these could represent

the antimicrobial peptide as both samples showlairantimicrobial activity.

Following fungal infection, a large number of smadeptides appear in the
hemolymph (figure 4.3 C). There are also small idegtthat seem common to both
samples that are clearly visible on the 2D PAGEs gepresenting the hemolymph

samples and whole body extracts.

4.2.2 Mortality assays show increased mortality ras and lower survival

probabilities.

Mortality assays were performed by leaving the leedbr up to 5 days post infection,
and recording the number and time of any beetléehde® Kaplan Meier survival
analysis of beetles (figure 4.4 A), shows a de@@ashe beetle’s survival probability
compared to those beetles that had not been exgos@thgus. This increase in
mortality took the form of a sharp rise in the nanbf deaths occurring in the beetles
treated with fungus on the second and fourth dayst nfection. Although the
mortality rate was higher in those beetles infectath fungus, the survivorship

probability never dropped below 50% in these irdddieetles.
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Figure 4.4: Mortality Assays. A Kaplan-Meier product limit estate of the survival
functions of each individual beetle grouped acawgdo treatment was performed at a
95% confidence interval. The resulting survivorsiplet shows that the survival
probability of the beetles was much lower followiegposure to the fungus. There
was a sharp decrease in the survival probabilitthefbeetles exposed to fungus on

day two followed by another sharp decline on day 4.
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4.2.3. Fungal exposure lowers beetle fitness.

In order to further establish if the fungal exp@swvas having any effect on the
beetles, the effect that infection had on repradacivas examined. Breeding pairs of
matureE. intermedius were infected withB. bassiana. After a four day period the
number of broodballs produced were counted andiéd/by the number of surviving
females. This was to account for any decrease aodirall number due to higher

mortality rates.

Figure 4.5 shows that fungal exposure has a sogmftieffect on broodball production
(p = 0.0152), with infected beetles producing nealtimes less broodballs than
uninfected beetles. This large decrease in the eunob broodballs produced is
therefore most likely due to an effect the fungusaving on the beetle’s fithess due

to the increased energy expended on the immunenssp

4.3 Antimicrobial activity.

An important aspect of this project was the isolaf antimicrobial peptides fro.

intermedius. Members of most of the four classes of antimicrop&ptides have been
isolated from the order Coleoptera. These inclielinear amphipathic peptides in
the form of cecropin; the insect defensins, thelicyantifungal peptides and the
glycine rich peptides. As yet no member of the ippkich peptide family has been

isolated from the Coleopteran order.
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Figure 4.5: The effect of fungal treatment on broodball praduc Infection of
mature breeding pairs &. intermedius with B. bassiana results in a decrease in the
number of broodballs produced by the beetles. Tdta ¢h this figure represents
broodballs produced per female surviving at the ehd four day period. Therefore
the number of broodballs produced is not solelyedeent on the number of living
adults. The large decrease in the number of brdisdpeoduced is therefore most
likely due to there being less energy availablethar beetles to produce broodballs
following an increase in immune costs. The errasbyapresent the standard error of

the means of biological replicates.
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The novel peptides Alo-3 isolated frofarocinus longimanus (Barbault et al., 2003),
Scarabaecin isolated fro@ryctes rhinoceros (Tomie et al., 2003), luxuriosin isolated
from Acolalepta luxuriosa (Kenjiro Uedaa, 2005) and Thaumatin isolated from
Tribolium castaneum (Altincicek et al., 2008). All serve an antifundanction in
addition to various anti-bacterial activities. lowd make sense that homologs of
these proteins would be presentHn intermedius and perform similar antifungal

activities.

Finally, the occurrence of the glycine rich antimigial peptides throughout the order
of coleoptera, also suggests tBatintermedius would possess a glycine rich peptide
similar to coleoptericin (Bulet et al., 1991), hivioin (Lee et al., 1989), protaetin 1

(Yoon et al., 2003) or acoleptin (Imamura et &@99).

4.3.1 Solid media inhibitions indicated the preserc of an antimicrobial

substance in cationic hydrophobic samples.

Solid media inhibitions such as those in figure #kh@icated that all crude extracts
consistently displayed inhibitory activity towartls luteus, but not against the gram
negativeE.coli, with there being no significant difference betwdle activity of the

untreated and challenged samples and no signifgainvise differences among the
mean diameter clearings for any of the samples (p2352). This implies that the
antimicrobial activity is constitutively active ithe beetles, probably due to the

environment in which they live.
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The negatively charged peptides showed signifigdatier activity againsM. luteus

regardless of treatment (p = 0.0001 - 0.0009). ddmatively charged peptide fraction
from the fungal infected and gram negative chakehbeetles showed significantly
lower activity than the crude extracts (p = 0.0p5= 0.0342), while those from
uninfected beetles and gram positive challengeddseshowed comparable activity
to the crude extracts (p = 0.6439, p = 0.3568). ilh@itory molecules would be in a
very low concentration in these samples and tha bancentration of salt may also

interfere with the peptides activity.

The purification step that consistently showed lighest activity was the 40-60%
acetonitrile fraction (p= 0.0274 F =0.1712), clgsdbllowed by the 60-80%
acetonitrile concentration (p = 0.015 F = 0.234B8)is shows that the antimicrobial
molecules are hydrophobic and positively chargddg¢clwvfollows the characteristic of
most known antimicrobial peptides being hydropholidefensins typically elute with
solutions having between 40 and 60% acetonitrilew@nberger 1995), while
cecropins typically elute from C18 columns when 4@%etonitrile solutions are

added to the columns (Louwenberger, 1999).
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Figure 4.6: Activity of extractions againsM. luteus recorded by solid media
inhibition assays. The crude extracts consistesitbyw antimicrobial activity as do the
positively charged peptides that eluted from théooaexchange columns. The
negatively charged peptides showed significantlyelo antimicrobial activity. Most
of the inhibitory activity in the purified samplés found in the 40-60% acetonitrile
fraction, making them hydrophobic. Immune challermjethe beetles had a lower
effect on the potency of the antimicrobial activibhan was expected. The error bars
represent the standard error of the means of temhmeplicates of biological

replicates.
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4.3.2 The Antimicrobial agent is a heat stable prain.

In order to positively identify the inhibitory agersolated from the beetles as a
protein, an inhibition assay was performed with #Hrgimicrobial sample being
treated with proteinase K. Figures 4.7 and 4.8 gxegent the solid media inhibition
assay and the liquid inhibition assay respectivbbth indicate that treatment with
proteinase K decreases or abolishes antimicrobiality totally. They also indicate
that heat inactivation of proteinase K at 65 deg€elsius for 20 minutes is enough

to abolish its activity and not interfere with tagsay.

These results show that the antimicrobial actiuitghe samples is indeed due to the
presence of a protein. Once this protein is cledwyegroteinsae K the antimicrobial
activity disappears. When the same sample is hafeated by proteinase K it is still
able to inhibit bacterial growth. This was confinasing liquid inhibition assays
which relied on spectrophotometric measurements aidny counts. Both these
methods indicated that there was a significantesbess in the inhibitory activity of the
extracts following proteinase K treatment (p = Q4Xor the spectrophotometric
readings and p = 0.0021 for the colony counts). &ddition of the proteinase K
enzyme to the bacteria alone had no significardcefdn the growth of the bacteria
and there was no significant difference between itif@bitory activity of the
proteinase K alone or the proteinase k treated aextraccording to the
spectrophotometric analysis (p = 0.1373). Howetlez, colony count data indicated
that the inhibitory activity of the proteinase keated sample was still significantly
lower than that of the proteinase K alone (p =0)00m0his indicates that the
antimicrobial activity is due to the presence oftiraicrobial peptides inE.

intermedius.
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Figure 4.7: Identification of the nature of the inhibitory fac. The sample
responsible for inhibiting the growth dflicrococcus luteus (A) was used as the
positive control. This sample was then treated pithteinase K (B). This decreased
the inhibitory activity of the sample so that itsweomparable to the control consisting

of proteinase K on its own (B).
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Figure 4.8: Liquid inhibition assays performed dviicrococcus luteus demonstrate
that the antimicrobial agent is a heat stable pro{f@d) Treatment of the sample with
proteinase K decreases the antimicrobial activitye p values indicate the statistical
significance between the activity of the treatechgie@s and the untreated positive
control. (B) A liquid antimicrobial assay was perfed to test the effect of heat on
the antimicrobial activity of the samples and swsggethat the peptide performs
similarly at 20, 50 and 60 degrees. At 70 degreesatctivity is still present but is
significantly decreased. Antimicrobial activity tially vanishes at 80 and 90 degrees.
The p values indicate the statistical significarafethe differences between the
activity of the various temperatures and the atiat room temperature (2€). The

error bars represent the standard error of the sneniological replicates.
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In order to confirm that the inactivation of thetiamcrobial activity was due to the
action of the proteinase K and not the high tentpesgareatment, a heat activity assay
was performed. This involved performing liquid assasing an antimicrobial sample
following treatment at different temperatures. Fegd.8 B depicts the results of this
assay. Colony counts show there is no significaifferdnce between the
antimicrobial activity of the sample at room tengiare and 50 degrees Celsius (p =
0.1169) while spectrophotemetric analysis indicatedt band shows that the
antimicrobial molecule is heat stable up to tempuees as high as 70 possibly 80
degrees (p = 0.1452). The difference between thingo count and the
spectrophotometric results may be the result dileel debris interfering with the
spectrophotometric readings. Together these resulisate that a heat stable protein

is responsible for the antimicrobial activity oktbeetle protein extracts.

4.3.3. Radial diffusion assays were adopted due tioeir increased sensitivity and

reproducibility.

In order to improve sensitivity and reproducibildy the inhibition assays the radial
diffusion technique was adapted. This techniquesimilar to the solid media
inhibition assay but is more sensitive due to thetéria being exposed to the samples
in an initially nutrient deficient environment. THeacteria are then exposed to a
nutrient rich environment but will only grow in thsecond media where they come
into contact with bacteria that have survived oa ithtial nutrient poor media. The
antimicrobial substance diffuses through the notrgoor media creating a zone of

clearing based on its effective concentrationhia way the clearing could reflect the

- 209 -



effectiveness of the peptide as well as its comagah. Figure 4.9 shows a typical

example of this inhibition assay.

Various dilutions of a 100 mg/ml stock of ampicilivere used as a positive control
for the radial inhibition assays. Figure 4.10 shdhet the relationship between the
amount of ampicillin added and the diameter ofdlearings is only linear at higher
concentrations. When lower concentrations of arfiipicare used, small increases in
the antibiotic concentration only have a sligheeffon clearing diameters. This may
be due to the nature of ampicillin as a time-dependntibiotic that is optimally
effective when the concentration is maintained &b 2 times above the minimum
inhibitory concentration. Therefore, at lower camations, increasing the
concentration of ampicillin should not result irhigher bactericidal effect (Levison
and Levison, 2009). The activity of the antimicrabpeptides as established by the

radial diffusion assays is represented in figud 4.

Unsurprisingly the largest clearings were produggthe ampicillin control and in all
cases these clearings were significantly largen ttieose produced by the rude
extracts (p=0.0001). There was no statisticallynificant differences between the
antimicrobial activity of the crude extracts frommetfungal infected or uninfected
beetles, regardless of the test organism uSkduteus p = 0.9178 F = 0.815 artd
coli p = 0.6752 F = 0.4042). The same is true of thedhgmph extracts from both
fungal treated and untreated beetlds Iuteus p = 0.4647 F = 0.1364 aridl coli p =

0.6213 F = 0.5).
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Figure 4.9: Examples of radial diffusion assays: (A) Inhibitiagssays using the gram
positiveM. luteus with protein extracts from untreated and fungé&taied beetles. (B)
Inhibition assay using the gram negative bactErieoli with protein extracted from

untreated and infected beetles.
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Figure 4.10: Radial diffusion assays with varying concentragiaf an Ampicillin

control. Radial diffusion assays were adopted @&s rtfost sensitive and reliable
method of detecting antimicrobial activity. Controlhibitions were set up using
varying concentrations of Ampicillin as a contr@)( This also demonstrated the
relationship between the diameter of the cleariagd the amount of antimicrobial
substance in each well (B). This is not strictliimeear relationship showing that the

assay is insensitive to small changes in the cdratgon of the antimicrobial agent.
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Unexpectedly there was no statistically significadifferences between the
antimicrobial activities of the Cation exchange wasd elute fractions from the
fungal infected or uninfected beetles. This wa® twhen the fractions were tested
againstM. luteus (fungal treatment p= 0.6469 F = 0.3974 and untceiEatment p=
0.3809 F= 0.1986) and agairistcoli (Fungal treatment p = 0.4507 F = 0.4923 and
untreated p = 0.3502 F = 0.36820). The preseneatohicrobial activity in the wash
fractions may be due to the pH of the wash solubeimg 7.5. Some of the smaller
glycine rich peptides isolated from other coleoptespecies have pl values lower
than 7.5 when the peptide sequence is enteredhatBxPASy compute pl tool. This
implies that at this pH they would have a negativarge and would not bind to the
Cation exchange matrix and would be present inmagh fraction. It is the presence
of these peptides which may give rise to the agtivbserved. Additionally the high
salt concentration may lower the activity of theimicrobial peptides present in the

elution fraction.

Regardless of the state of infection, the higheBvity amongst the purified samples
IS in the 40-60 and 60-80% acetonitrile fractiofifis was observed when the
fractions were tested againkt. luteus and E. coli. The p values comparing the
activity of the 0-5, 5-40 and 40-60 % fractionsiagathe 60-80% fractions are shown
in figure 4.11. The antimicrobial spectrum of theracted peptides is shown in table
4.2. The more sensitive liquid and radial diffusi@ssays showed that the
antimicrobial peptide inhibited the growth of theagn negative bacteri&. coli.

However, the peptide does not seem effective agalhbacteria withS. aureus and

M. morganii representing gram positive and gram negative baatespectively.
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Figure 4.11: The inhibitory effectiveness of different peptgkmples was established
based on, the diameters of the clearings they pextiin radial diffusion assays. Like
the solid media and liquid assays the more hydrbighpositive fractions were the
most reliable inhibitors of microbial growth. Thecreased sensitivity of the radial
diffusion assays allowed the detection of acti@gainst the gram negative pathogen
E.coli. These samplesnclude the high salt wash and the lower acetdmitri
concentrations. Once again as in other inhibitissags the immune challenge of the
beetles seemed to have no effect on the potendiieointimicrobial peptide. The

error bars represent the standard error of the sneniological replicates.

- 214 -



Table 4.2: The spectrum of antimicrobial activity d protein extracts from fungal

challenged beetles

Gram negative Type of bacterial inhibition assay

Test organism Solid media Liquid Radial diffusion
Escherichia coli No inhibition Inhibition Inhibition
Morganella morganii No inhibition No inhibition No inhibition
Serratia marcesens No inhibition Not tested Not tested

Gram positive Type of bacterial inhibition assay

Test organism Solid media Liquid Radial diffusion
Micrococcus luteus Inhibition Inhibition Inhibition

Bacillus subtilis No inhibition Inhibition Inhibition
Saphylococcusaureus  No inhibition No inhibition No inhibition
Fungi Type of bacterial inhibition assay

Test organism Solid media Liquid Radial diffusion
Candida albicans No inhibition Not tested Not tested
Sacchromyces No inhibition Not tested Not tested
cerevisae

Beauveria bassiana No inhibition Not tested Not tested

All inhibition assays showed that the protein estsashowed activity against the gram
positive bacteriaM. luteus. However, only the more sensitive liquid assays raulial
diffusion assays detected any activity against gnagative pathogens such&<oli.
These more sensitive assays also detected actg#ynst another gram positive

bacteriaB. subtilus. No antifungal activity has been observed.
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The peptide seems to have no anti-fungal abilitypde being isolated frorheetles

that had been challenged with fungus.

4.3.4 Wavelength absorption maxima were used to idéfy peaks of interest.

To further isolate peaks of interest an absorbapeetrum from 190 to 280 nm was
performed using HPLC. The data sets of certain leagths were used to plot the
profiles in figure 4.12. These wavelengths are ¢h@bere chromophore amino acids
have their maximum absorbance. This data combiéd sequence data on
antimicrobial peptides isolated from coleopterguyfe 4.12) were used to identify

peaks with a similar absorbance profile to thesamacrobial peptides.

Peaks at 10, 17, 32 and 35 minutes match the eegatisorption peak pattern for
defensin. Specifically the highest absorbance étr2s followed by relatively high
peaks at 206 and 257 nm, a medium peak at 211 dnfirally relatively low peaks
at 193, 220 and 274 nm (figure 4.12). The peak3anihutes matches the absorbance
peak pattern for cecropin with the highest peak@0&t and 257 nm, followed by
lower peaks at 274, 220 and 193 nm. These areftfiewed by a slightly lower peak
at 250 nm and finally by a low peak at 211 nm. Tihal peak to match any of these
absorbance peak patterns is the peak at 3 minLités pattern has the highest peaks
at 257 and 206 nm. This is followed by a slightyvér peak at 250 nm and then
smaller peaks at 274, 220 and 193 nm. Finally tshoaild be low peaks at 220 and

280 nm.
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Figure 4.12: Wavelength absorption maxima correlated with teee@ntage of certain
amino acids in coleopteran antimicrobial peptid@9The amount of certain amino
acids in % mol/mol present in different antimicralbpeptides of coleopteran was
calculated. (B and C) Elution profiles of the sasmmple monitored with many
wavelengths. These wavelengths are those whereatiptactive amino acids have
absorbance maxima. By comparing these profiles thedamino acid content of

known coleopteran antimicrobial peptides, peakstefest can be identified.
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From these observations the proteins that elutedab, 10, 13, 17, 32 and 35
minutes were used in the antimicrobial assays. flrgerestingly when comparing
these results to those based on proteins that shop~eegulation following infection,

the proteins that eluted at 3, 10, 13 and 32 m&éwi&s in both groups.

It must be pointed out that this is only a rougtinegtion to help prioritize peaks for
further analysis. The amino acid chromophores spectshifts with increasing or
decreasing polarity of their environment, whichutesin changes in wavelength of
maximum absorbance. Additionally there may be mathwer proteins with a similar

percentage composition of these amino acids.

4.3.6 Only one of the isolated peaks shows any antcrobial activity

In order to identify the peaks (proteins) respolesior the antimicrobial activity of
the sample, the eluted peptides were collectedvishatlly and used in a solid media
antimicrobial assay. Figure 4.13 represents thelteesf one of these antimicrobial

assays.

Only one of the proteins isolated with HPLC evdrilmted bacterial growth. This was
the protein represented by the peak at 10 mindigsrés 4.1 and 4.12). However
protein concentration assays showed that therewess little protein present. The
entire isolated sample was used in the inhibitissags and this low amount of

peptide may also be the cause of the lack of itibibby many of the other samples.
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«cottrol water

Figure 4.13:Inhibition of M. luteus growth with HPLC purified sampleThe peptide
that elutes at 10 minutes is the only sample thatiyced any sign of inhibitiol
However,the whole sample obtained via HPLC had to be usetthé nhibition to

obtain this result.
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4.4 Changes in overall protein expression followinmfection in E. I ntermedius.

In order to establish how the protein expressiottepas ofE. intermedius changes
following infection, whole protein extracts and h@gmph extracts from infected and
uninfected beetles were analysed and compared trisAgicine gels as well as 2D-
PAGE tris tricine gels. Proteins were then excifedth these gels and analysed by

MALDI-TOF mass spectrophotometry.

4.4.1 Small peptides are present in samples thathibit bacterial growth.

In order to identify and isolate proteins whose regpion levels change following
infection tris tricine SDS-PAGE was used to semarsamples from infected and
uninfected beetles. Bands of interest could thenekeised and analysed using
MALDI-TOF mass spetrophotometry. The analysis @sthsamples with SDS-PAGE
and 2D PAGE also allowed comparisons between efftdy purified inhibitory

samples and fractions (figure 4.14 and 4.15).

In figure 4.14 the banding pattern of all the fraes from each sample, were
examined using 12% tris tricine gels. The bandiatigons of those fractions that
inhibited the growth oMicrococcus luteus were compared to those that did not have
any inhibitory activity. The small proteins thathcbe seen on the gels in figure 4.14
in those sat display antibacterial activity mayresent the antimicrobial peptides.
These small bands are present in the crude andakgonitrile concentration purified
samples as expected. However, small peptides soepatsent in those samples that

do not inhibit bacterial growth, such as the negdyi charged peptide samples. The
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banding patterns are similar between the diffeyediiallenged samples with respect
to the low molecular weight samples. Higher molaculeight proteins are not clear
on the tris tricine gels (figure 4.14). The greewa aed circles in figure 4.14 indicate
small peptides. The green circles are possibléitdny antimicrobial peptides, while

the red circles are in samples where there is timamobial activity.

4.4.2 Common proteins are found in both the 40-60na 60-80% acetonitrile

fractions.

In many of the lanes in figure 4.15 there are bahds seem to be present in more
than one lane. This is especially true in thosetivas purified by the c18 columns
and the most common samples where this seems tw ace the antibacterial 40-60
and 60-80 % acetonitrile fractions. Therefore, #miimicrobial activity detected in
these two samples may not be due to two distintinarobial peptides, but rather

due to the same peptide appearing in both fractions

To confirm this, the purified high percentage andtde fractions were analysed on a
2D-PAGE Tris Tricine gel (Figure 4.15). The expecpmosition of the pH 7 area on
the gel is indicated (figure 4.15) and not manytsaoe found beyond this point. This
is as expected as the Cation exchange column wstsedavith a pH 7.0 Buffer which
would have altered the charge of all proteins \aithl greater than or equal to this to
negative or neutral, resulting in their elutiongtéiie 4.15 also shows that many of the
spots found in the 40-60% acetonitrile sample ads® dound in the 60-80%

acetonitrile sample.
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Figure 4.14: Tris Tricine SDS-Gel patterns of Inhibitory peptidamples. Samples
with inhibitory activity againstM. luteus or E. coli are marked as positive (+)
negative (-) or only inhibiting growth occasionally/-). Samples that are similarly
purified show similar patterns regardless of pa#mghallenge. Smaller bands were
visible in the 40-60 % acetonitrile samples. Howeweany bands seem common to
both samples and the smaller bands inNhéuteus andE. coli challenged samples

are found in both.
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Figure 4.15: 2D PAGE analysis of hydrophobic antibacterial skespThe 40 and
80% acetonitrile concentrations were the samples thost commonly inhibited
bacterial growth. As expected the spots are onnibee acidic positively charged
region of the gel, with no spots appearing pastgh&.5 mark on the gel. Spots
common to both the 40-60 % A and 60-80 % acetdmiBimake up the vast majority
of the sample. Spots common to both gels are markdd an arrow-circle while
those specific to a single gel are marked with @gmsarrow. The smallest peptides are

common to both gels and these may represent tiraiartbial peptides.
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It can be seen in the gel, with only a small numbeque to one gel and not the other.
However, these unique spots are large and notrttadl snolecular weight peptides
that we expected. The smallest molecular weightepre are smaller than 10 kDa,
found in both gels and have a pl around 3. Thisamshthat the 60 % and 80 %
acetonitrile concentrations are not all or nothahgtion boundary for many of these
peptides. And there is carryover from one samplenother. This is especially

noticeable in th&. coli samples (figure 4.14).

4.4.3 2D gel electrophoresis analysis of differegtlinfected and purified samples

revealed changes in protein expression patterns.

Hemolymph proteins from beetles that were infeet#ttt the fungusB. bassiana and

from uninfected beetles were separated using 2Delgeltrophoresis and analysed
with the PDQuest analysis software. Proteins whesgression pattern changed
dramatically were selected, excised and sent fassnspectrophotometric analysis.
These spots are labelled in figure 4.16 and theapdensity readings and therefore,
their relative quantities are represented in figle7. Most of the spots in the gels
were present in the Mange 10 — 100 kDa and between the pl ranges-@f(E¥ig.

4.25). Proteins whose appearance or disappearanite isamples before and after
infection, are marked in figure 4.16 by the reldvamrows. The levels of these

changes in expression are represented in figuie 4.1
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Figure 4.16: 2D gel electrophoresis d&. intermedius hemolymph proteinsThe gel
shows proteins in infected beetles (A) and in uliehged beetles (B). Identified
proteins were found in treated beetles only, irhldoeated and untreated beetles and

in untreated ones only.
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4.4.4 Tandem Mass spectrometry and bio-informatic malysis identified partial

protein sequences of proteins that may be involvad immunity.

The spots of interest indicated in figure 4.16 ail7 were analysed by tandem
(MS/MS) spectrometry. The MS/MS spectra of peptiolamined from each spot were
used to search the National Centre for Biotechnolodormation (NCBI) database
using the Mascot search engine. At the same timeadhntial peptide sequences were
used to search the NCBI protein databases using SBLAand the FlylabE.

intermedius Genome base using tBLASTX.

The peptide fragments shared sequence identity pviteins involved in biological
processes such as protein modification and degoadatevelopment, chemical and
light detection, mMRNA modification and processinggtabolism, stress and immune

responses, membrane transport and cytoskeletaéntsr(figure 4.17).

Many of these sequences were identified as shaengence identity with different
proteins with different functions. For example theptide fragment from the spot
5202 identified two proteins that both contain amkyrepeats. However, these
proteins differ vastly in function. The second peptshows sequence identity with an
RNA helicase from the human louBediculis humanis copris. The peptide list and
identification by MS/MS is shown in Table 6.1 Geabr these three different

methods of identifying the peptide resulted inaliéint conclusions.
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4.4.5 Peptide fragments may represent proteins thahodulate protein stability.

A large number of the peptide sequences were ftkah@as sharing sequence identity
with proteins involved in protein modification (fige 4.17). At least three of these are
involved in the phosphorylation or dephosphorykatadf amino acids. Spots (0101,

3004, and 9003) are identified as similar to Pdw¢phatase with ezrin domain) and
are highly up-regulated after fungal infection. Hke sequences have been identified
in the honeybeéApis mellifera and the fruitfly and are involved in amino acid
dephosphorylation and may be responsible for aatigar deactivating downstream

signaling pathways.

Convincingly all the databases identify the fiveopge fragments from protein 2203
as sharing sequence identity with some types g@isinyproteinase. These fragments
were expressed at higher levels in the hemolymeim finfected beetles and showed
highest sequence similarity with trypsin proteirsageom different insect species
including beetles and moths. The Flylab genomeladse identifies a protein that
shares sequence identity withDaosophila melanogaster serine endopeptidase Jonah
65AiIv. Other proteases identified from the peptidegments include a proteosome
component fronCulex quinquefasciatus, a peptidase C19 which contains an ubiquitin
hydrolase domain, a zinc metallopeptidase frAnpisum and a Serine/Threonine

protein kinases fror®. psuedoobscura.
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4.4.6 Many of the peptide sequences share identityith sensory proteins.

Apart from olfactory binding proteins, which arenwmonly up-regulated during
stress responses in insects, other peptide fragnsaring sequence identity with
sensory peptides were identified. The expressiogeldeof all these peptides increases
following fungal exposure. These include a homdlmghe D. melanogaster peptide
nanchung which is an environmental response pepitiecting odours and changes
in humidity. Another is a homolog of a cryptochrorfrem the fly Sarcophaga
bullata. This photoreceptor plays a role in response ta kgimuli, circadian rhythm
regulation, light perception, locomotory behaviand the negative regulation of

cellular biosynthetic processes.

4.4.7 Many of the peptide fragments share sequensanilarity with proteins that

play a role in insect development.

A high proportion of the peptide sequences shaeatity with proteins that are
involved in development, only one of which is dowegulated following fungal
exposure. This fragment shares identity with thelsthal protein fronT. castaneum.

This protein is involved in signaling pathways tlamntrol oocyte differentiation,

imaginal disc growth and the negative regulatiotrarfislation.

Fragments from up regulated proteins share sequedeadty with proteins such as
the Aedes aegypti chaoptin, a 160 kDa glycoprotein which is involved the

development of photoreceptor cells. Three otherragpdated fragments share
sequence identity witlbrosophila melanogaster yolk protein, a structural molecule
that is involved in vitellogenesis; oogenesis; sbiferentiation. Another peptide

sequence was identified as being similar toBbmbyx mori protein neverland. This
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protein has oxidoreductase activity and is involirethrval development, growth and
ecdysteroid synthesis. Finally one fragment wamtiled as sharing sequence
identity with Imaginal Disc Growth Factor proteifiem various species including

castaneum andB. mori.

4.4.8 Fragments which share sequence identity witlproteins that have an

immune function are both up and down- regulated.

Two of the peptide sequences which share identity wroteins with immune
function are down regulated following fungal exp@surhis includes a fragment that
shares identity with the Sox21a transcription fadtom the louseP.humanis. This
transcription factor is thought to play a role ihagocytosis and engulfment. The

second fragment shares sequence identity withiresgrotease.

Those fragments that are up regulated followingg&rchallenge share identity with a
metallocarboxypeptidase, a chitinase (Cht6) frdbmmelanogaster and a coagulin
from the horse shoe crdjachypleus tridentalus. Many fragments shared identity with
transferrins from T. castaneum, D. melanogaster and Protaetia brevitarsis.
Transferrin can act as an antimicrobial peptidesbguestering iron and impeding
bacterial survival. The last peptide sequence was identified as hasewuence
similarity with a leucine rich transmembrane prot#om T. castaneum, this (LRR) is

shared by the transmembrane receptor Toll.
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4.4.9 Only 5.5 percent of the peptide fragments shaidentity with Stress

response proteins.

One fragment that shared sequence identity wigssstresponse proteins was down
regulated. This fragment shared sequence identity am Anopheles gambiae protein
containing a P-loop containing Nucleoside Triph@dpHydrolase domain, as well as
a MutS domain 11l (DNA-binding domain found in tlENA mismatch repair MUTS
family). Those fragments whose expression incredsédwing fungal treatment
shared similarity with a metallocarboxypeptidasel an multidrug-resistance like
protein fromD. melanogaster, which is involved in ATPase dependent movement of
molecules across membranes. Finally one of therfesgs shared sequence similarity
with a photolase fronAnoheles gambaie which may play a role in DNA damage

repair.

4.4.10 Fragments were identified that were Cytosketal proteins or played a role

in cytoskeletal modification.

Gelsolin is an actin binding protein and many & geptide sequences were shown to
be similar to it. However there was conflictinganhation as to whether it was up or
down regulated following fungal exposure. The fraginthat shared sequence
homology with the kakapo protein from castaneum was down regulated following
fungal treatment. This protein is involved in thegative regulation of microtubule
depolymerization, cytoskeletal organization and tevelopment of the tracheal

system inD. melanogaster. The final peptide sequence shared sequence tienth
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the Aedes aegypti katanin 60 protein, which is involved in microtldprocessing.

The expression of this protein increased followmmggal treatment.

4.4.11 Treatment of beetles with fungus increasednhé expression of many
proteins that share sequence identity with proteinsinvolved in metabolic

pathways.

Three proteins involved in the pathways for norraatobic energy production are
lipase domain. The second sequence with a comneniitid is identified as sharing
sequence identity with a Glyceraldehyde 3-phosptatg/drogenase froffribolium
castaneum, knockdown (citrate (Si)-synthase in the tricafdax acid cycle) from
Drosophila melanogaster and NADH dehydrogenase. Another fragment shares
sequence identity with a phosphoglycolate phosptiaitgse fromD. melanogaster,

which is involved in glyoxylate and dicarboxylatetabolism.

Two other proteins that are indirectly involved nretabolism that these fragments
share sequence identity with are [ melanogaster alcohol dehydrogenase
transcription factor. A second sequence was sirtolghe trifunctional enzyme CAD.

This enzyme consists of functional domains thatfgoer a carbamoylphosphate
synthetase-aspartate  transcarbamoylase-dihydrgerota Carbomyl  phosphate
synthesis is required for the initiation of thedythesis of pyrimidines, CP is coupled
to aspartate and its carbon and nitrogen nuclenagporated into the aromatic rings
of pyrimidine nucleotides. Cabamoyl phosphate isdemsed with ornithine at the
start of the urea cycle and is utilized for the oddication of ammonia and

biosynthesis of arginine.
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4.5. Identification and characterization of Immunerelated genes.

Other than antimicrobial peptides, homologs of maihyhe proteins identified as
having immune function in other insects, have hdentified in members of the order
coleoptera. These include a toll homolog from treetle Tribolium castaneum
(Maxton-Kuchenmeister et al., 1999), transcriptfastors resembling Rel/NF<B
transcription factors have been identified in tleetke A. dichotoma (Sagisaka et al.,
2004). Additionally following septic injuryiribolium castaneum shows an increase
in the transcription of genes encoding Toll, G enotreceptors, serine threonine
kinases a PGRP-SC, serine proteases, prophendexidarpins and defensins. The
immune challenge also results in an increase itrémscription of stress response and

detoxification enzymes.

4.5.1. The identification and cloning of a serineptease.

Primers were designed based on one of the peptdenénts obtained for each of the
spots. There is no consensus codon usage tableofeopteran so th®rosophila
melanogaster codon usage was used to design the primers. Tiresers were then
use with an oligo-dt primer to perform reverse $@iption on a RNA extract from
fungal infectecE. intermedius. The results of these RT-PCR reactions is seéigune
4.18. Attempts were made to optimize the reactsmenly one product was obtained.
This was not always successful with many primergastantly giving multiple
products despite changes made to the annealingetatope and magnesium chloride

concentration.
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Figure 4.18. RT-PCR amplification of target mMRNA using primerssgyned using
peptide sequences. When more than one band wasgadhdattempts were made to

optimise the reaction.
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The cloned 5310 sequence was obtained via autorbdtiédsequencing and used to
perform a BLAST search using tBlastn. This resultethe sequence being identified
as a serine protease (figure 4.19). It was alsd tesperform a tBLASTp search in the
Flylab genomebase, where it also aligned with amseorotease (cl15 contigl). As
expected the sequence showed highest identitycmi#opteran serine proteases, with
all these sequences grouping together. Howeve§53h6 sequence was on a separate

branch to the other two beetle sequences, botthmhware tenebroid beetles.

4.4.2 The serine protease (5310) appears as tworiszripts one of which is down-

regulated following infection.

Radioactive probes produced from the cloned sgringease sequence were used to
probe RNA isolated from female beetles that had befected withB. bassiana and
beetles of both sexes that had not been infectee rdsults of these blots can be seen
in figure 4.20 A. Additionally the Flylab genome deawas used to identify the
sequence for the ribosomal protein Rps9 which weeduas a loading control, a
sequence for actin was identified and used to m®du probe which served as a
positive control. Finally, the sequence for a serpprotease inhibitor was also
identified in the database and this used to pro@dupeobe for the transcription of a
gene whose product may act as an inhibitor of seprotease activity. These
sequences were used to design primers and theserprivere then used to amplify
the sequences from total RNA extracts fr&@mintermedius. These PCR products

were then used to produc¥ fabelled probes.
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Accession Description Species Scofle  Coverage EevaluTaxon
Insecta : Endopterygota
NP_001161087.1) chymotrypsin- 5A | Triboliumcastaneum | 91.7 86% 6e-21 Coleoptera
ABZ04015.1 serine protease 7 Costelytra zealandica | 90.9 84% le-20 Coleoptera
ABC88737.1 Serine proteinase Tenebrio molitor 85.5 90% 9e-19 Coleoptera
ACY24346.1 chymotrypsin Ctenocephalidesfelis | 82.4 81% 9e-18 Siphonoptera
NP_001166054.1| serine protease Nasonia vitripennis 78.2 79% 5e-16 Hymenoptera
XP_001657905.1| serine-type Aedes aegypti 79.7 84% 2e-16 Diptera
enodpeptidase
ACF19792.1 serine-type Chironomusriparius | 77.8 84% 9e-16 Diptera
enodpeptidase
XP_394370 chymotrypsin-1 Apis mellifera 79.0 79% 2e-15 Diptera
NP_523426 serine protease 6 Drosophila 72.4 82% le-13 Diptera
melanogaster
Insecta:Orthopteroidea
AAZ78212.1 Trypsin Blattella germanica 48 51% 8e-8 Dictyoptera
Crustacean
ABQ02519.1 trypsin Eriocheir sinensis 84.0 69% 9e-19 Crustacean
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Figure 4.19: Alignment of the 5310 translated amino acid seqaewith serine
proteases amino acid sequences from insects agdiffessent insect orders. (A) The
alignments include other coleoptera and closelgteel orders such as diptera and
hymenoptera as well as the distantly related odagyoptera, which serves as an out
group. Regions of high conservation are presetitarb310 sequence. This includes a
glutamine which is found in all the other sequen¢B} The proteins with the highest
degree of homology are those from the coleoptefanastaneum andT. molitor. The
phylogenetic tree constructed from these alignmshtsvs theE. intermedius serine
protease (5310) is grouped with the other coleaptgroteins. The location of the
peptide sequence upon which the primer sequencdagssl, is shown by the box on
the alignment. The alignment was performed usirg niuscle algorithm by the
MEGAS analysis software. The tree was constructsitiguthe neighbour joining
method with a bootstrap analysis of 500. This was performed using the MEGA 5

software.
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RNA extracted from uninfected beetles of both seaewell as male beetles infected
with B. bassiana was used as a target for these probes. A duplafatee denaturing
agarose gel used to perform the blot can be seéigure 4.20 B showing that the
RNA was intact. The result of the northern blas be seen in figure 4.20 A and the
relative quantity detected of each transcript igicted in figure 4.20 B. Both figure
4.20 A and B show that the levels of RpS9 deteatedll three of the samples
matches closely, implying that each lane containslar amounts of RNA which

allows a direct comparison of the intensity forlea€the other transcripts.

The serine protease 5310 is detected as two différanscripts, one at 2200 bp the
other at 1100 bp. This is much larger than the etgokesize of the transcript based on
other insect homologs and the sequence availabikeirFlylab genomebase. These
databases give an expected size of around 866-868 pairs. The much larger
transcript is only detected in the uninfected sas@nd is absent from the fungal
infected female sample. The smaller transcriptetected as having higher levels in
female beetles (p = 0.05 F = 0.3846) and thesddare not significantly altered in

the infected females (p = 0.3426 F = 0.4319). ThePAGE analysis of the infected

and uninfected beetles (figure 4.16 and 4.17) shbuatsthe spot 5310 is only detected
in infected beetles. This is not supported by tHeNA levels, as these are equal for
the 1100bp sample and show that the 2200 bp tighgsrabsent from infected

beetles.
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4.5.3 The Serpin probe detects only two of eleverpgected transcripts, and

transcript levels seem to be independent of sex orfection status.

When the serpin probe was used to probe the narthlet, only two transcripts of
around 1100 and 900 bp were identified. This islEenéhan the expected transcript
size as determined fro@rosophila melanogaster homologs which range from 1400-
2200 base pairs. Additionally, there are 11 isoforoh this gene expressed h
melanogaster. Using this probe we only detect two transcript&inntermedius, both

of which are smaller than expected. When the lewélganscription are examined
(figure 4.20 C), the sex or infection status of Hemtles seem to have no significant

effect on the levels of serpin mRNA.

4.6 Discussion.

Treatment of the beetles with different pathogeastdb an increase in mortality and a
decrease in fecundity. The HPLC and SDS resultsvsaodifference in protein

expression patterns and elution profiles betwedeciad and uninfected samples.
However, it is not clear what these differencesaa if they can be clearly attributed
to the infections or merely due to the woundinghaf insects. Tris-tricine gels also
indicate that the altered peptide expression fahgwinfection probably occurs

rapidly and persists for more than 24 hours. Theradese in the ability of the beetles
to produce broodballs following fungal infection utd be the result of energy
restrictions placed on the beetle following fungalposure due to an increase in

immune function.
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Figure 4.20: Northern blot analysis of the transcript levefstloe serine protease
5310, following fungal challenge. A duplicate okthgel used to perform the blot is
depicted in (A). The results of the Northern blg depicted in (B). Rps9 is detected
in all samples at similar amounts showing that eguaounts of total RNA were
added to the gel. (D)Actin is detected as two dififely sized transcripts. (c) Two
serpin transcripts are detectedBnintermedius, both are smaller than expected. (A)
The 5310 probe detects two differently sized trapssin the untreated samples and
only one transcript in the treated female samyagy the smaller transcript detected
in all three samples is of the expected size afirradl100 bp. The relative quantity of
the bands detected using was calculated using phieab density readings of the
bands seen in (B). Both forms of actin detectedoaesent in similar levels across all
samples, while the transcription of both serpinsnseto be more dependent on sex
than state of infection. Finally the transcriptdéssof the smaller 5310 transcript are
the same in the treated and untreated female sanmiidsvever, the larger transcript is

only present in the uninfected beetles.
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4.6.1. Antimicrobial activity is present in the henolymph as a heat stable,

positively charged, hydrophobic protein.

Due to the antibacterial protein whose activity wigtected in the hemolymph and
whole body protein extracts being heat resistaatjrfy a pl above 7.4 and eluting
from the C18 column with 40-80 % acetonitrile. Tpeptide must be a positively
charged hydrophobic protein with a pl in the rafgethe defensins cecropins and
glycine rich peptides. This excludes antifungal tphs like rhinocerosin and
thaumatin. The appearance of the antibacterialigeeph the 40-80 % acetonitrile
fractions is similar to patterns seen for defenssigarabaecin and Alo-3. The glycine
rich peptides elute with lower concentrations oétaaitrile as does cecropin (see
table 5.1). The antibacterial activity against bgtlam negative and gram positive
bacteria, with a higher activity against gram puesitbacteria, matches the activity
spectrum of both the defensins and cecropins. @awdypically inhibit all bacteria
and sometimes fungi (Bullet 2004). Insect defengypscally only inhibit gram
positive bacteria (Buletet al, 1991). Finally the absorbance spectrum of the
antibacterial peptide closely matched that of &dgh. Therefore, it appears as if the
antimicrobial peptide we have isolated frdmintermedius is most likely an insect
defensin (see table 4.3). Tris-tricine SDS-PAGE,L8Pand 2D-PAGE analysis
demonstrated that the inhibitory sample consistsoltiple proteins, some of which

were small enough to be the active antimicrobigtipe(s).
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4.6.2 Fungal infection oft. intermedius results in the induction of defence as well

as stress response proteins.

Analyses of protein extracts using HPLC and Trigie SDS-PAGE (figures 4.1-
4.3), clearly shows that infection with fungi orcheria altered protein expression
patterns. However, it is not clear what these tiffiees are and if they can be clearly

attributed to the infections or merely due to thmumding of the insects.

The protein profile ofDrosophila following infection changes with time as some
proteins are rapidly up-regulated following infecti(Vierstraete et al., 2004). These
rapid responses may represent the secretion oéipsotnto new compartments, or
changes in protein processing (Engstro'm et alQ4R0Twenty four hours after
infection most of these proteins had returned wirtlriginal levels indicating a

partial recuperation (Guedesa et al., 2005).

Previous studies on the immune responsB.ahelanogaster adults and larvae show
an increased expression of a variety of immuneomsp proteins. These include
serine proteases, serpin, prophenoloxidase actgatnzymes and pathogen
recognition molecules. Stress response and pami@iicrobial peptides transferrin
and ferritin were also up-regulated as well as Breg/involved in post-translational
processing of antimicrobial peptides (Guedesa et 2005; Levy et al., 2004)

(Vierstraete et al., 2004).

Similar immune responses were detectedEinintermedius following immune

challenge. Peptide fragments from proteins whogeession had increased following
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infection, showed sequence similarity with protamglved in pathogen recognition,
haemocyte response and wound healing. One of theegytated proteins (spot
number 8306 table 6.1) shares identity with the23axtranscription factor from the
louse P. humanis copris, which is thought to play a role in phagosyd and

engulfment. Another (spot number 7301F table ehbwed sequence similarity to a
coagulin from the horse shoe crésichypleus tridentalus while another (spot number
7303 table 6.1) was similar to chitinase (Cht6)rfrD. melanogaster. Others share

sequence similarity with proteins required for pb@gosis such as Thiolester-
containing protein (TEP) complement like moleculestthermore proteins similar to
the stress response and partial antimicrobial geptiransferrin and ferritin were also

up-regulated.

Lipophorin is a lipid transport protein in the hdgmoph and contains a 18.5 kDa
subunit called apolipophorinlll. Apolipophorin I8lso binds to funga$-1,3-glucan
and acts as a pattern recognition molecule (Whigeal., 2004). The spots 6203,
7101 and 7203 share sequence identity with Apohpap 11l and Cl123Contigl in
the FlylabGenomebase (Khanyile et al., 2008). Tisps#s are also the correct size

for Apolipophorinlll (figure 4.9) of about 18.5 kDa

Many of the proteins whose expression is incre&sialving infection are similar to
serine proteases which are implicated in the adinaf the immune system. Proteins
were identified as sharing sequence identity witbtgognases from different insect
species including beetles and moths. Some of thpets (2203 and 3304) aligned
with clones in theE. intermedius cDNA database (CL20 contigl, CL23 contigl and

CL8contigl). These three contigs share a high sexguelentity with the Persephone
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serine protease. The spot 3304 is also the caieet(figure 4.9) for Persephone (43
— 50 kDa). The identification of Persephone is cirat with response the fungal

response observed iBrosophila melanogaster where the proteases Grass and
Persephone are known to transfer fungal recognsgignals to pro-Spatzle during

activation of the Toll pathway (Roh et al., 200@bmologs of Persephone have been
identified in Tribolium, these were given the nanfe-SP44 or SP66 (Zou et al.,

2007).In Drosophila there are at least five separate serine proté¢iageplay a role in

Toll activation in the immune response (Kambriglet2006).

The spot 6410 is identified as sharing sequenceatitglenith a Tribolium Toll. Four

Toll proteins have been identified Tmibolium (Zou et al., 2007).

The Serpin identified in the database was idewttiis sharing the highest sequence
homology with Serpin4 fronbrosophila. This Serpin was initially involved in the
regulation of peptide maturatidiRicher et al., 2004)This may explain why fungal
infection had no significant effect on the levelk toanscription of thisserpin.
However, Spn4 is able to inhibit members of multipirotease families and these
could include members of the serine protease casmapathogen proteases. They are
also likely to play a role in the processing of iatore antimicrobial peptides into

mature peptides (Bruning et al., 2007).

The serine protease that was represented by sddt SB8owed highest sequence
homology with those of two tenebroid beetles (fgu.19). It also shares many
similar features with a serine protease isolatethfthe fireflyPyrocoelia rufa which

is a 274 amino acid protein found in the gut of finefly which may help to process
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food (Li et al., 2005). It shows highest sequentgeilarity with the Drosophila
CG8213 serine protease which clusters into theasuibf D of CLIP serine proteases
and has trypsin like activity (Rossa et al., 2003)ere is however no evidence that it
plays a role in the immune system. It also shaeggsience similarity with Peptidase
C19 a serine protease that function in Amepheles gambiae digestive system. The
protein is only detected on the 2D PAGE in the flngfected beetles (figure 4.9),
while the larger transcript is detected only in th@nfected beetles. The smaller
transcript is detected at equal levels in the #tef@cand uninfected beetles.
Additionally, the 1100bp fragment is more likely tepresent the 40 kDa protein
detected on the gel corresponding to spot 5310efdre, the smaller transcript most
likely represents the spot 5310 and posttransongti processing may be required

before an active protein is produced.

4.6.3. Other protein expression changes that accompy infection.

The proteomic analysis dD. melanogaster larvae hemolymph proteins following
infection, indicated the increase in the expressioproteins involved in metabolism,
antioxidant and detoxification (Guedesa et al., 00An analysis of adulD.
melanogaster hemolymph proteins following infection, show a ganincrease (Levy
et al., 2004) (Vierstraete et al., 2004). Similasults were also obtained when the
proteomic response of the flesh figrcophaga bullata was examined post infection

(Masova et al., 2010).
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Table 4.3 Characteristics of antimicrobial pepticedated form coleoptera

Peptide

cecropin

defensins

scarabaecin

alo-3

Glycine rich

rhinocerin

Unidentified
E. intermedius
antimicrobial

peptide

Reference

Antimicrobial Size % acetonitrile  pl Heat resistant Amino
activity at which Acid
elution Composition
occurs
oi | 92-  yes Phenylalanine
104 Tyrosine
Gram positive 4kDa  40-60% 8293 yes Cystine
bactétia Phenylalanine
i, bacteria 4kDa  40% 921 yes Phenylalanine
Cystine
i, bacteria 38 60% g yes Cystine
kDa tyrosine
Bacteria 14kDa  BO% 95 N8 Tyrosine
10.1 Tryptophan
Bacteria 14kDa B0% 503  No Tyrosine
Tryptophan
Gram positive 4kDa, 40-80% yes Cystine
bacteria 12kDa Phenylalanine
suspect Tyrosine
ed

(Saito et al.,
2005)

(Tomie et al,
2003)
(Barbault et al.,
2003)
(Lee et al,
1994) (Bulet et
al., 1991)
(Imamura et al.,
1999)

This table lists the characteristics of antimiceblpeptides isolated from beetles at

this time. It also includes the characteristicsitdeed for theE. intermedius peptide.
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Following infection of E. intermedius with fungal pathogens, the expression of
metabolic, antioxidant and detoxification proteimse all found to increase
significantly. Additionally 10% of the peptides Witncreased expression are similar

to proteins that have an immune function.

The increased expression of enzymes involved icodygis and the Krebbs cycle (p =
0.001) suggests an increase in the energy requnetbunt an immune response.
This has been observed in bumblebees where araseie food intake must occur in
order to support an increased immune response (Mm@ Schmid-Hempel, 2000)
and inD. melanogaster, where it was suggested that this was due to asec ATP
production required for an effective immune resgor{&uedesa et al., 2005).
Following bacterial treatment proteins that areolmed in glycerol metabolism
decreased, indicating a switch to ATP productiod aretabolism (Guedesa et al.,

2005).

The up-regulation of cytoskeletal proteinsEnintermedius following infection was
not significant overall (p = 0.176). However, orfetlee cytoskeletal proteins whose
expression is up-regulated is the actin bindinggmnogelsolin. This protein is also
observed to be up-regulated in the hemolymph of ri@squito Aedes aegypti
following parasitic infection (Bartholomay et ak004) and may be required to
modify actin filaments during phagocytosis or othell movements. The increase in
the expression of proteins that share identity wh#ih microtubule regulating proteins
katanin 60 fromAedes aegypti and kakapo protein froff. castaneum s also observed
following infection in E. intermedius. Microtubules have been implicated in viral

infection as well as in endoparasitic bacteriaéation where they use the hosts own
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microtubule system to infect oocytes (Serbus andlivdn, 2007). However,
Beauveria bassiana, the entomopathogenic fungus used in this study een
reported to produce a MAP kinase whose downstreargets include proteins
involved in regulating microtubule dynamics. Thisesis to be required for the
penetration of the insect cuticle (Zhang et al.1®0 As both kakapo and katanin
control microtubule polymerisation it could implyat these proteins are being

utilised by the pathogen to aid in the infectiorEofnter medius.

The majority of proteins whose expression increaseé. intermedius following
infectionshared identity with proteins that were involveddavelopment (p = 0.001).
These included a protein that shared sequenceasityilwith the Bombyx mori
protein Neverland. This protein has oxidoreductastevity and therefore may serve
as a stress response protein. It is also involvethrval development, growth and
ecdysteroid synthesis. It contains a 2 iron, 2 wpbinding Rieske domain
(Yoshiyama et al., 2006). It may also play a marBva immune defence role by
implicating hormone level changes following immucteallenge. The levels of 20E
and (JH) can influence the immune response. In ittsgance JH will lead to a
decrease in immune response, while 20E increaqé4ait et al., 2005) (Gruntenko
and Rauschenbach, 2008). This is reinforced byhanogprotein fragment whose
expression increases following immune challengearis sequence with yolk
protein. Another up-regulated protein shares serpieimilarity with Imaginal Disc
Growth Factor which controls the proliferation ofiaginal disc cells. However, its
structure implies that it is also involved in chibinding, and therefore may play a

role in pathogen recognition and immune responsedd et al., 2002).
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At least 7% of the proteins, whose expression e@msed following immune
challenge ofE. intermedius, resemble proteins involved in chemosensory funstion
However, there was no statistically significantrease in the overall expression of
sensory proteins (p = 0.198). This was due to titeease of the expression of the
Odorant Binding Proteins represented by spots 40@14002. There are instances in
which odorant receptor molecules are involved mate immune signalling systems
(Levy et al., 2004). While the expression of thederant proteins may be in response
to oxidative stress, their role in the transporthgtirophobic odorants to and from
odorant receptors may be a defensive responséndisa¢volved to protect the beetle
from environmental toxins and pathogens. Thereraports of immune activated
proteins leading to behavioural changes. Thesaidiecthe Toll isoform Tol-1 from
the nematodeC. elegans. Following activation by PAMP recognition this peo;m
initiates avoidance behaviour by the nematode (Pejoal., 2001). One of the
chemosensory peptides up-regulated following tiiectron of E. intermedius is the
protein Nanchung which is an environmental respgegtide detecting odours and
changes in humidity. There is no evidence thatphigein plays a role in responding

to oxidative stress and it is most likely playingoée in detecting potential pathogens.

Following infection ofE. intermedius with fungus, Pez sequence containing proteins
were found to be up-regulated. Pez-like sequenas lbeen identified in the
honeybeeApis mellifera and the fruit fly. They are protein tyrosine phleatases that
are able to bind cytoskeletal elements and are liedo in amino acid
dephosphorylation (Edwards et al., 2001). Therigvidence that they play a direct
role in the immune system or stress response. Td®y however, modulate

phosphorylation they may be responsible for adtigabr deactivating downstream
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signalling pathways. Also up-regulated followingection in E. intermedius is a
protein that resembles an ubiquitin carboxy teriingdrolase. Ubiquitin is an
important protein for stress and immune respons@sacts. Therefore, any protein
responsible for modulating the ubiquitination obf@ins may serve an important role

in the immune system.
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Chapter 5: Discussion

The exposure of these model insects to stressfulitons resulted in changes in gene
expression. The DNA damaging drug camptothecin wsesl as the stressor h
melanogaster and infection with pathogens served as an immuradlesige in the
dung beetléeuoniticellus intermedius. The changes in gene expression were assessed
using a proteomic analysis of protein extracts emblymph before and after

infection or DNA damage.

Notably; DNA damage by the topoisomerase 1 inhibdamptothecin, resulted in
changes in the expression levels of enzymes indolwvecarbohydrate metabolism in
D. melanogaster recovering from camptothecin treatment. This mdiabshift is
characterized by the appearance of a glycolytix fturecovering cells. This flux is
also accompanied by an increase in apoptosis. Tdw@poptotic tumour suppressor
p53 is known to regulate metabolism directly vis titanscriptional targets. In this
thesis | investigated the role of Dmp53 and itsapué regulator Snama in this
apoptosis-linked glycolytic flux. This was done lmgonitoring changes in the
expression and transcription levels@ip53, Shama and the pro-apoptotiReaper.
This revealed interesting trends in the levelsxgfression and transcription of these

genes during and after DNA damage.

Immune challenge of the dung beeHeintermedius was carried out using bacteria
and fungi. This study focused mainly on fungal atilen as it produced clear signs of
infection and immune response. Proteomic analyssved the increased expression

of proteins that shared a high sequence identiti wioteins from other organisms
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that have an immune function. These beetles disdlagn antimicrobial activity
towards both gram-positive and gram negative b@actdiis activity was present

before infection, but was detected at higher levieliowing infection.

5.1. DNA damage inDrosophila melanogaster.

Exposure ofDrosophila melanogaster to camptothecin led to a Dmp53 dependent
apoptotic response resulting in increased mortalitg developmental defects in the
offspring of the treated fly. This increase in Dr3ptependent apoptosis was matched
by an increase idmp53 transcription but a decrease in the levels oldhgest protein
was detected. The levels of the smaller proteinareed unchanged. This seems to
indicate a decrease in dmp53 expression followkygpsure to stress. If Snama is a
negative regulator of Dmp53 as the transcriptioritepas suggest. Then the
expression patterns suggest a complex relatiorstiyween the two. Stable levels of
the protein in untreated flies may be maintainedoater levels by high levels of
Snama activity. Following camptothecin treatmerg #poptotic role may be played

by the stable smaller transcript as steady Snathataclegrades the larger transcript.

During recovery from camptothecin exposure the lled Dmp53 decrease which
may allow cells to recover from camptothecin indldamage. Additionally cells lost
due to apoptosis must be replaced, leading to amase insnama mMRNA levels.
Transcription patterns display decreasohgp53 mRNA levels being matched by
increasingsnama MRNA levels and vice versa. This indicates thatrehis a

relationship between the two.
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Following camptothecin exposure flies undergo acglytic flux that involves a
metabolic shift that is different to that observadcancer cells. The increase in the
levels of arginine kinase provides a means whetbisyflux can be generatedhis
flux appears to be generated by the activity ofeheyme arginine kinase (Hull and
Ntwasa, 2010). This implies that recovery from ctotipecin treatment requires an
increase in energy output or involves signallinthpeys that perturb glycolysis (Hull

and Ntwasa, 2010). This may present a target tordwcancer therapies.

The ability of cells to recover from DNA damage resereliant on an increase in
energy production and utilisation. This investigatihighlights the importance of
energy production mechanisms in cells that recdvem chemotherapy and the
important differences between the metabolic prognasiemployed by the recovering

cells and those adopted by cancer cells.

Embryos from camptothecin treated adults show ababdevelopment and incorrect
levels of apoptosis at inappropriate times. Theas some evidence that this may be
due to loss of maternally supplied topoisomerasatérnatively, the ovary damage
resulting from camptothecin treatment may resulthormone levels changing,
negatively influence embryo viability as well aslilencingreaper expression which

is controlled via ecdysone receptor activatidiurther evidence for changes in

hormone levels includes the altered expressiomiif groteins.

Surprisingly, not only did methyl pyruvate fail itacrease fecundity but on its own it

had a negative effect on embryo numbers, it algmnsd to retard recovery rates

compared to those flies that were exposed to cahmgatim only. The negative effects
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methyl pyruvate had on embryo numbers and recovatys may be due to an
increase in metabolic pathways generating resultingore reactive oxygen species.
The viability of embryos produced by flies exposedcamptothecin and methyl
pyruvate was increased, implying that pyruvatebie & partially alleviate apoptosis
induced by camptothecin treatment. Methyl pyruvatay be protecting cells by
preventing the nuclear translocation of p53 resgltn a decrease in the transcription

of reaper. Alternatively methyl pyruvate may provide increagedtection from ROS.

Metabolic pathways play a role in the apoptotiqppaese of bacteria to antibiotics.
This pathway occurs in all bacteria regardlesshef antibiotics target or mode of
action. Following the primary drug target interaos there is an alteration in NADPH
consumption that is the result of increased TCA @spiratory activity. This leads to
the generation of superoxide groups which then d@ntlae cell via ROS generation,
leading to cell death (Kohanski et al., 2010). Tisisvery similar to the situation
observed in this study, where the increase in noditab brought on by the presence
of more substrate for the TCA pathway, leads toeased apoptosis. At the same
time in the recovery of embryos from adults treateth camptothecin and methyl
pyruvate. The presence of pyruvate can "soak" wesxROS molecules and protect
cells from apoptosis. Our results imply that pytevés able to partially alleviate

apoptosis induced by camptothecin treatment.

The combination of methyl pyruvate and camptotheaiso led to an increase in
reaper transcription, implying active pro-apoptotic sifjmay despite the decrease in
Dmp53 expression. Due to the changes that thisriesd had on Snama and Dmp53

expression and transcription we can conclude tlehyh pyruvate is protecting these
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embryos from the increased levels of apoptosis irs@ecific manner and not by

merely absorbing ROS.

As the effect of camptothecin exposure in mamngatdasely replicated in flies, they

may be useful model organisms to elucidate thetegpatbways that lead to these side
effects of camptothecin exposue.melanogaster has recently proved a useful model
organism for the study of epilepsy, with sodiumroiel and gap junction mutants

suppressing seizure activity. Of special intereish weference to camptothecin is the
discovery that mutations in topoisomerase 1 adesmure suppressors. This fact led
to camptothecin trials inD. melanogaster, which showed successful seizure

suppression through the inactivation of topisometgSong and Tanouye, 2008).

5.2 The immune response dE intermedius.

Inhibition assays detected what appears to be secirdefensin in the hemolymph
and whole body protein extracts from infected, withgi and bacteria, as well as
uninfectedE. intermedius. Despite the fact that infection does seem to lzawveffect
on protein expression patterns and mortality ratdgs little noticeable effects on the
activity of the defensin of this beetles. This segjg that the defensin expressed
constitutively. The peptide expression gels indidahat changes following infection
in E. intermedius were present at least 4 hours after infection pecsisted at a
constant level for 24 hours. A study of a closel\ated species of dung bee@epris
tripartitus indicated that the mRNA for the defensin is up-tatgd 4 hours after

infection and reaches a peak after 16 hours (Hvetrad., 2009). It is likely that the
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beetles in our culture could have been exposed lmwalevel of infection in the

culture resulting in the near continues presendbeftlefensin.

Fungal infection led to the up-regulation of seVeerine proteases, some of which
share sequence identity with translated sequemncdeeE. intermedius database that
are homologous to the serine protease Persephensepghone plays a role in the
serine protease cascade that activates the tdlivpgt Additionally spot 6410 may
represent a toll like protein. Therefore this pootéc study has identified at least two

probable homologs of proteins involved in the remsegoof insects to fungal infection.

5.3. Stress responses common to both DNA damage antection.

Regardless of whether the stressor used in thdystvas the initiation of DNA
damage or immune challenge, there were certaine@nat responses that were
common to both. Chief among these were the incréasproteins involved in
metabolism, development, protein degradation andNARrocessing cytoskeletal
elements. Both insect models displayed an incr@asbe expression of proteins

involved in oxidative metabolism.

The percentage of metabolic proteins up-regulatecE.i intermedius following
infection is relatively low (3%) compared to thaes inD. melanogaster following
camptothecin treatment (42%). The response to inenutallenge would very likely
require an increase in the energy requirementh@fcell. This is different to the
metabolic changes following DNA damage which are tlu direct alteration in the

metabolic pathways by molecules such as Dmp53.
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p=0.0001

4%

p=0.0008
4% 16%
p=0.2296 p=0.0001

3%
p=0.0001
A Functional classification of proteins that shardédentity with those proteins whose expression increses
following fungal infection in the hemolymph of E. ntermedius adults
3.5%
p=0.99

10.7%
p=0.0001

B: Functional classification of proteins whose exmssion change s following camptothecin treatment of
Drosophila melanogaster adults (Hull and Ntwasa, 210)

O Protein modification @ Protein degredation

M Sensory proteins W Stress response

B Development O Immune function

H Metabolism W Cytoskel etal

B mRNA processing O Membrane transport and signaling
O Unidentified

Figure 5.1 Comparison between the proteomic responde. ofelanogaster to DNA
damage and. intermedius to infection. The pie charts predict the percenttgs
each functional class makes up of the protein feagmidentified in this study, and
demonstrates the similarities and differences betvtbe two stress responses. The p
values show the significance of the functional @mment of these protein classes
following treatment. Red p values depict a sigafit decrease in expression

following exposure to stress.
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Yolk protein is a developmentally associated prothat is up-regulated in both stress
responses. As previously stated, the expressiothisfprotein is under hormonal
control. The two main hormones JH and 20E respondnd influence the stress
response. Following stress JH leads to a decreabe ilevels of apoptosis as well as
a decrease in stress response and immunity, wbite i@crease apoptosis and the
intensity of the stress and immune responses (Etatl., 2005) (Gruntenko and

Rauschenbach, 2008).

It has been noted in previous studies that immuradlenge leads to the release of
stress hormones. In insects the neurohormone auiopas released following stress.
Octopamine is chemically similar to norepinephrared induces the liberation of
energy from the fat body (Adamo, 2010). We have sedence of hormone changes
following both the immune and DNA damage responidgese changes may then
provide the means for the increase in metabolibvpays as the lipid content of the
hemolymph increases providing raw materials forreased energy production.
Further evidence supporting this hypothesis isrgivg the increase in the expression
of a protein resembling Apolipophorin Ill. This pem is involved in both immune

surveillance and lipid transport (Adamo, 2010).

In both the DNA damage and immune stress respoogegponents of the 20S
proteasome were identified as being up-regulatdds Tay be due to un-folded
proteins or increased protein turnover during tiness response. Damage to proteins
is an expected consequence of camptothecin expasiréhe activation of the pro-

phenoloxidase system, due to ROS production. Homyelies also implies that the
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levels of the proteasome are increased in orderetulate stress responses by

increasing protein turnover.

Not surprisingly both camptothecin and pathogetiatad stress responses induced
changes in the expression patterns of cytoskefataleins. A component of the
immune response includes phagocytosis, which wimwolve the remodelling of the
cytoskeleton (Greenberg and Grinstein, 2002) whp®ptosis is associated with
changes in the cell shape and membrane blebbinghwiould involve cytoskeletal

changes. This has implications for the use of &gletal genes as reference genes.

Equally as important as the use of stress respgases to deal with stress is the use
of avoidance behaviour. In order to escape thetivegaffects of a stressful situation
the insect must avoid the stress, in order for tihisccur the insect must be able to
detect and recognise a potential toxin or patho@elorant binding proteins and other
chemosensory proteins were found to be up-regufateniving immune challenge or
DNA damage. The expression of these molecules mengase following the initial
detection of foreign toxins such as camptothecirpathogens. This may serve the

function of detecting pathogens to allow the betetlavoid exposure to pathogens.

5.4 Future Studies

The role played by the glycolytic flux needs todmmnfirmed in order to establish if

this is a viable target for anticancer therapiesddifionally the means whereby methyl

pyruvate is able to alleviate the effects of caripoin treatment also needs to be
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established. Currently it is not known how campgath treatment of adults results in

increased apoptosis and decreased survivabiligynibryos.

Snama protein expression patterns following carhptoh treatment still need to be
established. While there is evidence of a relatignbetween Snama and Dmp53, the

exact nature of this relationship is still not krmow

The antimicrobial peptides detected in this stuill reeed to be isolated and further
characterized. The establishment ofEanntermedius cell line during the course of

this study (SAEIE cells) would allow for easiereanftions and protein isolation.

The full length sequence of the serine proteaseesepted by spot 5310 still needs to

be obtained in order to fully characterise the game therefore establish what role the

protein may play in immune defence.
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Chapter 6: Appendix

6.1 Vectors
*mnl 2008
L S
Scel 1820 Nest 2707 [ e | e
AN\
BetZl | 31
Bl | &
A Ned | 43
GEM™-T Ea bBcZ o
e | .
{F0t5bp)
Sped B4
EcoRI | 70
Netl | 77
Batd] i
Pl Ba
o Sall a0
Ndei | 87
Zacl 109
Bstxl (118 -3
Ml 'i'.;’ E
T ses 5
pGEMA-T Easy Veclor sequence reference points:
T7 ENA polymerase transcription initiation site 1
multiple doning region 10-128
5P RN A polymerase promoter (<17 {o +3) 139-158
5P RN A polymerase ranscription initiation site 141
pUC/ M13 Reverse Sequencing Primer binding site 176-197
lacZ start codon 180
lar operator X0-216
f-lactamase coding region 1337-197
phage fl region E0-2835
lac operon sequences 2R36-2906, 166-395
pUC/ M1 3 Forward Sequending Primer binding site 249272
T7 ENA polymerase promoter (<17 to +3) 29093

Figure 6.1pGEM-T-Easy Cloning vector (Promega cat# A1360)
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Apal (14)
Pwll (3337)

Sphl (26)Ncol |(33V%” (444), Spel (502) Notl (509)

Pstl (520)

Sall (522)
Ndel (529)

Sacl (541)

Nsil (559)
Pvull (773)

Pwul (2212)

ATGGATACT GCCCAAGAAGCT AGCCCAACCAGCT TCAAGAT GACCAT CCGCCCAGCATACAGGCCCAAG
ATCGT GAAGAAGCGCACCAAGCACT TCAT CCGCCACCAGT CGGATCGATATGCTAACGCTGTCGGTGTCC
TTCCGTI GAGT GCCAACGAGGATTGT GCCAAATTGTACCCGT GT TTAATCAACATGT CTCCTTGCAGCAC
AAAT GGCGCAAGCCCAAGEGT! ATCAGAGT GCGI CGCCGCT TCAAGGGACAGTATCTGATGCCC
AACAT CGGT TACGGAT CGAACAAGCGCACCCGCCACAT GCTGCCCACCGGAT TCAAGAAGTI TCCTGGT G

CACAACGT GCGCGAGCT GGAGGT CCTGCT CAT GCAGAACCCGCGT TTACT GCGCGAGAT CGCCACGECG

TCTCCT CCAAGAAGCAAGGAGAT TGT CGAGCGCGCCAAGCAGCT GT CGGT CCGCT CACCAACCCCAACG

GI'CGCCTGCGT CTCAAGAAGAACGAG

Figure 6.2 (A) The pJM 954 vector containing the@49 gene was a gift from
Professor Jean-Marc Reichhart of the Institut deldgjie Moléculaire et Cellulaire,
Strasbourg, France. (B) The sequencepdd highlighted in red was present in the

vector with the first 57 bp being absent (markedrieéen). Also included is an intron.
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6.2 E. intermedius gene sequences

Actin (Flylab Genomebase ID Cl3contigl)

1

61
121
181
241
301
361
421
481
541
601
661
721
781
841
901
961
1021
1081
1141
1201

CGTGTCTTAG
CGTACACACC
CAATGGATCC
CCCGTCGATC
CTCGTACGTA
TGAACATGGT
CAACGAACTT
CCCGAAAGCC
CATGTACGTC
CGTCTTGGAC
TCCCCATGCC
GATCCTCACC
CATCAAGGAA
CGCCTCCACC
TAACGAGAGA
TTGCGGTATC
GGACCTCTAC
CCGTATGCAA
TCCCCCAGAA
CTTCCAACAG

CCGGTGACTG CGAGTCCCCT
ACAAACCCAG TCAAAATGTIG
GGTATGTGCA AGECCGGTTT
GIGGGTCGCC CCCGTCATCA
GGCGACGAGG CCCAAAGCAA
ATCATCACCA ACTGGGACGA
CGTGTTGCCC CAGAAGAACA
AACAGGGAAA AGATGACCCA
GCCATCCAAG CCGTACTCTC
TCCGGAGATG GTGTATCCCA
ATCCTTCGIC TTGACTTGGC

GAAAGAGGTT
AAACTTTGCT
TCATTGGAAA

ACTCATTCAC
ATGTCGCCCT
AGAGCTACGA

TTCCGITGCC CAGAGGCCCT
CATGAAACCG TATACAACTC
GCCAACAACG TACTCTCCGG
AAGGAAATTA CCGCTTTGEC
AGGAAATACT CCGTATGGAT
ATGTGGATCT CCAAACAAGA

TTCGITGCCG
TGACGATGAT
CGCCGGAGAC
GGCCGTAATG
GAGAGGTATC
TATGGAAAAG
CCCGATCCTC
AATCATGITT
CTTGTACGCT
CACCGTACCC
CGGTCGCGAT
CACCACGGCT
GGACTTCGAA
ATTGCCTGAT
CTTCCAACCT
CATCATGAAG
TGGTACCACC
CCCATCGACC
CGGTGGATCC
ATACGACGAA

CCTCTTTTCC GAACTTAGAA
GITGCCGCGT TGGTCGTTGA
GACGCGCCCC GCECCGTCTT
GICGGTATGG GTCAGAAAGA
CTCACCTTGA AATACCCAAT
ATCTGGCATC ACACCTTCTA
CTTACCGAAG CCCCGITGAA
GAAACCTTCA ACGCCCCGEC
TCCGGTCGTA CCACCGGTAT
ATCTACGAAG GITACGCTCT
TTGACCGACT ACTTGATGAA
GAACGTGAAA TCGTTAGGEA
CAGGAAATGG CCACCGCCGC
GGTCAAGTICA TCACCATCGG
TCCTTCTTGG GITATGGAATC
TGCGACGITG ATATCCGTAA
ATGTACCCCG GTATTGCTGA
ATCAAGATCA AGATCATCGC
ATCTTGCECTT CCTTGTCCAC
TCCGGCCCAG GCATTGICCA

CCGCAAGTGC TTCTAA

RPS9 Flylab Genomebase ID CL160 contigl)

1
61
121
181
241
301
361

ATGGTAAACG GACGGATACC GTCGGTCTGC TCGAAGACCT

ACGTCACCCC

ACGTAGECCG

TATGAAAAGG CACGITTAGA TCAAGAATTG AAAATCATCG GAGAGTATGG TCTCCGTAAC

AAACGTGAAG TGTGGAGGGT CAAGTACACG CTCGCTAAAA

TTCGTAAAGC

TGCTCGTGAG

TTATTGACGC TTGAAGAAAA GGACCCTAAA CGTCTATTTG AAGGTAATGC CCTTTTACGT

CGITTGGTGC GIATCGECGT CTTGGACGAA GGCAGGATGA
TTGAAAATCG AGGACTTTTT AGAGAGACGC TTACAAACGC
GCCAAGTCGA TTCATCACGC GCGCGITTTG ATCCGICAGC

Serpin (Flylab Genomebase ID CL111 contigl)

1
61
121
181
241
301
361
421

CCGGCATTAA ATTCCGGTTT AGGCCGGNTA AAATGTGCGG
CCGGTGECCG CGGCAGCTTC GECGCCTTCC TCGTTTACTT
GCTTTCGATA CCGTTAGITG TTCTTTTCCT TTAATTAAAT
CTGAATATTA CGCCCATGCC CAACTTAACG AGAGACTCTT
ATCTTGAATT TAGGCAGAGA AACGATAACT TCACGATTTA
CTTAAATCTC TATTAGCCAG TTTTTGITCA AGTGCGTAAA
AAAACGATTA CCATACTGAC GICCTTATTT TTGIATGGCA
AAATCGGCCAT CTTCGGCATA TCCAAAGGTT TCGGTAATGT

AGCTCGATTA
AAGTTTTCAA
GACACATTCG

TGCGCATCAT
CGATAAATGC
TGGGAAAATC
TCAAGTCGAT
CAAGCGAATT
TACCAGTTTT
TTCTTAAAAT
GCA

Serine proteasg(Flylab Genomebase ID cl15contigl)

1
61
121
181
241
301
361
421
481
541
601
661
721

ACGCGTATTT TGATTGATCC AATCGATGAA GGAGGAAACC
TCCGTTGECG CATGGGTTAC CCCACGATAC AATACCAATT
TGGACCGCCA GAGICACCAT GGCAGACACC TTCACCGGECG
GCTGTCGAAA ACGGTGITGC TGCCCCATTG GGATTGGCAC
CAACGCGAGG TATTGCAATC TGTCGGGAAT GITGCCCGGEG
GGAGATGACG CAATCACCGG CTCCGATGGA CGCGCTTTCC
CTCGITGAAA GAGATCGGAC TGGACAATTG AAGAAGGGCA
GGGGTTGTAA CCCCTGTGEG TGATGATCCT GCTGACTCTG
CAAACTTACG GATCCGGTGA CGACCCTGTA CGAGCTAGCG
GGAAGCGGTC AAAATCCAGT TTTCGITGAG GATGGATCCG
GGAACCTCTC AAAGAGATTT GATAGGGGAA TTGACCCAAG
GATACGCCAG TTGGECGGTGG GGTCGATTTT CGGCTCGAAA
GAGAACAGCT (A
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CTAGTGAAAA
TGITTTCCGC
GIGGTCAAAG
TGGGAGTTGG
TAGCTGGICC
GGITCGATCG
ATGICGITTT
TAAGTGTCTC
ACGCCGCCGT
CCGCAAGTGT
GAGGCATCGG
GCAGCGCCGA

CGTGITGEGT
ATTGGGATTG
GGXX

TACAACGAAA
TTTTTGTATA
AGCGGAATCG
AGTGGTTTCA
GGITAAAGTG
GGTGITTGEC
CTTAGCATCC

CGTCTGGGTA
CACTGGCCAA
TGCAAATGIT
TGATGGITTT
TTCCCCAACC
GITGTACGIT
CAACGGTGIT
CGCCCCTGEA
ACACGCAATG
GACTTCCGGA
CACCGCCGAC
AAGCGACTCC



6.3 Drosophila melanogaster sequences

Snhama

GCATTTCACATCTCTGGGGCT TTGGOGT CACGT TCGCATCTCTAGTAAAT TGGAAAAAAA
TAAAATCGTCGGAGT TTTTATGTGCTTGCAGAGTAGTATTTCT TTCATATGCAACTATGT
M S
CGGTACACTATAAATTTAAGAGTACACTCAACTTTGATACAATTACTTTTGATGGACTTC
VHY KF KSTLNFDTI TFDG L H
ACATTTCTGTCGGGGACT TAAAAAGGGAGAT TGT GCAGCAGAAGCGACT GGGCAAAATCA
| SV GDLI KRETI VQOQIKZ RLGK I I
TCGACTTTGATCTCCAAATAACAAAT GCGCAGAGT AAAGAAGAATACAAGGACGAT GGGT
DF DL QI TNAUO OS STZKTETEYTZKTDTUDGF
TCCTTATTCCCAAAAACACAACGCT GATCATATCGOGCAT CCCCATCGOCCATCCCACAA
L I PKNTTTLI I SRI PI AHPTK
AAAAGGGCT GGGAGCCACCAGCAGCAGAAAAT GOCT TTTCGGOGGOGOCT GCCAAGCAGG
K GWEJPZPAAENATFTSAAPATIKT QD
CAACTTCAACATGGACCT GT CCAAAAT GCAAGGCACGGAGGAGGACAAAAT CCAGGCCA
NF NMDLSKMOQGTTETETDIKI QAWM
TGATGATGCAGAGCACAGT CGACTATGATCCTAAGACGTACCATCGTAT TAAAGGACAAT
M MQSTVDYUDZPI KTV YHRI KGUOQ S
CGCAAGT GGGAGAAGT TCCCGCAT CCTACCGAT GCAACAAAT GCAAGAAAAGCGGACACT
QVGEVPASYRC CNIEKTECIKIEKSGHW
GGATCAAAAACTGTCCCTTTGT GGGGGGAAAGGACCAGCAAGAGGT CAAACGGAATACTG
| K NCPF V GGI KU DU OO QEVI KT RNT G
GTATTCCGCGGTCTTTCCGCGACAAGCCAGAT GOGGCT GAGAACGAATCAGCCGATTTTG
| PR SFRDIKZPUDAATENTETSATDTF V
TGCTGOCTGCTGTACAAAACCAAGAGATACCGGAGGAT CTGATATGOGGCATATGCCGAG
L PAV QNGO OETIPEDTLI CGI CRD
ATATATTCGTCGATGCTGTCATGATACCCTGCTGOGGAAGT TCCTTTTGTGACGACTGTG
| FVDAVMI PCCGSZ ST FCDTUDTC V
TGOGAACCTCCTTAT TGGAGT CAGAGGATAGT GAGT GCCCCGAT TGCAAGGAGAAGAACT
R T SLLEGSTETDT STETCPUDTCTIKTETKTNTC
GTTCGCCTGGCTCCCTGATACCTAATCGGT TCTTGAGGAAT TCGGT GAACGCCTTTAAAA
S PGSLI PNRTFLI RNSVNATFKN
ATGAGACT GGGTATAACAAAAGCGOGGCT AAGCCAGCT GCAGT AAAAAAT GAGGAAAAAC
ETGYNZKS SAAIKPAAVZKTNTETETKP
CTCCTGTTGAAAAAGAAGT GGAGAAAAAGCCAGT CGOGGAGGT GGAACCCGAAGAGACTG
PVEIKTEVETZ KT KTPVAEVTETPTETETE
AGGTGAAACCT GAAAAGCAAAAAGAAT COGAAACCAAT GGCAGT AATCOGCCAAAATCGG
V KPEJKOQIKTESTETNGSNTPTPIKSE
AATCTCCAGAGCCT CCCGCAACCACAGAACCAT CACAGAAGGAGAAAGATAAATATGATT
S PEPPATTETPSG QIKTETKTDTEKYDS
CAGACTACGAGGATAACAT TACCATAAAAAT GCCCCAGCCT GCAGCTGATTCTACAACAG
DYEDN NI TI KMPOQPAADTSTTV
TGOCCAGCAAAAGAT CCCCCAGT TATTCCCACAGAAGT GAATCCTCTCATCGACGGGACA
P SKRSPSYSHRSETSS SHTRTRTDTR R
GGTCGGATTATGT TTCCGAT CACGAT CACAAGCACCAACGT CCATCAAAATCGGAGTCTG
S DYV SDHDUHEKIHOQQRTPSI KTSTE SV
TTAACAAGGATCGCAGT CTCCTGOCCT TGCCCAT TGGCACCCT GCCTAGCT ACCAGGGCC
NKDRSLTLZPLTZPI GTLUPSYOQGH
ACATGATGGCCGAAT CAGAAGAAGCT CGT CGAT CGAGT GCCTATAAGCCCCCTTATATGC
M MATET STETEARIRSS SAYZ KPPYMDOQ
AAATGCAGOGGGGCCCACCT CCTAT GCACAT GAT GAGT CACCACAT GCCAGCCTACAACA
M QR GPPPMHMMSHHMPAYNN
ACGGGT TTAACAACAT GGGACAGAGGCCT CCCCT CAGCTATGT GOCGTATCAAAACCAAT
GFNNMGO QRZPPLSYVPYOQNO QS
COGTACACCCAAT GOGT GOGCCGT ACGGAT CTGCAGGCGGAGGTATGAATATGAATATGT
VHPMRAPYGSAGGGMNMNMS
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CACAACCATTTCAGTCCCCAAAT TTAGCCT CGATATACCAAGGGGT GGCAGCGAAGGTCG
QP FQSPNLASI Y QGVAATZKVG
TTCOGGTCOCAT TGACGAT COGT TGGAGGCCT TCAAT CGCAT CAT GAAGGAGAAGGAGC
S GPI DDPLEAFNRI MKTEKER
GAAGAAGGT GGACCGCT TTCGAAGCT CTGACCGCCACAGGT CAAGGT CCCCGGATAGAC
K KVDRTFRSS SDRHRSIRSPDTRDEOQ
AAGGCACCGCT TTAAGT CTCCCATGTACGAAAAGGACAACT CCAGGGATAATCTCAAGG
RHRTFIKS SPMYEIKTDNSRDNTLKD
ACAAAAGACCGOGAT COCGGGAAAGGAAGCGAGAACAT AGCT ACGAACGGCATATACGCC

K R PR SRERIKIREWHZSYERHI RH
ACCCTCGT TCTAGT CGCCAGCCGAATGATGGCT CTAAGT CCCCAGGT GGCAGAATCAAAA
P RS SROQPNUDUGS K SUPGGRI KR

GATCTGGACAT CGT CGCTCTGCAT CTCCAAAGCCGGGECTACAAGAGT GATTACAGAGACA
S GHRRSASVPIKWPGY K S DY R DK
AGCCGTACAACAAGCCT AGT GCTCCCAAAACGGAGGECAGT TGAGCCT CCTCCCCCCGGAT
P YNKWPSAPIKTEAVEWPPZPPGTF
TCGAGCCGT TGCAGCT GACGGAT GAAGACGGECT ACAGGAACAAGCACCCGACCAGT TCGG
E P L QL T DEUDGYIRNIKWHWPT S S E
AAGCAT CACAAAGCAGCAAGGGT GATAGCAGCAAGAAGAGAGGGEGAAAACAGGECACGAAG
A°'S Q S S K GDSS KKRGENIRMHE E
AGGCCCCACGAAAGAGGCACAGGT CTCGCAGCAT TAGCAAGGAACCGAAGCCGAATGACA

AP RKRMHRSWRSI S KEWPIKWPND S
GCAACTACAGGAGCCT GACT CCACCAGCAAAGAT CACCACACCGAAAATGACT GCTGCCC
NY RS L TWPPAKI TTWPKMTAANDQQ

AGT TGAGGCAACCGCGAAAGT TCACCGAAGACGCCGGAAAAGAGT CACGACGATTATCTGA
L RQRESSWPIKTWPEIKSMHUDTUDYLT
CCCCGAAGGCCAGAATTAT GGCCT CCCAGCCCGT CATCAACGACACGGAAATGGAGACCA
AK ARI MASQPVI NDTEMETN
AT GT GGECAAGGAGAACAAGGCCAAGAGT CCGT TGT CAAAAGAT CGCAAGAAGAAGAAGA
vV G K ENKAKSWPL S K DR K K K KK
AGGACAAGGACAAGGCT GAGCGCAAGAAAAACAAGAAGGACAAGCGCGCTAAGAAGGAGA
D K DKAEIRIKIKNIKIKDIKRAIK K E K
AAGGCGGATCGCCAGAAGAAGAGCT CCTCAGT TAATCGATCTGACTCGGATATTAACAACA
G DRQKIKSSSVNRSUDSDI NNS
GCTCACTAATGAACGAGT CAAATTATAAAGT AT TGT CTCCCAGGGCT CAAAGT CCCAGCA
S L MNESNYKVL SPRAIOQSUP S I
TTGAGATCAATGCGGCTCAACTTTCCCCTACT CACAACGCTACT GAAAACGT TAATCCGA
EI NAAQL SPTHNATENUVNPK
AGAGTCATTCCATCCTTACT GTGGGTGCTGCTAGCGACGATAATCTTGGCCCAAGAAGCA
S HSI L TV GAASUDUDNTLGUPRS K
AACTCAGCGAGGCTAATTCTGTCAATCTATCCAAAT GCGAAAT CGACGAGAATATCTTAG
L S EANSVNLSIKWETI DENI L G
GI'TTGGAGGAT TCCTCCAAAAAAGCT GCCGEEECCT CCGACGAT CCGT CGGAAATAACTT
L E DS S K KAAGASUDU DWPSEI TS
CAGACGT CCTGCGAAAGGCTGAGAACCCAATAT TTGCAAAGGCTATTAATGCCATCAGEC
D V1IRIKAENAI FAKAI NAI RP
CTATGGAGT TTCAAGT TATTATCAATTCCAAGGACAACAGCAAGGACCGCTCCGTAGITC
M EF QVI I NS KDNSIKUDR RSV VR
GAAGT GACAAGGAT CGCTCCTCCT CACCCAGGECGT AACAACAGCAGCAGGT CGGTAAAGG
S DK DRSS SPRRNNSS SRSV KD
ATAGCCT GGGCACCAAGAT TTCCAATGATAGAAGCCGT TCGCGAGACAAGT CGAAGGGCA
RL GT KI1T S NDIRSRSIRDIK S K GR
GGCGCCCEECCCCAAGGAGCT CCGACGACGAT CCGAACCGCGEGCAGGT CGGATCGTCATG
R R A AR S SDUDUDANIRGRSDRMHG
GCAGCCGCGAAGAGGGACAACAGAT CCCGCGACAGGGCGEECECCT TCAGAGAAGAGGCAGG
S RKRDNIRSRUDIRAAPSEIKROQE
AGCGI TCGT ACAAGCGAAGCT CGCCGGAGGACGACAAGCT GAGGCGCCAGAACAAGGAAC
R SY KRS S P EDUDIKULRRQNIKE Q
AGT CCGAAT CCAAGCACGGAAAGCAT GATCAAAACAAT AGCGACGACT CGGATCGGAGGEG
S ES KHGIKMHD QNNSUDUDSUDIRRA
CGGCCAAAAACACCAAGT CCAGCGACAGCCGAGT GGTCTCCTCTGTAACAGCCGTGGITG
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A K NTK S SDSRVV SSVTAVVA
CTCCTCCCAAACCCT GT CGT CCAGACAACCCGT TCCGCAAGT TCGTCGACACCAGT TCGT

P P KPCRWPIDNPFRIKFVDTS S S
CGAGCACCTTAGI TGTAAAATAT GATAACACGATACAGAAGGAGGEGECECGT CCTCGGACA

S SLVVKYDNTI QK EGASS DN
ACGGCAT GGAGCACAGGAAGCAGAGGGATAAGAAGCT GAAGAAACAT TCAAAATATTCGT

G MEMHRIKOQRD KK KL KKHS K Y S S
CAACCGATTCGT TGAAGAGCGAGAAGCGCAAGGAT CCGAAGAGCAAAAAGAAGAGCAAGA

T DS L K S EIKRIKDWPK S KK K S K |
TTTTGAAGAAGAAGAAAAAAT CAAAGAA

L K K K K K S K K

cDNA and protein sequence for Snama (FBtr00722A%.DWNN domain is in red
while the DCM is underlined

Reaper (FBtr0075120)

TGAATAAGAGAGACACCAGAACAAAGT GAACGAACT CGAAAAT ACGAAAGAAAAGT GT GT GOGCCAGCA
ACAAAGAACTAACT CGATAAATATTCATTGT GCAGAAGAGAAAGT TATTGAGT CACTACCAGT TGTGTA
ATTCOGAACGAGAAGAAAGAT AAACCAACAAT GGCAGT GGCATTCTACATACCCGATCAGGCGACTCTG
M AV AF Y Il PDOQAT.L
TTGOGGGAGGOGGAGCAGAAGGAGCAGCAGAT CCT TCGCT TGCGGGAGT CACAGT GGAGAT TCCTGGC
L REAEU QKTEG QQOQI LRLURET SO QWRTETLA
CACCGT CGTCCT GGAAACCCT GOGCCAGT ACACT TCAT GT CAT COGAAGACCGGAAGAAAGT COGGCAA
TVVLETLROQQYTS S CHPIKTG GRTZKSGK
ATATCGCAAGCOCATCGCAAT GAGGAT TCGAGT AACT AACAAAT ACGGGGAAAACCAATAGT CCAGT CCA
YR KPS Q
AAATCCAGAGT ACAAAGGAAAT AAGCAT GAGCCAACCCAAAACCCAAACACAGT CACCACT CATCAGCC
GACGGCACT CGATTTCTACT GCAGT CAAGGACACAGAGCCACAACACCCACCCAATTTTAGT TTACTCA
TCAAAGOGATTGTGATAATGGT TTTGT TTCTACAAAAAAGCGGAGGAAAAAT TTGAAAAAATAACGTTT
TTATAAAGTCCCCAATTTTTTACAAAAATGT TTCAATGATATAAATCAACT TTTTTAGAAATAATTTAC
TCTTAAAGCCTATTTAAATGAATTACTACTGTAATAGT TTGTAAGTTCTTTTGTAAGACGAGTTTTTCT
AAGTTTTTTTTAAGAAGAAACCCCAGAAAAAAACGAAGAT GAGT CGAAGT TGGCTAAAAATTGCATCAA
TTTTTTGTCAAACAAAAAGT CAAT

The position of the forward and reverse primersnderlined.
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Dmp53

CCTGGAGCACGGAAGAT TCTTGCGGACACAAAT CGCAACT GCTAAAT AAAATTTATTTATTTGAGTGCACA
GOCATGAGT CTTCACAAGT CCGCGT OGT TTAGCT TGACT TTTAACCAGT GAGCGGAGATATTTTATTOGGT
Bl S L HK SASFSLTFN
CTTACCCAACAAAATAATGT TGCGCCTTTTTGCAGAAACACT TCGATTGT TTCGCGTAGCAATAGT CGCAC
S 1 VS R S N S RXX
AATTTTTGAAGCTTTCAAGGAGT TCCTGGATTTTTGGBGATATCGECAACGAAGT TTCTGCAGAGT CAGCAG
| FEAFKETFLDFWDI GNEVSATESA
TTCGGGT CTOCAGCAACGGAGCT T TCAACT TGOOGCAGAGT TTTGGCAACGAAT CCAACGAATATGOCCAC
X RVS S NGAFNLUPO QSFGNESNELVYAH
CCTGGCTACGCCT GT GGAT CCAGOCT ACGGAGGCAACAACACGAACAACAT GATGCAGT TCACGAACAATC
L ATPVDPAYGGNNTNNMMOQF T N NXX
TGGAAATTTTGGOCAACAATAAT TCOGAT GGCAATAACAAAAT TAATGCATGCAACAAAT TCGTCTGOCAC
L EI L ANNNSDGNNTKTINATCNTKF V C H

_|

AAGGGGT GAGCAAATTCAAAACACGCGCT CCAAT CGATAAACAT TGECTACGECGATTGT TCGCGCTGCGT

K
GGCGAATGGCAAAAT CCAAATAGT CCGTGECCACTACGATTCTGTAGT TTTTTGT TAGCGAATTTTTAATATTTAG

ACGCTTGTACTTGCATCATTCGCGCGECCAACTTGITTGTGT TTGT TTATCCAGCCAAGGCGCAGT TTGCCACTAA
GITTTTATTTCCCTTTTACACT TTAGCACT GATTCCGAGGAT GACT CCACGGAGGT CGATATCAAGGAGCGATATTC

CGAAAACGGT GGAGGTAT CGGGAT CGGAAT TGTGAGTACCT GGT CACGT GGTCACATGTGGT TTGCCTGGT TGCTA

ACTATTATTGITTTTATTATTCCAGGACCACGGAACCCATGECCTTCTTGCAGCGATTAAACGTGAGTTGTGCTTT

TAATGTGCAAAGCTATAGCTTACTAACTATTTAATATTATTCCCCGCAGT CCGGGAAT CTGATGCAGT TCAGCCAG

CTCCTTCCCGT CGTCATCGT TTAGCGAGAATTTCAAGCACT TGT GAAAAATAGAATAGAATACAAAACAAATCGCC
AGTCCATTTGTAACT CGAGCAAGCT GGAACATGAAGCT CTATCAGCTCTATGAGCGCAAAGT GTGAACCCTTATAT
GATTGCGAGI TAAGT TGACATTCAAATAATATCTTGT TTTTGCT TACAGCAAT CCGT GCTGCCGCGAAATGATGCTG

CAGGACATTCAGAT CCAGGCGAACACGCT GCCCAAGCTAGAGAAT CACAACATCGGTGGT TATTGCTTCAGCATGG

TTCTGGATGAGCCGCCCAAGT CTCTTTGGATGTACT CGATTCCGCT GAACAAGCT CTACATCCGGATGAACAAGGC

CTTCAACGTGGACGT TCAGT TCAAGT CTAAAATGCCCATCCAACCACTTAATTTGCGTGTGTTCCTTTGCTTCTCC

AATGATGT GAGT GCTCCCGT GGT CCGCTGT CAAAAT CACCT TAGCGT TGAGCCT TGTAAGT GAAGATAACAAACAG

ATTCGAACAGGATTATTTAACTATCATTTGTACAAACCT TTAGT GACGGCCAATAACGCAAAAAT GCGCGAGACCT

TGCTGCGCAGCGAGAATCCCAACAGT GTATATTGT GGAAAT GCT CAGGGCAAGGGAATTTCCGAGCGT TTTTCCGT
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GAACTCTAGATGCCTAGAACAAAGCTTAACGTGI TTTCTTTCT TGCAGCGGCGATAT CGT GGGACAGCATGT TATA

KL
Hil
%3’5%%
Mggﬁ
EHREE
1B B R
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HEEEE
1
HEEE
S BB EE
TELL:
{1

ATCGGAGGACAAAGAGATTAAGCTTTACT TACCGAACT TTCCTTTCAGAACGT GCCTACGAGCT GCCATGA

CTTCTGATCTGGTCGACAATCT

The gene sequence afhp53 showing the different splicing of the gene thategirise
to different isoforms. The longer isoform is markedight blue. The shorter isoform
is marked in red and the short N terminal 110 anaicid long isoform is underlined.

The primer binding regions are in bold.
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6.4 Markers
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Figure 6.3DNA and RNA markers.
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Figure 6.4 Protein markers.
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Table 6.1 Identification of peptide fragments baseadn sequence similarity with

proteins in different databases.

Protein Modification/ Protein Processing

Spot Peptide Identity Organism NCBI Accession E
value

0101 LDALGQECLK Similar to Pez Apis mellifera XP_392377,2 50

3004

2203F TSYPGNLPDR to chymotrypsin-ike  Tribolium castaneum XP_967741,1

2203F SNAACAAAYG Putative chymotrypsin  Antheraea assama AAF71515,1 8.8

2203F FTSPLQYTDTLQLPR CG32019-PA T. castaneum XP_971502,1 16

2203F PAYPGVYSSV trypsin-like proteinase T. castaneum EAL25738,1

2203U VSSAGCASGA serine type Aedes aegypti EAT41458,1 8.7
endopeptidase, putative

3004 STLAEFR ubiquitin carboxyl- Sylla serrata AAF08281,1 73
terminal hydrolase
isozyme L5

5310 YAPGGVASGFNQVNR Peptidase C19 Anopheles gambi ae XP_311192 153

5406 NSPSEPLNVGLLYR Dipeptidyl peptidase  T.castaneum XP_972016,1 2

6203 TFLD SFLEFAN ATP binding; protein D. pseudoobscura XP_001357809 27
serine/threonine kinase pseudoobscura

7210 SQLETLAGGANK Proteasome component Culex quinquefasdatus  XP_001851301 106

6204F AWNVQAFTK Serine/ threonine Roseiflexus castenholzii  ZP_01531942,1 47

7203U protein kinase with FHA DSM 13941
domain

7303 HWLETKP SNK Endoplasmic reticulum Acyrthosiphon pisum XP_001947171 71
metallopeptidase 1

Sensory proteins

4002U QEALDALGQECLK GA26235 D. pseudoobscura XP_002137938.1| 45

5102 SQEECFK nanchung D. melanogaser CG5842-PA 146

7301f VQMYYDSR chemosensory protein  Bombyx mori NP_001091781 133

8402 LLTQQAECL cryptochrome Sarcophaga bull ata ACJ08741 40

Development

2203U SPLQYTDTLQ Bent T.castaneum 202

3304 FSLCAGGEQK Bent T. castaneum 143

3304 YPTNALPSFDK Chaoptin A aegypti XP_001653633 123

6204f ADLDGNLLEDK Sex lethal T. castaneum NP_001139415 15

7301f FDVTQDNYR Imaginal disc growth T. castenium NP_001038091,1 1.7
factor 4 (IDGF)

7301f GLLSYPEVCGSK IDGF B. mori BAF73623 0.049

7301f LAFVNSAHTLVK imaginal disc growth T. castaneum NP_001038092 0.070
factor 2

7301f NYPAPLYSL imaginal disc growth T. castaneum NP_001038091 40
factor 4

7303 TGPLLSYPEV IDGF Protein B. mori BAF73623 71

7303 DYPAPLY imaginal disc growth T. castaneum 9
factor 4

9003 NDALGQELCK neverland B. mori NP_001037626 203

9003 LNEKPLEKGAK yolk protein 3 D. melanogaser 61

Musca d omestica

Immune function

3304 VVLTAAHAVLQ Serine protease A aegypti EAT46512,1 21

6410 HVTVPNTDGK transferrin Protaeti a brevitarsis ABI31834,1 17

6410 CFLSQAPPHFVVT transferrin T. castaneum XP_001808066 11

6410 CLVEGDGDVAFVK transferrin T. castaneum XP_001808066 0.002

6410 VLELSENNVAQPNK leucine-rich T. castaneum 4.7
transmembrane protein.

7301F ASVLNADTNK Coagulogen type Il Tachypleus tridentalus CAA27780,1 35

7303 LVLGLPTYGR Probable chitin protein  D. melanogaste CG2989-PA 0.75

8306 VYQLPN transcription factor Sox-Pediculus humanus XP_002430102 162

2, putative

corporis
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Metabolism

5102F PAETAYLYQK CAD Atelestus pulicarius AAQ67196,1 100
9003 GTVAAEGGFLVVN Glyceraldehyde 3 —-P-  T. casteum XP_974181,1 2.7
dehydrogenase
9003 GNNPSEEQLK knockdown, isoform B D. mel anogaster NP_727091 0.047
Stress response
5406 NSPSEPLNVGLLYR DNA mismatch repair A gambiae EAA07673,3 215
MutS core
6203 RAESFDQLVK GK13718 D. willi stoni XP_002072653 71
7203u
7210 AGENVQAFTK DNA photolyase A gambiae XP_313925,1 143
mRNA processing
3304 TQGSPLVCLP Similar to CSl4 T. castaneum XP_971155,1 71
3304 LCAEETSATQ Similar to xmas-2 A mellifera XP_395462,3 187
5102 NFVSSATMDK ATP-dependent RNA  Pediculus humanus XP_002428983 17
6005 helicase, putative corporis
Membrane transport and signaling
6005 VVGMWNVK SEC13-ike protein 1 A pisum XP_001949105 187
(Nuclear Pore complex)
6203 SQTLETLAN Organic cation D.melanogaster NP_611659,2 163
transporting polypeptide
58Dc
8402 TEEKLPPRALK similar to G protein T. castaneum - AAF49429 5.3
alpha 73B
8306 YPTNALPSFDK similar to retinal A mellifera XP_393355 175
degeneration B
Unidentified
3304 NGEYLNFG GL11620 D. persimilis
4001 EASTLAEFR conserved hypothetical Culex quinquefasciatus
protein
4001 SLSEPESCLT conserved hypothetical P. humanus
protein
4002f  VSSATFVK GE21211 D. yakuba XP_001359628
5102U LYTAEQLEK SD02665p D mel anogaster AAR31113,1
5310 TPTLGGTGSTYSTGGK GD17305 D. simulans XP_002107154
5312
6005 LSQFDDDVLLK Hypothetical protein A. aegypti EAT45043,1
6204f QGVDADLNLGR GJ23342 D. virilis XP_002053429
6203 NQLLQLEQK GH13043 D. gri mshawi XP_001993479
6204f
7210
6204U SQLELETLA GK17193 D. willi stoni XP_002061796
8402 LQNLQLAGDQK GE23832 D. yakuba XP_002098633
8402 GGVVPQTFK TPA_inf: HDC19375  D. melanogaster DAA03371
7203u  LETLANNAK GJ10621 D.virilis XP_002055870
8306 KPNESVETKLASR Zinc finger, MYM A pisum XP_001943430
domain containing 1
Identifications made using theE. intermedius EST database
Protein Maodification/ Protein Processing
Spot Peptide Identity Homolog NCBI Accession E
value
2203F TSYPGNLPDR CL15Contig1- trypsin-ike serine 0.046
protease
2203F SNAACAAAYG CL8Contig3- Trypsin 29F 0.1
2203U VSSAGCASGA 006991 1682_0418_c_s Jonah 65 Aiv 0.23
2203F FTSPLQYTDTLQLPR CL20Contigl Jonah 65Aiv 0.12
2203F PAYPGVYSSV CL8Contigl Trypsin 29F 0.060
2203U CADGA CL8Contig3 Trypsin 29F 0.01
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2203U SPLQYTDTLQ CL20Contigl Jonah 65Aiv 0.30

6204F AWNVQAFTK CL123Contigl Apolipophorin-lil XP_975784 8.7

7203U isoform 2

Sensory proteins

0101 LDALGQECLK CL32Contigl PBP/GOBP family 0.30

3004

4001

2102 TGGMNADGTFNK CL32Contig1- PBP/GOBP family 0.003

3002

4002F

9003

4002U QEALDALGQECLK CL32Contigl PBP/GOBP family 0.39

5102F GLTPEQLEQLK 012264_1557_3398_c_s Odorantibgg@rotein CG11218, 8.1
56d

Immune function

7101 SLLDSYPTAYTNVK CL351Contig Apolipophorin-Iil XP_975784 7.9
isoform 2

Stress response

3304 TQGSPLVCLP CL339Contigl MetallocarboxypeptelasC G14820 9.7

3304 FSLCAGGEQK 009895 _1663_3195_c_s Mutagen-seasi2 CG8601 7.4

6203 RAESFDQLVK CL123Contigl Apolipophorin-Iil XP_975784

7203u isoform 2

11

7210 AGENVQAFTK CL123Contigl Apolipophorin-lil XP_975784 0.18
isoform 2

6203 NQLLQLEQK 011178 1666_3502_c_s Apoalipophorin-Iil XP_975784 1.0

6204f isoform 2

7210

6204f LETLANNAK 011224_1655_1295_c_s Apolipophorin-Iil XP_975784 1.0
isoform 2

7203u  LETLANNAK 011224 1655_1295_c_s Apolipophorin-Ii| XP_975784 1.0
isoform 2

6410  VLELSENNVAQPNK 008196 _1603 1902 _c_s Eukaryatitation NP_001177648.1| 7.9
factor 4a

Unidentified

6410 CFLSQAPPHFVVT 007076_1596_1424 _c_s 7.4

Identifications made using Mascot

Protein Modification/ Protein Processing

Spot Peptide Identity Organism NCBI Accession E

value
2203F TSYPGNLPDR Trypsin Like serine
protease

2203U VSSAGCASGA D.melanogaster CG10745

Development

7301f FDVTQDNYR IDGF Protein

7301f GLLSYPEVCGSK IDGF Protein

7301f LAFVNSAHTLVK IDGF Protein

7301f NYPAPLYSL IDGF Protein

7301U TPGLLSYPEV IDGF Protein

9003 LN EKPLEKGAK Yolk protein

Immune function

3304 VVLTAAHAVLQ
6410 HVTVPNTDGK
6410 TQEEPEAEFR
6410 CFLSQAPPHFVVT

Transferrin
Transferrin
Transferrin
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6410 CLVEGDGDVAFVK Transferrin
6410 VLELSENNVAQPNK
7101 SLLDSYPTAYTNVK Serine protease

7301F ASVLNADTNK Coagulin

7303 LVLGLPTYGR Probable chitin protein

Metabolism

5102F GLTPEQLEQLK phosphoglycolate D. mel anogaster
phosphatase

6410 VLELSENNVAQPNK NADH dehydrogenase
9003 GTVAAEGGFLVVN Glyceraldehyde 3—P-

dehydrogenase
Stress response
6203 RAESFDQLVK Multidrug-Resistance D.melanogaster CG6214
7203u like Protein 1
Cytoskeletal
5310 YAPGGVASGFNQVNR  Gelsolin precursor A gambaie
5312
Unidentified
5102U LYTAEQLEK SD02665p D. mel anogaster

The table contains the peptide sequences obtaiadd$/MS of the individual spots
isolated in the 2D PAGE analysis of the hemolympimfE. intermedius infected
with B. bassiana and uninfected beetles. Putative identities havenbassigned to
these peptides via bioinformatic analysis from ¢hd&ferent sources. The National
Centre for Biotechnology InformatiodNCBI) database was searched using the
Mascot search engine. Secondly the partial pegtdgences were used to search the
NCBI protein databases using pBLAST. Thirdly thetme sequences were used to
perform tBLASTn searches in thHe intermedius cDNA sequence databaséylab

Genomebase using tBLAST.
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Conference proceedings attended

Rodney Hull, Ricardo Antunes, Tobias Ntuli, MphoRalgotho and Monde
Ntwasa, Characterisation of the ubiquitin like protein AMA in Drosophila
melanogaster: The third International Conference Ubiquitin, Ubitulike Proteins &
CancerFebruary 9-11, 2006 The University of Texas M. d&rson Cancer Center,

Houston, Texas

Rodney Hull, and Monde NtwasaProteomic analysis of molecules involved in
Euoniticellusintermedius immune response: 2006 MCBG Symposium: 5th October,

2006. University of the Witwatersrand Medical Schoo

Ricardo Antunes, Rodney Hull, and Monde Ntwasa,Ubiquitin like protein
SNAMA: Ubiquitin ligase activity and its role in DNA danmagesponse pathways:
2006 MCBG Symposium: 5th October, 2006. University the Witwatersrand

Medical School

Monde Ntwasa, Chris Arnot, Rodney Hull and Tobias Nuli, International

Conference on Systems Biology.: October 19-24, 2@06tein networks that are

activated in response to DNA damage.: Boston. USA

- 303 -



Rodney Hull, Chris Arnot and Monde Ntwasaldentification of proteins involved in
the immune system of the beefeoniticellus intermedius: 16"-20" January 2005:
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Articles in peer reviewed journals

1. Rodney Hull and Monde Ntwasa, (2010). Glycolytic flux occurs in
Drosophila melanogaster recovering from camptoth&eiatmentAnticancer

Drugs, 21 (10), 945-57.

2. Lucky M Khanyile, Rodney Hull and Monde Ntwasa(2008. Dung beetle
database: comparison with other invertebrate trggtemes, Bioinformatiord

(4), 159-161.

3. Rodney Hull, Lucky Khanyile, Marcus Byrne and Monbiéwasa (2011).
Lifestyle and host defence mechanisms of the dueetld Euoniticellus
intermedius (Coleoptera: Scarabaeidae)Journal of Insect Science

(submitted).

Collaborations :

In 2010 | visited the laboratory of our collabanat in Strasbourg University to learn
advanced Mass Spectrometry
In 2011 | visited another collaborator’s laborat@ty Tohoku University, Japan to

learn RNA interference techniques.
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