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ABSTRACT

SNAMA is a 139 kDa Drosophila melanogaster protein belonging to the
Retinoblastoma Binding Protein 6 (RbBP6) superfamil. Mammalian
RbBP6 interacts with both p53 and Rb and plays a dical role in
embryonic development and tumorigenesis as a negati regulator of p53.
All RbBP6 members contain a 5° DWNN Catalytic Domai (DCM)
consisting of a DWNN (domain with no name) domaindilowed by a zinc
finger and RING (really interesting new gene) finge motif. RING finger
and U-box ubiquitin ligases are dependent on theirRING finger
conformation for their ubiquitin ligase activity. T he main focus of this work
was to further elucidate the functional characterisics of the DCM within
SNAMA. This was achieved by examinining transcriptn regulation of the
SNAMA gene and determining whether SNAMA exhibits ubiquiin ligase
activity. 5° Rapid amplification of cDNA ends (RACE was used to
determine the core promoter elements c6NAMA through the discovery of
the transcription initiation site. Ubiquitin conjug ation assays using pure
recombinant SNAMA as the ubiquitin ligase were perdrmed to analyze the
ubiquitin ligase activity of the protein. Transcriptional regulation of the
SNAMA gene is achieved through a single TATA-less promatehat gives
rise to a single transcript of 3.9 kb. Furthermore,this work shows that
SNAMA is a unique RING finger ubiquitin ligase that is capable of auto-
ubiquitination in the absence of zinc ions. This atvity is dependent on its
RING finger-like motif, which has greatest specifity to the UbcH5a
conjugating enzyme. Furthermore, SNAMA relies on E1 E2, ATP, and
ubiquitin for its E3 activity. Thus, SNAMA is the first member of the
RbBP6 family to portray RING finger ubiquitin ligase activity and

represents a “drugable” target for pharmaceutical ntervention.
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1. INTRODUCTION

1.1 Drosophila melanogaster as a Model Organism

Drosophila melanogastefmeaning dark-gut dew-lover) is a common fruit fly
belonging to the family Drosophilidae and foundtive order Diptera. It is
therefore classified as an insect. It was firstduae a model organism in the
early 1900’s by Nobel Prize winner Thomas Hunt Muorgfor his genetic
research on sex-linkage and genetic recombinalflmngan et al., 1915).

Drosophilais a very popular and successful model organismtdutae great

number of properties that it possesses. It hasod generation time of 10-12
days making it possible to study numerous genersitio an academic year
(Kramer, 1986; Sofer and Tompkins, 1994). It islgasultured and inexpensive
to house in large numbers (Jeszenszky, 1997; Krah®86). Due to its small
size Drosophilais suitable for cultivation in laboratories yetistlarge enough

for many attributes to be seen with the naked eyeumder low-power

magnification (Sofer and Tompkins, 1994). It hakigh rate of reproduction
with a female laying hundreds of fertilized eggsidlg her brief life span. Giant
polytene chromosomes that show far more structdesdil than do normal
chromosomes are found in the salivary and othandglaof the mature larvae
(Mortin and Sedat, 1982). Furthermore, hmsophilaembryo grows outside

the body and can be easily studied at every stadevelopment.

Since Thomas Hunt Morgan, for over a centDrngsophilahas been used as a
popular model organism in heredity and biomedieakarch where the aims are
to understand human genetics and developmentakgses (Celniker, 2000).
This is possible due tOrosophilashowing the same developmental plasticity as
that seen in humans but having less redundanoyyiall for easier dissection of
function (Richardson and Kumar, 2002). More regeiitosophila has been
used for what it does best: identifying novel oreogs and tumor suppressors,

and linking cancer-related genes together into demgignalling pathways
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(Vidal and Cagan, 2006). This was facilitated by tbompletion of the
Drosophila euchromatic genomic sequence (Celniker, 2000)chvinevealed
that two thirds of genes involved in human canceave counterparts in
Drosophila(Vernooy et al., 2000).

Perhaps the greatest advantag®udsophilais its powerful genetics. This can
be used to generate mutations and transgenic tira¢sectopically overexpress
genes, examine genetic interactions, and carrydouatinant genetic modifier
screens to uncover novel gen@ichardson and Kumar, 2002). All of these
genetic approaches have been used for compardtidg ef programmed cell

death betweeBrosophilaand humans.

1.2 Programmed Cell Death WithinDrosophila melanogaster

Regulation of programmed cell death or apoptosis idelicately controlled
process, one which is critical to a wide varietydef’elopmental processes. This
includes removal of unnecessary anatomical strasfusontrol of cell number,
morphological sculpting, and elimination of injureddangerous cells (Jacobson
et al,, 1997). Regulation of cell number is critidar proper organism
development and homeostasis. Dnosophila programmed cell death can be
controlled intrinsically through caspase-dependmthways such as the Grim
Reaper or Hippo pathways (Figure 1). The intrinsel death system is
controlled predominantly by: pro-apoptotic activatqH99 genes), caspases,
inhibitor of apoptosis proteins (IAP), and tumouppressors. Alternatively, an
extrinsic cell death-inducing mechanism is used relmg the physiological
ligand Eiger stimulates cell death via the JNK path (Igaki et al., 2002).

1.2.1 Pro-apoptotic activator genes
Only five pro-apoptotic activators have been diged inDrosophilathus far,

they arereaper (rpr), grim, head involution defectivéhid), sickle (skl),and

jafrac2 (Cashio et al., 2005Rpr, grim and hid are three closely linked genes
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contained within thé199 cell death locus (Chen et al., 1996), wisktis found
just outside theH99 locus (Srinivasula et al., 2002; Wing et al., 200@)
contrast,jafrac2 is found in a very different position of the genothat still
containsH99-like characteristics (Tenev et al., 2002). The domstructure of
these pro-apoptotic genes and the functional huneanologue, Smac, share a
conserved N-terminal region known as the RHG (Redgid Grim) motif
(Wing et al., 2001). Outside this motif they are sinilar and vary significantly
in size. The RHG motif has been shown to competliivbind a domain in the
IAP family and in so doing prevents inhibition afspase activity. It is thus clear
that the RHG motif is important in the pro-apoptotiinction of the activator

proteins.

Rpr expression is regulated by the steroid hormoneyssete and by
developmental signals (Jiang et al., 2000; Nordsted al., 1996). Grim, like
Rpr, is also expressed in cells destined for de&reas Hid has a more general
expression pattern (Chen et al.,, 1996)d is negatively regulated at both
transcriptional and posttranscriptional levels I tepidermal growth factor
receptor (EGFR)-Ras-Raf-MAPK signaling pathway (Gee et al., 1995;
Bergmann et al., 1998; Kurada and White, 1998).i#dalthl in vivo analysis of
theseH99 pro-apoptotic genes is needed in order to deteyrthie factors that

control its expression.

1.2.2 Caspases

Caspases are commonly implemented during the mogksipoptosis. These
caspases are highly conserved cysteine proteaaésspicifically target and
cleave substrates after an aspartate residue (Caslal., 2005). Caspases are
expressed as inactive zymogen precursors that stonkia variable length
prodomain followed by a large (p20) and small (pd@if, which are responsible
for substrate recognition and catalysis. Activati@mtcurs through the
incorporation of the caspase into large protein mlemes, or through the

separation of the pl0 and p20 subunits and reatgemto an active
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heterotetramer. Once activated, they literally kréawn the protein scaffolding
holding the cell together leading to the destructid the cell and ultimate death
(Degterev et al., 2003).

Caspases are divided into two general classesalapaspases (Class I) and
effector caspases (Class Il). Caspases are activraten amplifying proteolytic

cascade with cleavage of one another in sequenash(& et al., 2005). It

therefore makes sense that the apical caspasestarated early at the onset of
apoptosis while downstream effector caspases dreatsd later by already

active apical caspases via proteolytic processigical caspases are usually
characterized according to their long N-terminabdamain, which contain

protein-protein binding motifs that are essential their caspase activity
(Degterev et al., 2003).

Thus far seven caspase-encoding genes have betifiedein the Drosophila
genome:dcp-1, dredd drice, drong decay strica, and damm (Kumar and
Doumanis, 2000; Salvesen and Abrams, 2004). Basedhe prodomain
structure, Dcp-1, Drice, Decay, and Damm are effecaspases whilst Dronc
(DrosophilaNedd-2 like Caspase) and Dredd (death related CEI2eRRi2-like
protein) are classified as apical caspases. Dramtams a CARD (Caspase
Activation and Recruitment Domain) motif in its groain and is most similar
to caspase-2 and -9 in mammals (Dorstyn et al. 919 edd contains a pair of
DEDs (death effector domain), and although it amib mammalian caspase-8,
Dredd doesn’t seem to play a role in the apopiatimune response (Leulier et
al., 2000). Strica contains a long prodomain butsdoot contain any known
protein-protein interaction motifs, nor are theny autants fostrica that could
be used to clarify its function (Doumanis et aD02). Thus, with the role of
Strica still unclear it seems as though Dronc is tmly “classical” apical
caspase. Furthermore, various studies have beaentbanestablish Dronc as an
essential caspase Drosophilaapoptosis (Meier et al., 2000; Quinn et al., 2000;
Muro et al., 2002).
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1.2.3 Inhibitor of apoptosis proteins (IAPS)

The key role of IAPs in both mammals aDdosophilais to bind to caspases
thereby rendering them biochemically inactive animately preventing
apoptosis from taking place (Salvesen and Ducki02). IAPs are highly
conserved throughout all eukaryotes and share alesteuctural motifs (Miller,
1999). An example is the presence of between odédlare tandem baculoviral
IAP repeat (BIR) motifs, which is indicative of &P family member (Salvesen
and Duckett, 2002). The BIR motif is essentially Za-binding fold of
approximately 80 residues that is pivotal for thé-apoptotic function of 1APs.
In addition, some IAPs contain a RING (Really Iesting New Gene) finger
domain that confers E3 ubiquitin ligase activitgadling to ubiquitin-mediated
protein degradation. Targets for ubiquitinationlude the caspases, the H99
proteins and the IAPs themselves. |IAPs appearteraat with only a certain
subset of caspases and it does so through the BtisniThose with more than
one BIR motif fold into functionally independentisttures, each with different
substrate specificity (Cashio et al., 2005). Tlas heen illustrated iDrosophila
where the BIR1 motif oDrosophilalAP1 (DIAP1) specifically inhibits Dcp-1
and Drice, whereas BIR2 inhibits Dronc (Zachariduak, 2003; Chai et al.,
2003; Yan et al., 2004).

There are four IAPs encoded by theosophilagenome:diapl, diap2, deterin
anddBruce Of these theliapl gene appears to be most important and thus most
extensively studied. This gene encodes for an IAfR two BIR motifs and a
single RING domain (Hay et al., 1995). Lossdipl results in uncontrolled
caspase activation causing massive and widespngaptasis that ultimately

leads to embryonic lethality (Wang et al., 1999).

1.2.4 The Grim Reaper pathway

The most popular and extensively studied cell degsitem inDrosophilais that

involving the activation of the pro-apoptotic gemeshe Grim Reaper pathway.
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In Drosophilacells that have not received apoptotic stimuli, Bte2 domain of
DIAP1 binds to the prodomain of Dronc, thus preirentthe association of
Dronc with the human Apaf-1 homologue Dark (Zaoharet al., 2003) (Figure
1). This DIAP1-Dronc complex allows the RING domaihDIAP1 to catalyze
the ubiquitination and subsequent degradation aihDrthereby inactivating it.
Dronc therefore requires inhibition of complex fatwn with DIAP1 in order
to become active. Upon apoptotic stimulation progaptic H99 proteins (Rpr,
Grim, Hid, Skl, Jafrac2), through their highly cenged RHG motif, bind with
high affinity to the BIR2 domain of DIAP1 (Cashiv &., 2005). This prevents

DIAP1 from forming a complex with the apical casp&sonc.

In this way H99 proteins function as IAP antagmisiowever, it is unclear
whether this competition leads to displacement @brid from DIAP1 or
whether there is inactivation of free DIAP1 upon9H®&otein binding. In either
case Dronc is free to bind with the adaptor proi2amnk and gain activity thus
becoming “the executioner” of the cell suicide prorg through the specific
cleavage of target proteins (Cashio et al., 200®anwhile, DIAP1 undergoes
degradation through self-ubiquitination (Cashicakt 2005) and is thought to
degrade the bound H99 proteins in the same way(Gdsal., 2003).

1.2.5 The Hippo pathway

The Hippo pathway is a recently discovered cellnaigg event that

coordinately controls cell proliferation and apaps$oin Drosophila (Edgar,

2006). It consists of six pro-apotoptotic composemerlin, Expanded, Hippo
(Hpo), Salvador (Sav), Warts/Lats (Wts), and Molsl aatumour suppressor
(Mats), as well as a single anti-apoptotic compain¥orkie (Yki) (Thompson

and Cohen, 2007). Merlin and Expanded are relaiERIM-domain proteins that
are located at the cytoskeleton and are the masragm components of the
pathway. Hpo is a MST-family kinase that functiomgh the adaptor protein
Sav to either: phosphorylate and decrease stabili§lIAP1, or phosphorylate
and activate Wts. Wts is a NDR-family kinase thatdtions with the adaptor
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protein Mats to phosphorylate and inactivate Ykol@nbani et al., 2006). Yki
is a transcriptional cofactor that functions in maging cell cycle regulation
through Cyclin E transactivation and inhibiting ppusis through expression of
DIAP1 (Huang et al., 2005). In addition, Yki alsatigates Merlin and
Expanded as part of a negative feedback loop (Hatoglu et al., 2006).
Activation of the Hippo pathway in response todiedion leads to the activation
of the apical caspase Dronc, and ultimately ceblhtldethrough proteolytic
processing. Furthermore, all the components of Hippo pathway are

conserved in humans and several have been imulicateuman cancer.

Hippo Pathway

|

Merlin

Expanded
; |
SXPrEss EXPYEsS l
dTAK] HOO Pro-apoptotic Activators
e & e,
| . ® ,_‘:
B @ | fa\
l | Transcription Factor

Bsk l l
JNK _{
R

Apical Caspase (Effector Caspases) Cell Death

T Inhibition —|

Activation —)

Figure 1. Programmed cell death iBrosophila melanogasterApoptosis is
controlled intrinsically through caspase-dependmthways such as the Grim
Reaper or Hippo pathways. The intrinsic cell deststem is controlled by pro-
apoptotic activators H99 genes), caspases, IAPs, and tumour suppressors.
Alternatively, apoptosis can occur extrinsicallyraiingh Eiger via the JNK
pathway. Dmp53 has a pivotal role Drosophila melanogasteprogrammed

cell death and is linked to both the extrinsic artdnsic cell death systems.
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1.2.6 The JNK pathway

A search for cell death-inducing factors, respdesior reduced eye size in
Drosophila led to the discovery of the first invertebratentwr necrosis factor
(TNF) ligand, Eiger (Igaki et al., 2002). Overexgsin of Eiger results in
severe developmental defects that are distinct tlilahof Reaper. Eiger induces
IAP-sensitive cell death through activation of sophilaJNK pathway and
does not require caspase activity (Igaki et alQ2Y0Furthermore, the structure
and function of Eiger suggests that this extrirglt death-inducing mechanism
may be evolutionarily conserved Drosophila Eiger binds an Eiger receptor
containing a TNF receptor homology domain and astreembrane domain.
This results in the activation of downstream Migsdra (Msn), aDrosophila
MAPKKKK, which in turn activates dTAK1, @rosophila INKKK. dTAK1
then activates thérosophila JINKK, Hemipterous (Hep), which ultimately
activates the JNK, Basket (Bsk). Bsk is responsibleinducing cell death,
possibly through JNK-mediated release of mitochiahdraspase-independent
cell death factors (lgaki et al., 2002). Recentlysig has shown that while
overexpression oEiger is sufficient to induce apoptosis, it is not regdirfor

ionizing radiation (IR)-induced apoptosis (Brodskyal., 2004).

1.3 Drosophila melanogaster p53 (Dmp53)

1.3.1 Identification of Dmp53

Dmp53 was identified by three groups while perfargnhomology searches in
Drosophilausing the human homologue p53 (Ollmann et al. 02@dodsky et
al., 2000; Jin et al., 2000). It was initially debed as a 42 kD®&rosophila
melanogasteprotein of 385 amino acids. Year's later, aftex thscovery of a
conserved internal promoter in mammal@EsB8 experiments were performed to
identify an internal promoter iDrosophila p53(Bourdon et al., 2005). In so
doing it was discovered that in fact tbenp53gene encodes for three Dmp53
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isoformsin vitro: dp53L (495 amino acids), dp53 (385 amino acidsyl dp53n
(123 amino acids) (Figure 2).

DNA Binding

Transactivation Domain Domain Oligomerisation Domain
o
dp53L 495 aa
dp53 ] F85aa
dp5an 127 aa

Figure 2. Drosophila melanogastep53 isoforms: dp53L, dp53, and dp53n.
dp53 is a N-terminally truncated isoform of an intd promoter and is identical
to that first published. dp53L is initiated at ex8n 580 bp upstream of the
internal promoter, and contains the conserved Miteal domain FxyW. This
domain is not found within dp53 and is requirecattivate gene transcription.
The third isoform, dp53n, is a splice variant o68p with no slicing of intron B
(Bourdon et al., 2005).

dp53 is initiated at exon 1 and is identical totthist published. In contrast,
dp53L contains two extra exons (exons A and B) andnitiated 580 bp
upstream of exon 1. dp53n is a splice variant &3dpwhere there is no slicing
of intron B. Because expression of dp53L is ingthiat exon A it contains a
longer N-terminal domain whereas dp53 is a N-teathyntruncated isoform
produced from an internal promoter (Bourdon et 2005). This confirms the
hypothesis made by Bourdon and his colleagues afomserved internal
promoter existing withirbrosophila p53and strongly suggests an essential role

in the control ofp53family activities.
Alignment of p53 proteins from various families ealed that the only domain

conserved through evolution within the N-terminatias the sequence FgxV

(Bourdon et al.,, 2005). It is this domain that equired to activate gene
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transcription. The dp53L isoform but not the dp88form contains the domain
FxxyW, indicating that dp53L is homologous to full l¢éng53 and p53-related

proteins and strongly suggests that dp53L is abteanhsactivate genes.

Although the overall homology between Dmp53 and &omp53 is found to be
very low, significant similarity has been shown time central DNA-binding
domain (Brodsky et al., 2000). This includes resglidentified in human p53
that are critical for DNA sequence recognition aodrdination of a zinc ion. In
contrast, the C- and N-termini of Dmp53 show liglenilarity with human p53
(Sutcliffe et al., 2003). Dmp53 does, however, aonsecondary structures and
enriched basic residues at its C terminus and lavigportion of acidic residues
at its N terminus. These residues at the C- andridihi of Dmp53 are shared in
human p53 where they regulate sequence-specific DiNding and function in
transcriptional activation respectively (Sutclitied Brehm, 2004). Furthermore,
like human p53 the dp53L isoform contains the higtdnserved FxkW at its

N-terminus, which is thought to activate gene tcaipsion.

1.3.2 Dmp53 activity

The effect of a dominant-negative Dmp53 on radmetia@uced arrest of cell
cycle progression shows that entry into mitosiaas affected by this mutation
(Brodsky et al., 2000). More specifically Dmp53 dasot engage checkpoint
controls through the cell cycle such as its humannterpart p53, which
mediates G1 cell cycle arrest through inductiorp®i (Olimann et al., 2000).
This is consistent with the observation that Br@sophila p21/p27 homolog,
dacapq is not induced by IR (Brodsky et al., 2004). Nullitations in Dmp53
do not show dramatic effects with flies being veabhd semi-sterile (Lee et al.,
2003). However, upon exposure to a DNA damagingudtis such as radiation,
Dmp53 is required for apoptosis in the wing (Brodskt al., 2000).
Overexpression of Dmp53 is also sufficient to inelapoptosis, but the response
is either qualitatively or quantitatively differefrom the apoptotic response to
DNA damage (Brodsky et al., 2000). Thus, the raleDmp53 in apoptosis
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induction has been shown to be conserved. Recemtjenome-wide analysis
involving IR-induction showed that Dmp53 is not pnhvolved in apoptotic

regulation but also other cellular pathways thaiude cell-cell signaling and
DNA repair (Brodsky et al., 2004).

1.3.3 Regulation of Dmp53

Not much is known about the regulation of Dmp53 ke information

accumulated thus far suggests that Dmp53 is reglilata partially conserved,
ancestral way. Upstream regulators of Dmp53 adtimainclude Mei-41 and
MNK (maternal nuclear kinase), tiosophilahomologs of mammalian ATM
(ataxia-telangiectasia-mutated) and Chk2 (checkgwmologs 2) respectively.
Both these kinases are involved in DNA damage msg® (Brodsky et al.,
2000), with MNK shown to directly activate Dmp53(Ers et al., 2002).

MNK/dChk2 is required for both induction of cell cycleest and apoptosis in
response to DNA damage (Xu et al., 2001). Furtheemoverexpression of
Dmp53 results in apoptosis that is enhanced bythexpression of MNK, but
not the kinase-inactive form of MNK (Peters et &Q02). This effect is
specific, with no change in apoptotic levels whem@®3 is co-expressed with
wild-type and mutanDrosophilaChkl, Grape (Sutcliffe et al., 2003; Brodsky et
al., 2004). Like its human counterpart, Dmp53 iogghorylated by MNK
indicating that posttranslational modification iscessary for Dmp53 activation
and consequent induction of apoptosis (Brodskyl.e2804). However, unlike
its human counterpart, Dmp53 levels remain consfalibwing activation
(Sutcliffe et al., 2003).

1.3.4 DNA damage-induced targets of Dmp53
Analysis of Dmp53 targets in response to IR idédiffar less genes in
Drosophilathan p53 gene targets in mammals (Brodsky eP@04). Targets of

mammalian p53 have been identified in many differegll types following

different sources of DNA damage or simply overeszpien of p53. It is
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therefore likely that additional targets of Dmp58I Wwe identified when using
different causes of cellular stresses in differeell types or developmental

stages.

Dmp53 regulated apoptosis: Intrinsic mechanism

The most prominent group of Dmp53 targets discale¢heis far are the pro-
apoptotic genes of the Grim Reaper pathway. Ihtiakaperwas found to be
the only effector of the pro-apoptotic function@np53 (Brodsky et al., 2000).
More recently it has been shown that activated D8ripBuces programmed cell
death by expressing additional proapoptotic gemetuding Hid and sickle

(Brodsky et al., 2004). Dmp53 transactivates exgwoesof these proapototic
genes, which leads to the activation of apical aasp through the inhibition of
IAPs (Wang et al., 1999). In this way caspase #ygtig increased illustrating
one way in which Dmp53 induces apoptosisDrosophila (Brodsky et al.

2000). Alternatively, activation of apical caspadsesaccomplished by the
activation of Dark, the human Apaf-1 homolog, whisltactivated by the reaper

protein (Nordstrom and Abrams, 2000).

Although the pro-apoptotic geneseaper, hid, and sickleare Dmp53
transcriptional targets, removal of these threetgims through chromosomal
deficiencies only partially suppresses the celidesffects of IR in embryos
(White et al., 1994). This implies that there adeliaonal death signals that are
independent of the Grim Reaper pathway. Recenthast been shown that it is
possible for the Hippo apoptotic pathway to bevatéd by IR in a Dmp53-
dependent manner (Colombani et al., 2006). Hpoewuired, although not
entirely, for the cell death response to DNA damageDmp53 ectopic

expression.
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Dmp53 regulated apoptosis: Extrinsic mechanism

It has recently been shown that tlrosophila TNF homolog, Eiger, is
transactivated by Dmp53 during IR induction (Brogls&t al., 2004). As
mentioned earlier, overexpression of Eiger leadsapoptosis through the
activation of theDrosophilaJNK pathway, however, it is not required for IR-
induced apoptosis (Igaki et al., 2002; Brodsky let 2004). Thus, it is still
unclear how transcriptional activation Biger by Dmp53, and apoptosis, are
related following IR induction. It is possible th&e conserved activation of the
JNK pathway by Dmp53 is required for the inductodrapoptosis under specific
conditions that have not been tested for yethis way, Dmp53 is thought to be
involved in cell-cell signaling that ultimately lés to apoptosis in response to
DNA damage.

1.4 Mammalian p53

Human p53 consists of a N-terminal transactivadomain, a central sequence-
specific DNA binding domain, and a C-terminal olgerization domain
(Sutcliffe and Brehm, 2004). p53 is a tumor supgoesprotein that is
characterized primarily as a sequence-specificstrgption factor (Lee et al.,
2003). In normal unstressed cells, p53 is an imachort-lived protein, which is
maintained at very low, almost undetectable lewelthe cell. Cellular stresses,
such as DNA damage, hypoxia, or abnormal oncogetieation, activate and
increase p53 levels, which lead to inhibition obwth through activities that
reversibly arrest the cell cycle or promote apoptfgousden, 2000). Activation
of p53 occurs as a result of post-translational ifftadions that include
acetylation and phosophorylation (Oren, 2003). Mote in p53 are responsible

for more than half of all human cancers (LevineQZ;Ryan et al., 2001).
p53-specific E3 ligases such as Mdm2 play a pivodé in regulating p53

levels in cells under normal conditions. Mdm2 igdlved in an autoregulatory

negative feedback loop with p53, whereby p53 indddm2 expression and
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Mdm2 represses p53 activity (Wu et al., 1993). Heives as a vital mechanism
for restraining p53 function in normal cells withatress (Midgley and Lane,
1997; Michael and Oren, 2002). The N-terminal eagof Mdm2 binds p53 to
form a tight complex that controls p53 functionheit through the physical
inhibition of p53-mediated transcriptional activi{i¢hen et al., 1995), or by p53
degradation (Haupt et al., 1997). The RING fingeatimat the N-terminal of
Mdm2 allows it to function as an E3 ubiquitin ligaghat ubiquitinates p53,
thereby targeting it for degradation by proteas@hb@nda et al., 1997) (Figure
3). Interestingly, in addition to p53, Mdm2 catagzubiquitination of itself
(Fang et al., 2000).

Recent studies have shown that Mdm2-mediated uimgtion is not the only
regulator of p53, although it is the most importad in vivo mutant of p53,
that lacks major Mdm2 ubiquitination binding sitbas been shown to contain a
normal half-life that is stabilized and activatedresponse to stress (Feng et al.,
2005; Krummel et al., 2005). Furthermore, E3 ligasther than Mdm2 have
been shown to specifically bind p53 and promote disgradation via
ubiquitination (Brooks and Gu, 2006). Pirh2, a RHNMG domain-containing
protein, interacts with p53 and promotes Mdm2-iredefent p53 ubiquitination
and degradation (Leng et al., 2003). Like Mdm2hPiis a p53 responsive gene
that participates in a similar autoregulatory negateedback loop. Another E3
ligase, COP1, is also a p53-inducible gene thatutéauitinate and degrade p53
(Dornan et al., 2004). ARF-BP1, a HECT domain comg E3 ligase, was
recently identified and is also capable of p53 uligation and degradation
(Chen et al., 2005). However, the ARF-BP1 ligasidaa feedback loop that is
present in the other ligases examined. Togethem®JdCOP1, Pirh2, and ARF-
BP1 represent an array of E3 ligases that theceellcall upon to regulate and
maintain p53 levels (Figure 3). This suggests Huh Mdm2-dependent and —
independent mechanisms are used cooperatively béycétl for tight p53

regulation.
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The genomes dfl. sapiensM. musculusD. melanogasterandC. elegansvere
screened for putative homologs of the aforementiop&3-specific E3 ligases
(Brooks and Gu, 2006) (Table 1). Lower organismshsasC. elegansandD.
melanogaster which have fully functional p53, lacked the MdnoZtholog.
Counterparts of the COP1 ligase were also absethese lower organisms,
although a homolog for Pirh2 was identifiedDnosophila(Yi and Deng, 2005;
Bernards and Hariharan, 2001). The ARF-BP1 genwei$ conserved in all

organisms.

Table 1. Ubiquitin ligases specific for p53 ubquitination dardegradation.
Genomes oH. sapiens M. musculusD. melanogasterand C. eleganswere
screened for putative homologs to a number of §&sks that included Pirh2,
COP1, Mdm2, and ARF-BP1 (Brooks and Gu, 2006).

H. Sapieng M. Musculus | D. melanogastery C. elegangype
Pirh2 + + + - RING
COP1 + + - - RING
Mdm2 + + - - RING
ARF- + + + + HECT
BP1

DNA damage activates p53 through post-transcriptiomodifications that

include acetylation and phosophorylation (Oren,30@cetylation of residues
at the C-terminus of p53 during times of cell dreerves to block protein
degradation by ubiquitination and stabilize p53od@ks and Gu, 2006). In
addition Mdm2 can be acetylated at residues IRING finger domain thereby
inactivating the protein and increasing p53 traipsicnal activity. Mdm2 can

only bind to dephosphorylated p53, therefore urslerssful conditions when
there is a need for increased p53 activity, Mdmdinig is prevented by p53
phosphorylation (Figure 3). Hence, the interacti@ween Mdm2 and p53 is
disrupted, and Mdm2 can no longer target p53 faguibnation.
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Figure 3. Regulation of p53 and Mdm2 during cell survival aqubptosis. In

normal cells under no stress, extremely low lev#l953 are evident due to
ubiquitination and degradation of p53 by E3 spediigases such as Mdm2.
Upon cell stress through DNA damage, p53 beconasliged and activated by

post-translational modifications (Brooks and Gu)@0

Direct or indirect phosphorylation of p53 is corigd by DNA damage-induced
kinases such as ATM, Chk1, and Chk2, which leadss® activation (Canman
et al., 1998; Shieh et al., 2000). Once activafgx8 moves into the nucleus
where it binds to specific enhancers and reguladéescription of adjacent genes
(Oren, 2003). p53 target genes inclug2l, which regulates cell cycle
progressionRNR2 GADD45 which enhances DNA repalvax which has role

in apoptosis (Miyashita and Reed, 1995), and p®&®ifip E3 ligases, which act
in a negative feedback pathway to downregulate g&8ity (Brodsky et al.,

2004). At least ten p53 target genes encode patgmapoptotic proteins that
include regulators of the intrinsic apoptotic meuka, such as Apafl, HTRAZ2,
and BH3-containing proteins, as well as memberthef TNF receptor family

that regulate the extrinsic apoptotic mechanisno@Bky et al., 2004). Why so
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many proapoptotic genes are regulated by p53 amdelative contributions of

these genes to damage-induced apoptosis is unclear.

A better understanding of p53-regulated pathwaysldcdead to improved
strategies for treating p53-deficient tumors. Hogrevthe apparent complexity
of p53 function in vertebrates has hampered effortslucidate these pathways
(Ollmann et al., 2000). Furthermore, the way inehhp53 determines the type
of genes (cell cycle arresting or apoptotic) tovate in these given pathways is
not well understood (Sutcliffe et al. 2003). Undansling the way in which
Dmp53 controls apoptosis in the fly, where therenascell cycle mediation,
could provide insight and clarity as to how p53ulates apoptosis and its role in
the various regulatory pathways in humans. Thisl&vaid in the battle to

prevent tumorogenesis through p53 regulation.

1.5 SNAMA

SNAMA, a Xhosa word referring to something thatlssi like glue, is a 1231
amino acidDrosophila melanogasteprotein with a molecular weight of 139
kDa. It contains a highly conserved N-terminal oegiwhich | refer to as the
DWNN Catalytic Module (DCM) (Figure 4). The DCM omprised of an

ubiquitin-like domain known as DWNN (Domain With Ndame), followed by

a zinc finger motif and a RING finger-like motiM@ther et al., 2005). At its C-
terminus SNAMA contains two lysine-rich regions.

.~ — DWNN CATALYTIC MODULE - -.

.

] iz IO NI |

Figure 4. Schematic representation of tHerosophila SNAMA protein.

SNAMA contains a highly conserved N-terminal regiamown as the DWNN
Catalytic Module (DCM) encompassing a DWNN domain,finger, and RING
finger-like motif.
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SNAMA was identified through homology searches gsarhighly conserved N-
terminal domain known as DWNN (Mather et al.,, 200&)rthologues of

SNAMA include yeast Mpel, which is involved in 3nd mRNA processing
(Vo et al., 2001), as well as RbBP6 (retinoblastdymaling protein 6) and its
derivatives (Sakai et al., 1995; Simons et al. J9%fese SNAMA orthologues,
including all members of the RbBP6 protein familydsed thus far, contain the
N-terminal DCM (Figure 5). The DCM is highly consed throughout all

eukaryotes but absent in prokaryotes (Pugh e2@06). Furthermore, the DCM
is expressed independently in higher organismsisatiterefore likely to have a

conserved function in protein modification and ragon.

Human 200 kD D—.—-—-—-_:-l- 1792
Human 3kD [ 118
Worm D—.—- .— 1200
Fly CHEHE o 1200
Fungi D'-—-' 0
Plants D-—- 440
Protists D—.—-— 440
Microsporidia D—.-- 260
(Pugh et al., 2006)

Figure 5. The domain structure of the RbBP6 family of prageifihe highly
conserved DCM of the RbBP6 superfamily is showntliiy DWNN domain
(yellow), zinc finger motif (red) and RING fingeratif (blue). Both the DCM
and DWNN domain are expressed as individual poligep. Human RbBP6
contains additional domains that include the Ri@ing domain (green) and
p53-binding domain (light blue) (Pugh et al., 2006)

Comparative analysis of SNAMA cDNA and genomic DNAows that the
transcriptional unit is made up of nine exons amghteintrons (Mather et al.,
2005). All introns are very short with the exceptif introns 1 and 6, which are

0.84 kb and 0.3 kb respectively. An unorthodox gtatonal start site was

30



determined at position 1702 of the genomic sequéBaeener, 1987), due to no
other upstream methionine codon being present lzer@ being an upstream, in
frame stop codon. The transcriptional start site SNAMA has not been
determined experimentally. However, it was prediaising the BDGP Neural

Network Promoter prediction programme_(http://wwwiiffly.org/seq_tools/

promoter.htm), to be approximately 2.2 kb upstream of the fetimal start

site.

SNAMAIs located at position 60B9 on the right arm ofothosome 2 in the
Drosophila genome (Flybase)SNAMA is expressed as a 3.9 kb transcript
throughout development along with an uncharactdriz8 kb fragment (Jones et
al., 2006). Expression levels are extremely lovadlt flies and unlike Dmp53
that is expressed at high levels in females (Jial.e2000), SNAMA levels are
low in both males and females (Mather et al., 20@YAMA mutants die
during embryogenesis when homozygous. In addiiyosophilamutants with
a P-element insertion in the first intron, exhidit early occurrence of ectopic
apoptosis in the blastoderm (Mather et al., 200Bjs pattern was not present in
wild type embryos or after the P-element was petgigxcised. Furthermore,
reduced levels of SNAMA mRNA is visible during ladtages of development

when normal apoptosis is taking place.

Rb and p53 play a central role in cell cycle retiafaand programmed cell
death. It is believed that that RbBP6 and its @eives are involved in these
processes and may affect apoptosis due to thenciasion with Rb and p53.
SNAMA, like other members of the RbBP6 family ofoteins, is believed to
regulate Dmp53 stability (Du and Dyson, 1999), velhgr Dmp53 and/or RBF
(the Drosophilahomologue of Rb) act as the substrates for DWNIrotein-
protein interactions. This is plausible, especiaflythe absence of Mdm2 or a
p53-specific ligase in the fly. In addition, prelimary work shows that Dmp53
binds SNAMA. This suggests that SNAMA is a membiea alistinct family of
proteins that plays a role Drosophiladevelopment and apoptosis, probably as

a suppressor of apoptosis or negative regulatan@lctivator of apoptosis.
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1.5.1 The domain with no name (DWNN)

The DWNN domain was initially identified by Professlasper Rees through a
promoter trap mutagenesis screen for apoptoticggen€HO (Chinese Hamster
Ovary) cells (Pugh et al., 2006). It was charazegtiusing the RbBP6 protein as
a template and described as an ubiquitin-like Wibeal domain of 81 amino
acid residues (Pugh et al., 2006). Similarly, isvgdown that DWNN secondary
structure in SNAMA has the highest score of sintyawith ubiquitin, followed
closely by ubiquitin-like proteins including Neddthd Rubl (Mather et al.,
2005). Thus, although there is only 18-22% sequéhestity between DWNN
and ubiquitin, the structural fold of DWNN is sifjnantly similar to that of
ubiquitin. Furthermore, DWNN contains the exposéduitin-like C-terminal
tail extending beyond thg-sheet. Unlike ubiquitin, however, DWNN lacks the
smaller 3o a-helix normally found, and is believed to contamaalditional short
piece of anti-paralleB-sheet immediately prior to the-helix (Mather et al.,
2005; Pugh et al., 2006).

The G° and G° residues found in ubiquitin molecules are requifed
recognition by specific hydrolases, which cleavetween the di-glycine
residues. This initiates the process of conjugatibms allowing for protein
modification to occur. These di-glycine residueg absent in the DWNN
domain of SNAMA and yeast but present at positié8sand 79 of human and
mice DWNN (Figure 6). Thus it is believed that D&/NN domains containing
the di-glycine motif are involved in a similar pess of conjugation as ubiquitin,
which is referred to as DWNNylation (Pugh et aD0@). A highly conserved
proline has replaced the’@n DWNN. When this conserved glycine is replaced
by a proline, as in DSK2 from yeast, cleavage hybaguitinating enzymes does
not occur (Biggins et al., 1996). Thus, it is pbksithat DWNN domains where
there is no di-glycine motif present (such as inAB\) do not modify other
proteins, at least in a way that requires cleavagdhe known and specific
hydrolases. Alternatively, DWNN could be cleaved hydifferent set of

uncharacterized enzymes. The DWNN domain lacksctimserved equivalents
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of K* and K3 that are usually found in ubiquitin, althougtf Knd K° are
highly, although not absolutely, conserved. Botff Knd K° are required for
poly-ubiquitin chain formation and targeting moddi proteins for 26S
proteasome degradation (Pugh et al., 2006).

Human-DWNN1 .MSCVHYK3SSKLNYDTVTFDGLHISLCDLEKOIMGREK. LKAAEC .DLOMTNACTEKIPEYTEDN . ALGIPKN . . . SSVIVREIPIGGVK 81
Human-DWNN2 .MSCVHYKSSKLNYDTVTFDGLHISLCDLKKOIMGREK. LKAAHC .DLOWMTNACTKSEYTDDN . ALMIPKN. . . SSVIVREIPIGGVK §1
Mouge-DWNN .MSCVHYKSSKLNYDTVTFDGLHISLCDLKKQIMGREK. LKAAHS .DLOMTNACTKIZEYTDDN . ALGIPKN . . . SSVIVRRIPIGGVK 81

Dros-DWNN . .MSVHYKKSTLNFDTITFDGLHISVGDLKREIVOOKRLGKI I FDLO . MINAQSKIREYKDDGE . LMIPKN . . . TTLIISEIPIAHPT 81
Yeast-DWNN MSSTIFYRZKSORNTSRILFDGTGLTVFDLKREIIQENKLGDS iFQLK MYNPCTH2EYCDDA . FVMIER S . | . TSVI PATKSF 82
Dros-Ub ..... MOT) TLTGKIITLEVEPSDTIENVKAKIODKEGI PP . BOORL . ;F AGKQUISDGRTLSD! CK ESTLHLVLRIIGG 76

Consensus macvhykfesklnydtitfdglhisledlkkgimgrek lkaad dlgitnagtkeeytddn alipkn  ssvivrripiggvk

Figure 6. Multiple alignment of DWNN from various organisni3ros-DWNN
= SNAMA, Dros-Ub =Drosophila ubiquitin, Human-DWNN21 = long human
homolog, Human-DWNN2 = short human homolog, YeadiNIN = S.

cerevisiachomolog (Mather et al., 2005).

Protein sequence alignment of many different DWNNmMhblogs from
eukaryotes showed great similarity to each othelr ram similarity to any other
sequences within the database, including prokasy@ather et al., 2005; Pugh
et al., 2006). Thus, it is believed that DWNN isnavel protein motif that
emerged soon after the emergence of eukaryoteshdfomore, the DWNN
domain is independently expressed in higher veatebr providing further
evidence that it functions as a novel ubiquitirelinodifier of other proteins
(Pugh et al., 2006). This is consistent with thecdvery of a superfamiliy of
ubiquitin-like domains in recent years (Schwartd &ochstrasser, 2003). This
superfamily is separated into the ubiquitin-liketeins (UBL’s), that contain the
ubiquitin-like domain only, and ubiquitin domaingbeins (UDP’s), that are
larger proteins containing one or more ubiquitkelidomains. DWNN is the
first example of a ubiquitin-like domain that ideahatively expressed both as a
UBL and as a UDP (Pugh et al., 2006).
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1.5.2The zinc finger

Zinc fingers can best be described as small pratemains that are structured
around a zinc ion, which forms part of the domarecand is sequestered from
the solvent by cysteine and histidine residuesstifra et al., 2003). The zinc
finger, CCHC, like that found in SNAMA is known as‘zinc knuckle” (Klein
et al., 2000; Darlix et al., 1995). This is becaiise composed of two shofi-
strands connected by a turn (zinc knuckle), folldovig a short helix or a loop
(Krishna et al., 2003). Zinc knuckles have beemébin a number of mRNA-
associated proteins that include the splicing facteLU7, h9G8, and hSF1
(Lopato et al., 1999). In general, zinc finger rfwotiend to promote protein-
protein and protein-DNA interactions (Matthews let 2000). This is interesting
as this could support its “neighbor’, DWNN, whichntains an ubiquitin-like

structure and is thought to be involved in proiaiteractions.

1.5.3 The RING finger-like domain: C3SC4

The RING finger domain of SNAMA differs from chatadstic RING fingers
due to the substitution of the histidine residuernmally present in the fourth
ligand, with a serine residue (Mather et al., 2008)us, SNAMA contains a
C3SC4 RING finger-like domain with sequence Cys&¥s-X;1-Cys-X;-Ser-
Xo-Cys-Xo-Cys-X1-Cys-X-Cys, instead of the classical C3HC4 consensus
(Figure 7). RING finger ligases are dependent artRING finger motif for
activity, as they play an essential role in conjigga of ubiquitin to target
proteins (Joazeiro and Weissman, 2000). AlthoughAIBAN contains an
uncharacteristic RING finger motif it is still susged that the RING finger-like
domain will function as an ubiquitin ligase. Thigplethesis is supported by the
fact that proteins with uncharacteristic C4C4 RINi@ger-like domains still
portrayed ubiquitin ligase activity. This was thase with the transcription-
associated proteins CNOT4 (Albert et al., 2002) psd (Fribourg et al., 2000),
which contain C4C4-type RING fingers. Furthermaaethreonine residue, an

amino acid with a hydroxyl group in its side chéke serine, replaces Cym
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the Mdm2 RING finger without affecting the overatructure or its ubiquitin

ligase activity (Saurin et al., 1996).

A, C3HC4

B. C38C4

Figure 7. The “cross-brace” structure of RING finger motif8) The classical
C3HC4 RING finger, where two zinc ions are co-oal@d by cysteine residues
(yellow spheres) and a histidine residue (blue sph¢B) The uncharacteristic
C3SC4 RING finger-like motif found within the DCMf &NAMA. Two zinc
ions are co-ordinated by cysteine residues andrinesessidue (pink sphere),
(Mather et al., 2005).

1.6 The Retinoblastoma Binding Protein 6 (RbBP6) Serfamily

RbBP6 is one of the few proteins studied that @shto interact with both p53
and Rb (Sakai et al., 1995; Simons et al., 199@)isTit is likely that this protein
plays a role in the induction of apoptosis and l&tpn of the cell cycle. Three
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partial cDNA’s from the full length RbBP6 transdripere originally cloned and
sequenced in different studies. RBQ-1 from humaBakdi et al., 1995),
corresponding to residues 150-1146 of the humareijproand PACT (p53-
associated cellular protein-testes derived) frontem{Simons et al., 1997),
corresponding to residues 207-1792, were clonetherasis that they bind Rb
and p53. P2P-R (proliferation potential proteiratetl), corresponding to
residues 199-1792, was cloned due to its recogniiiotwo antibodies specific
for heterogeneous nuclear ribonucleoproteins (hnd\\Witte and Scott, 1997).
Thus, RBQ-1, PACT, and P2P-R are in fact derivatigéthe RbBP6 protein,

which is the complete protein.

Full length RbBP6 is a 250 kDa splicing-associgieatein that, like SNAMA,
contains the N-terminal DCM comprised of a DWNN dom zinc finger, and
RING finger motif. However, unlike the fly, both man and mouse RbBP6
contain addition domains that include an SR domRim;binding domain, and
p53 binding domain (Simons et al., 1997; Witte &uwott, 1997) (Figure 5). As
mentioned earlier, the presence of the di-glyciraifmn the DWNN domain
suggests that the domain may be involved in a ampitocess of conjugation as
ubiquitin, which is known as DWNNylation (Pugh et 2006). Like SNAMA,
RbBP6 contains an uncharacteristic RING finger mM&BNC4, that is believed
to exhibit ubiquitin ligase activity (Pugh et &006).

In humans, RbBP6 is expressed as three transorfifiisl, 6.0, and 1.1 kb, as a
result of combined alternative splicing and altéineapoly-adenylation (Pugh et
al., 2006). These transcripts give rise to proteihs792, 1758, and 118 amino
acids, designated RbBP6 isoforms 1, 2, and 3 r&spbc The RbBP6 variant 3

represents the DWNN domain that is expressed ieletes as a small protein
of 118-150 residues containing a DWNN domain anshart C-terminal tail.

Preliminary analysis suggests that the short fapresent in all vertebrates but

not in invertebrates, plants or fungi (Pugh et2006).
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1.6.1 RbBP6 function: a role in apoptosis

RbBP6 and its derivatives are associated with and p53 and Rb in both
humans and mice. RbBP6 is localized to chromosatagag mitosis and forms
nuclear speckles, thought to be the main sitestfiy for pre-mRNA splicing
and processing during interphase (Gao et al., 20D2¢rexpression of RbBP6
has shown to lead to apoptosis (Gao and Scott, ;2808tt et al., 2003).
Knockdown of PACT (the truncated derivative of RI@GBPsignificantly
decreases p53-Hdm2 interaction, reduces p53 poguitimation and
degradation, and enhances p53 accumulation (LLi,e2Q07). This increases p53
levels, which leads to both apoptosis and cell ginongtardation. Furthermore,
disruption of PACT in mice leads to early embryadleihality (Li et al., 2007). It
has also been shown that RbBP6 is highly up-regglat oesophageal cancer,
and is thus a promising target for immunotherapgiregy the disease (Yoshitake
et al., 2004). Taken together, these results itglidhat the RbBP6-p53
interaction plays a critical role in embryonic degmment and tumorigenesis and

identifies RbBP6 as a member of negative regulaibpb3.

1.7 Ubiquitin

Ubiquitin is a small, single domain protein of 76sidues. Its secondary
structure consists of three and a half turns ohalpelix, a short piece of,g3
helix, seven reverse turns, and a mixed beta-sloeghining five strands (Figure
8). It thus forms a highly heat-stable, compactglar structurewith the last
four C-terminal residues (Leu-Arg-Gly-Gly) extendiraway from the main
body of the protein into aqueous space (Wilkinsbalg 1980). It is this “tail”
that enables ubiquitin to covalently attach to otpeteins and is thus vital in
the functioning of ubiquitin. The ubiquitin structuwas determined by X-ray
crystallography and NMR (Vijay-Kumar et al., 198Weber et al., 1987).
Ubiquitin folds by a simple two-state process inuemus solution,
uncomplicated by the formation of disulphide bomdsmetal/cofactor binding
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and with no accumulation of stable intermediatebdi@sanizadeh et al., 1993;
Krantz and Sosnick, 2000).

e

Figure 8. The native structure of ubiquitin. Ubiquitin consisf three and a half
turns of a-helix (blue), a short piece ofi@helix (green), seven reverse turns
(white strands), and a five stranded mifesheet (yellow), (Vijay-Kumar et al.,
1987).

Ubiquitin is a highly conserved polypeptide thatfaind in all eukaryotic

organisms but not in either eubacteria or archdgeliaqGoldstein et al., 1975).
It is found throughout the cell (hence its name] aan exist either in free form
or as part of a complex with other proteins. In thtter case, ubiquitin is

covalently attached to protein substrates and péaysndamental role in the
regulation of cellular function such as DNA repambryogenesis, cell cycle
regulation, transcriptional regulation, and apoptodee and Tyers, 2001;
Kirschner, 1999). In the nucleus, ubiquitin is dewly attached to histone 2A
and is thought to participate in the regulationtrahscriptional activity and/or

chromatin structure. However, in the cytoplasm, quliin targets protein

substrates for degradation by the 26S proteasorokafl, 2001). The transfer of
free ubiquitin onto a protein substrate is a migpsenzymatic process that
ultimately leads to degradation of the target pro{elershko and Ciechanover,
1998). Ubiquitin and some ubiquitin-like proteine @leaved at their di-glycine
motif (G” and G°) by specific hydrolases, thus initiating conjugati
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1.8 Ubiquitin-Proteasome Pathway

The ubiquitin-proteasome pathway plays an impontalet in the degradation of
short lived regulatory proteins (Peters, 1998)re¢hg maintaining homeostasis
in the cell by regulating protein levels. Theselude proteins involved in the
cell cycle, cellular signaling in response to fresd extracellular signals,
morphogenesis, the secretory pathway, and DNA regbiershko and
Ciechanover, 1998; Weissman, 1997). Degradationaoprotein via the
ubiquitin-proteasome pathway involves two discreted successive steps:
tagging and degradation. The target protein ig fitagged” by the covalent
attachment of multiple ubiquitin molecules. Thedtad” protein, which now
contains a polyubiquitin chain, is then recognibgdthe 26S proteasome. The
proteasome, which is a proteolytic complex, degsdtie “tagged” protein and
releases inactive peptides together with free,al@esubiquitin (Ciechanover,
1998) (Figure 9).

The first step of the ubiquitin-proteasome pathweguires three enzymes that
function in a cascade mechanism to allow the cowaltachment of the
ubiquitin to the substrate (Figure 9). Initiallybiquitin is activated by the
ubiquitin activating enzyme (E1). This is an ATRpdedent reaction that results
in a high-energy thioester bond forming betweerysiaine, in the active site of
E1, and the C-terminal glycine (€ of ubiquitin (Haas and Rose, 1982). The
activated ubiquitin is then transferred from Ehtspecific ubiquitin conjugating
enzyme (E2) through yet another thioester bond qier et al., 1983). An
ubiquitin ligase (E3), which interacts with bothetE2 and the target protein,
then catalyzes the isopeptide bond formation batvilke C-terminal glycine in
ubiquitin and the lysine residue in the protein dtdie (Hershko and
Ciechanover, 1998). The isopeptide bond forms batwbea-carboxyl group

of the glycine and the-amino group of the lysine side chain.

Ubiquitin molecules are then attached in successloough the binding of the

terminal carboxyl of each ubiquitin with the lysimesidue of the adjacent
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ubiquitin, to form a polyubiquitin chain. A chainf @ or more ubiquitin
molecules, linked via ® or K* targets proteins for degradation by the 26S
proteasome. There are a number of different clasSE8 enzymes that serve to
regulate the interaction between E2 proteins aedvrious protein substrates.

Thus the ubiqutin ligases play a key role in ubigutonjugation pathway.

HECT-type
RING-finger type
U-box type
PHD-finger type
' ; J ' 265 proteasome
Target /"'_“*-\‘

®

|:-r|:|1:e-in
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|
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(Adapted from Nakayama and Nakayama, 2006)

Figure 9. Degradation of proteins via the ubiquitin-proteasomathway.

Ubiquitin is transferred to the ubiquitin activagirenzyme (E1) in an ATP-
dependent manner. The ubiquitin is then transfeiwemh ubiquitin conjugating
enzyme (E2). The ubiquitin ligase binds both thealg#8 the target protein, thus
allowing for the covalent attachement of the uligumolecule to the target
protein. Ubquitin molecules are then added in ssgio@ until a chain or 4 or
more residues is reached, at which point the tgsgeein is transported to the

26S proteasome for degradation.
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1.9 Ubiquitin Ligases, the E3s

Ubiquitin ligases, E3s, are by definition enzymieet bind specifically to protein
substrates, and promote the transfer of ubiquibmfa thioester intermediate to
the target protein or ubiquitin molecules thus fmgn polyubiquitin chains
(Hershko and Ciechanover, 1998). The E3s are & lagily of proteins that
exist as single polypeptides or multimeric comptexX€hey are separated into
three major and structurally distinct classes: dMwend rule E3s, the E3s
containing the HECT (Homology to E6GAP C-Terminusjin, and the RING
finger E3s, which include its derivatives the U-Band the PHD (Plant Homeo-
Domain) (Sun, 2003). The N-end rule E3s are fowardly and are involved in
ubiquitin conjugation to the N-terminal amino grouop the protein substrate
(Varshavsky, 2003). An example of an N-end rule iE3DIAP1, which is
involved in theDrosophilaprogrammed cell death system (Ditzel et al., 2003).

HECT family E3s rely on the transfer of ubiquitiroin the E2 to a cysteine
residue in the active site of the E3, through &dthigh-energy thioester bond.
The HECT E3 then transfers the ubiquitin molecuethie protein substrate
(Glickman and Ciechanover, 2002). HECT family EBslude E6-AP (E6-
associated protein), which targets p53 for ubigation in the presence of

human papilloma virus E6 (Schneffner et al., 1988} Nedd4.

The most common class of E3s, namely the RING fil$s, catalyze the direct
binding of the activated ubiquitin on E2 to thegttrprotein (Figure 9). This is
achieved through specific binding of both the E@ #re protein substrate to the
RING finger, thus bringing the ubiqutin moleculdgarclose enough proximity

with the target protein for binding to occur. Thebox domain proteins, the E4s,
also facilitate in the formation of polyubiquititna@ins on target proteins, either
independently of an E3 (Hatakeyama et al., 20010 some instances requiring
an E3 (Koegl et al., 1999). The U-box domain foran®ING finger fold yet

portrays ubiquitin ligase activity in the absentelivalent cations. Furthermore,

U-box domains utilize lysine residues on ubiquiim poly-ubiquitination like
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that not used by HECT and RING finger domain E3susl there is much
speculation of whether E4s form a new class of Efpendent of the RING
finger ligases, or whether they are derivativeRNG finger domain that form
a subset of this class.

The PHD domain also resembles the RING finger domait unlike the
characteristic RING finger it contains eight conger metal binding ligands
with similar spacing (Lu et al., 2002). The PHD domis found in many
proteins involved in chromatin-mediated transcopél regulation, however

very little is known about their exact functionsa@and et al., 1995).

E3s are enzymes that determine the specificity mitem substrates, and
therefore represent a class of “drugable” targatpharmaceutical intervention.
Ubiquitin ligases are overexpressed in a numbehurhan cancers and their
inhibition leads to growth suppression or apopt@Sisn, 2003). It is anticipated
that ubiquitin ligases, in particular the RING fergubiquitin ligases, will

present an important new target platform for futomechanism-driven drug

discovery due to their specificity for both the &® target protein.

1.9.1 RING finger E3s

Classical RING finger motifs are small zinc bindidgmains that are found
within larger, functionally distinct proteins, oftelose to the N- or C-terminal.
There are hundreds of known RING finger domain gangt (more than 350 in
humans alone) (Furukawa et al., 2002), which weigirally discovered by
Paul Freemont and his colleagues (Freemont €1391). Freemont showed that
all RING finger domains contain the conserved sagaeCys-%-Cys-Xg.3gCys-
X1-3His-X5.3-Cys/His-X-Cys-Xg.30Cys-X-Cys, where X is any amino acid
(Saurin et al., 1996) (Figure 7A). RING finger dansgare defined by this
pattern of conserved Cys and His residues thatrdmate two zinc ions to form
a “cross-brace” structure (Borden, 2000; Saurial €t1996). The varying length

and sequence between the conserved Cys and Hauessias well as metal
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chelating residues being substituted with othecsoants for the differences

among RING finger domains.

As mentioned earlier, RING finger ubiquitin ligaseseract with both the E2
and the target protein and catalyze the direct &ion of a covalent bond
between ubiquitin and the protein substrate (FigreCrystal structures of
RING finger ubiquitin ligases have shown that EAdsi to the RING domain
through contacts between a groove in the RING doraad two loops in the E2
fold (Zhou and Howley, 1998). Furthermore, the e reveals a rigid
coupling between the target protein-E3 complex thedE2-E3 complex with a
conserved surface channel leading from the tangeeip to the E2 active site.
This indicates that RING finger ubiquitin ligasesnétion as scaffolds that
position the substrate and the E2 optimally forqutiin transfer. Following this
discovery, the function of many more RING fingagdses have been shown to
be dependent on their RING finger motif (Lorick &t, 1999). Thus, it is
suspected that all RING finger containing proteacs as ubiquitin ligases that

facilitate in the ubiquitination of target proteins

RING finger ligases are separated into two distgrctups: the single subunit
ubiquitin ligases and the multi-subunit ubiquitigases. The single subunit E3s
are monomers or homodimers that contain both tiNGRfinger domain and the
substrate-binding site in the same molecule, ssdi@m?2 and Parkin (Lorick et
al., 1999; Shimura et al., 2000). The multi-subwanzyme, which include the
APC (anaphase-promoting complex), the VBC (von-ldiggndau-Elongins B
and C), and the SCF (Skpl1-Cullin/Cdc53-F-box prjtefunction in complexes
with proteins of the cullin family and other anaiy proteins. The cullin proteins
promote the assembly of these multi-subunit enzynvdsereas the other

ancillary proteins function in substrate recogmitio
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1.9.2U-Box domain ubiquitin ligase, E4s

The U-box is a domain of approximately 70 aminodacihat is present in
proteins from yeast to humans (Hatakeyama et @012 The prototype U-box
protein, yeast Ufd2 (ubiquitin fusion degradatios)gessential for the assembly
of polyubiquitin chains on artificial substratesthare targeted for degradation
(Koegl et al., 1999). The U-box is essentially adified RING finger that lacks
many of the conserved metal chelating cysteineduesi normally found in
RING finger domains (Aravind and Koonin, 2000). Rat the U-box fold,
which mimics that of the RING finger, is stabilizég salt-bridges, hydrogen
bonds, and conserved hydrophobic residues witkiodhsensus.

Proteins that contain the U-box domain are refetoeals E4s. Some believe that
E4s form an additional subset of RING finger ligag&oegl et al., 1999;
Aravind and Koonin, 2000). Others believe that Bd&ne a new class of E3s,
independent of the HECT and RING finger E3s (Hayakea et al., 2001). In
either case, U box proteins facilitate the formataf polyubiquitin chains on
target proteins due to its RING finger conformatigoegl et al., 1999). E4s
can function as ubiquitin ligases in the absencarofE3 (Hatakeyama et al.,
2001), or in some instances they require an E3 gKekal, 1999). At least six
mammalian E4s have been shown to mediate polyubigtion in the presence
of an E1 and a specific E2 but absence of E3 (Hgtaka et al., 2001).
Furthermore, deletion of the U-box or mutation ofserved amino acids within
its conserved sequence, abolishes ubiquitinatiowitgc

The characteristic RING finger E3s require divaleations for ubiquitin ligase
activity (Freemont, 1993). In contrast, the E44nagrubiquitin ligase activity in
the absence of divalent ions such as zinc. The }Jgroteins also appear to
catalyze their own ubiquitination. InterestinglysEHave been shown to utilize
multiple lysine residues of ubiquitin, in additiom normal K°, K* or K, to
mediate the formation of polyubiquitin chains (Hatgama et al., 2001). It is
not clear yet whether E4s, like the RING finger E&® involved in recruiting
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E2 or whether it binds to the short ubiquitin chaonjugated to the target

protein.

1.10 Deubiquitinating Enzymes (DUBS)

Deubiquitinating enzymes (DUBs) are specific preg=a that recognize
ubiquitin and cleave the isopeptide bond formedhylast glycine residue in an
ubiquitin molecule. There are at least five fansilief DUBs: ubiquitin C-

terminal hydrolases (UCHs), ubiquitin specific pages (USPs), MJD
(Machado-Joseph disease) proteases, OTU (Otubantggses, and JAMM
(JAB1/MPN/Mov34 metalloenzyme) motif metallo-prosea (Nijman et al.,

2005). The first four families are cysteine prog=aswhile JAMMs are zinc-
dependent metalloproteases. UCHs are 20-30 kDarewthat remove short or
flexible peptide chains from the C-terminus of ubiop. UBPs are

approximately 100 kDa enzymes that cleave the siges bonds of ubiquitin-

ubiquitin or ubiquitin-protein fusions. Both groupsf enzymes contain
conserved cysteine, histidine, and aspartate residuthin their active site, but
differ in that their consensus sequence is divargbrAndrea and Pellman,
1998). As mentioned earlier, ubiquitin is not swdized directly as free
ubiquitin but rather as linear fusions either tselt or to certain ribosomal
proteins. DUBs function in maintaining the steathte levels of free ubiquitin
by cleaving ubiquitin from ubiquitin-protein or whiitin-ubiquitin complexes
(Chung and Baek, 1999; D’Andrea and Pellman, 19BB)s, DUBs play a role
in the generation of ubiquitin, recycling of ubignj editing polyubiquitin

chains, and aiding in proteasome-dependent degoadat

Originally, the ubiquitin-proteasome pathway wasufjht to be unidirectional
from substrate ubiquitination to degradation by 2% proteasome. However,
the discovery of deubiquitinating enzymes (DUBsamaled the global view of
the enzymatic process and showed the incrediblardigs of this pathway. The
finding that the herpes virus-associated ubiquspecific protease (HAUSP)
could bind to and stabilize p53 illustrated the agee dynamics of the p53
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proteasome-pathway and was one of the first indicatthat DUBs exhibited
substrate specificity (Hu et al., 2002). A growingmber of substrate-specific
mammalian DUBs involved in tumorigenesis are cardlly being revealed
such as USP1 and USP9X, which deubiquinate FANCD@ [catenin
respectively (Nijman et al., 2005). In the proteasothere are regulatory
particles that have DUB activity and are resporsiiolr removal of ubiquitin
from protein substrates (Eytan et al., 1993).0Orosophilg the regulatory
particle subunit responsible for this activity B7a (Ho6lzl et al., 2000).

1.11 The ubiquitin-like Superfamily

Following the discovery of ubiquitin a number obteins have been identified
that are related to ubiquitin, or function simijatb modify proteins through

their covalent attachment to protein substratess Wibiquitin-like superfamily is

divided into two groups. Proteins within the figgbup are known as ubiquitin-
like proteins (UBLs). UBLs are similar to ubiquitin that they modify other

proteins by covalent attachment of themselves ttm@aracid residues on the
target protein. Furthermore, the conjugation pathasad sites of attachment of
these proteins onto target proteins resemble tiguiim conjugation pathway.

Proteins within the second group are referred talagquitin domain proteins

(UDPs). UDPs contain protein domains that are edlab ubiquitin. However,

these protein domains are not related to ubiquiiirsequence, nor are the
proteins conjugated to other proteins like ubiauiti

1.11.1 Ubiquitin-like proteins (UBLS)

UBLs, like ubiquitin, are expressed as inactivecpreors that are activated by
proteolytic cleavage of the C-terminus, thus expgshe C-terminal di-glycine
motif needed for conjugation. The di-glycine motd# important for the
recognition and activation of the conjugation psxéy the activation enzyme
E1l. The conjugation pathways for the UBLs are \gnyilar to that of ubiquitin.

Like ubiquitin, they require their own enzymes HidaE2, and attach to the
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target protein through an isopeptide bond withsanky residue of the substrate.
The activating enzyme, E1, activates the UBL fokowby the transfer of the
UBL to the conjugating enzyme, E2, via a thiol-estend. Although the steps
and reactions involved in the activation of ubiquand UBL are similar, the E1
and E2 enzymes cannot replace each other. All kridios are homologous to
ubiquitin in some regard, with the exception of ARGand URML1 (ubiquitin
related modifier). NEDDS8/Rubl shows 60% identity tabiquitin,
SUMO/Smt3p/sentrin shows ~20% identity to ubiquitand APG12/URM1
shows no sequence homology whatsoever. APG12 amdilUdRe therefore only
grouped with UBLs since they are small protein rfieds that are activated and

conjugated to target proteins in a similar manoerttiquitin.

SUMO

The transfer of SUMO (small ubiquitin-like modif)eo target proteins involves

the E1 heterodimer Aosl-Uba2, a single E2 enzymeOUWbohnson et al., 1997;

Johnson and Hochstrasser, 1997), and in yeastdisi8 (Johnson and Gupta,
2001). Several SUMO molecules can attach to thgetgorotein at distinct sites,

but unlike ubiquitin, multi SUMO chains do not forom the substrate (Jentsch
and Pyrowolakis, 2000). In addition, the attachnr8UMO to target proteins,

referred to as sumoylation, does not target prstin degradation. Sumoylated
proteins are however found in the nucleus or nuateaelope, as shown with

sumoylated PML (Kamitani et al., 1998), SP100, RARG, p53, anddBa (Yeh

et al., 2000). This suggests that attachment of SUM substrates targets them

for transfer to the nucleus similarly to ubiquitied proteins.

RUB

RUB (related to ubiquitin) shows 50% homology taquittin with homologs
found in all eukaryotes (Liakopoulos et al., 199B)ese homologs include the

S. cerevisiagrotein Rubl, and the human protein NEDDS8. LikeV&l] RUB

is also related to the ubiquitin pathway as itasjagated to proteins by process
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known as rubylation. Rubylation occurs in the pnegeof a heterodimeric E1,
ULA1/UBA1, and an E2, Ubcl12 (Hori et al., 1999).eTtarget proteins of RUB
proteins are limited to a small number of protefhat are part of the cullin
protein family. Rub1/NEDDS8 conjugates to Cdc53/Quivhich are components
of the SCF E3 ubiquitinating complex. This conjugatstabilizes the interaction
between Cdc53/Cul-1 with E2s such as Cdc34 or Wnchto a variety of F-box
proteins (Kawakami et al.,, 2001; Liakopoulos et, d998). Thus, RUB

ubiquitin-like proteins play a general role in dowegulating SCF activity

(Glickman and Ciechanover, 2002).

APG12 and URM1

APG12 conjugation to the target protein Apg5 inesithe E1 enzyme Apg?,
and the E2 enzyme Apgl0. Interestingly, Apg7 istesl in sequence to the E1
of the ubiquitin conjugation pathway, however th@gAO differs from the
ubiquitin E2s. The conjugated protein plays a roleautophagosome vesicle
formation and delivery of cytoplasmic material he tysosome (Furukawa et al.,
2000). URM1 is a 99 amino acid protein ending witle di-glycine residue
found in ubiquitin and other UBLs (Furukawa et 2D00). This provides URM1
with a means of conjugation to target proteinsugiohydrolysis of the peptide
bond. The identification of Apgl2 and URML1 indicatihat other UBLs may
exist that cannot be identified by sequence homplogibiquitin but rather need

to be identified by functional similarities.

1.11.2 Ubiquitin domain proteins (UDPS)

UDPs are large proteins that contain a distinctjuitin-like domain within their
sequence. The ubiquitin-like domain does not alvem@in the di-glycine motif
and is thus not processed by DUB proteases as itibjghut they do show
sequence homology to ubiquitin and are linked te tiiquitin conjugation
pathway (Jentsch and Pyrowolakis, 2000). These LJibBlude theXenopus
Scythe (Thress et al., 1998), Parkin (Morett andkB&999), and the UIP28
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protein (Martinez-Noel et al., 1999). One must keemind that UDPs such as
Parkin and UIP28 contain an ubiquitin-like domamaamgst other domains that
include RING fingers. It is therefore possible tkfa activity portrayed by the
protein is not entirely due to the ubiquitin-likerdain but rather more due to
other domains within the protein. It is likely tdiquitin-like domain of most
UDPs, especially those where the di-glyine motiflisent, facilitates processes
such as ubquitination in terms of recognition ametlimg to target proteins or

ubiquitin molecules.

UDPs have also been shown to play a role as adaptiing the ubiquitin
pathway to the proteasome, sometimes with the fachaperones (Kleijnen et
al., 2000). This process occurs via the associdbemveen the ubiquitin-like
domain within the UDPs and other characterized dosnawithin the
proteasome. Three such UDPs include Rad23, DskkBag-1 (Lambertson et
al., 1999; Luders et al., 2000). The replacemerthefubiquitin-like domain in
Rad23 with ubiquitin demonstrates the structurgbanance of this ubiquitin-
like domain and not its sequence identity to uliigun binding the proteasome
(Watkins et al., 1993). The yeast Rad23 and DskZP&Dverlap functionally
with respect to their involvement in the spindlelepbody duplication, with
Rad23 having an additional role in DNA repair (Brgget al., 1996).

HUB (homologous to ubiquitin) is a UDP that functsosimilarly to ubiquitin by
attaching itself to target proteins. It has a 22%uence homology to ubiqutitin
but lacks the di-glycine motif at the C-terminaldeof its ubiquitin-like domain
(Luders et al., 2003). However, the highly conseéri#B proteins contain a C-
terminal di-tyrosine motif followed by a nonconsedv single amino acid.
Homologs in humans and yeast include UBL5 and H#pectively (McNally
et al., 2000), with HUB1 being shown to fold simijato that of ubiquitin
(Ramelot et al., 2003). Although HUB shows sequesigelarity and folding to
ubiquitin its mechanism of attachment to targetgirodoes not involve covalent
bonding. This was shown by HUB1, which forms SDSstant complexes with
target proteins (Luders et al., 2003). These corggleare not formed through
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covalent C-terminal conjugation thus disagreeingthwan ubiquitin-like
conjugation mechanism for HUB1. It suggests ratlet attachment of the

HUB1 UDP occurs via a different, possibly non-enayimprocess.

1.12 Aims

The main focus of this work is to further elucidéte functional characteristics
of the DCM within SNAMA.. This will be achieved invb ways. Firstly, the way

in which gene regulation NAMAIs controlled will be examined. Secondly,
and more importantly, it will be determined whethibe DCM of SNAMA

exhibits ubiquitin ligase activity and if so whaicfors affect this activity.

Transcriptional regulation dBNAMAwill be determined by analysing the core
promoter elements that surround the transcripti@ant site of the gene. The
transcription initiation site ofSNAMAwill be established by performing 5
RACE usingDrosophilaRNA and gene specific primers. This will allow for
analysis of the 5° region of tf®NAMAgene by ensuring the amplification of

capped transcripts.

SNAMA ubiquitin ligase activity will be confirmedybubiquitin conjugation
assays using a pure and active recombinant SNAM#?epr as the E3. This
would allow SNAMA to catalyze the covalent attactminef ubiquitin to both
itself as well as other target proteins. The depand of SNAMA activity on its
RFL motif will be examined in unison with determmgi the specific E2 that
allows SNAMA to function with optimal activity. Theafter, the dependence of
SNAMA activity on key components of the ubiquitiet process including E1,
zinc ions, ATP, and ubiquitin, will be determinéd.order to achieve this goal a
pure and active form of the conserved N-terminalMDGf SNAMA will be
needed. This promises to be challenging as hetgyok protein expression of

SNAMA in E. coliforms insoluble inclusion bodies.
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This characterization of the RFL motif and DWNN domwill facilitate the
determination of the overall function of SNAMA aptbvide insight into its role
in apoptosis, particularly its relationship to D3p%ince the mechanisms and
regulation of apoptosis are highly conserved thhowg evolution, studies of
apoptosis inDrosophila may provide new insight for understanding defextiv

regulation of apoptosis in diseases such as cancer.
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2. MATERIALS AND METHODS

2.1 Growth Media

Table 2.Growth media.

Media

Composition

Apple juice agar

1.25% sucrose; 2% agar; 0.025%p&imycin;
0.15% methylparaben (3g dissolved in 30 |ml
ethanol and made up to a litre); 25% apple juice
(VIv).

Luria-Bertani broth (LB)

1% tryptone powder; 0.5%agt extract powde

-

1% NaCl; mix and autoclave.

LB agar (LA)

LB + 1.5% agar; autoclave.

2.2 Buffers and Solutions

Table 3. Molecular biology buffers and solutions. All reatgenvere stored at

room temperature and made up with deionised waless otherwise indicated.

Buffer

Composition

Coomassie blue stain

0.1% Coomassie blue R-250;ethémol;
10% glacial acetic acid.

Denaturation buffer

8 M Urea; 50 mM sodium phosphat
buffer, pH 8.0; 100 mM NaCl; 1 mM
PMSF and 2 mM DTT on day of use.

Dialysis (refolding) buffer

50 mM Sodium phosphéteffer, pH 8.0;
100 mM NaCl; 5 mM EDTA; 5 mM

cycolodextrin; 50 mM arginine.

DNA loading dye (10X)

0.21% Bromophenol blue; 0&Ixylene
cyanol FF; 50% glycerol; 0.2 M EDTA
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pH 8.0; store at 4°C.

Electrode (running) buffer (5X)

125 mM Tris baseMLglycine; 17 mM
SDS; pH to 8.3 with HCI.

Lysis buffer

50 mM Tris-HCI, pH 7.5; 2 mM EDTA

and 200ug/ml fresh lysozyme immediate

prior to use.

Miniprep solution |

5 mM sucrose; 10 mM MEDTA-2H,0;
25 mM tris; pH to 8.0 with NaOH.

Miniprep solution 1l

0.2 M NaOH; 1% SDS; preparedh.

Miniprep solution 11l

3 M sodium acetate, pH 4.8 aeaup with

acetic acid.

Phosphate buffered saline (PB

>

pH 7.5; 200 mM NacCl; add 0.1 mM PM$F

S1.4 M NaCl, 27 mM KCIl, 101 mM

y

50X Na2HPO4, 18 mM KH2PO4, pH to 7,3
with HCI.
RIPA buffer 1%  Nonidet p-40; 1%  sodium

deoxycholate; 0.1% SDS; made up w

SDS sample buffer (5X)

1 M Tris-HCI, pH 6.8; 10%agrol; 10%

blue; store at 4°C.

TAE: Tris acetate EDTA (50X)

2 M Tris base; 5.71%ajpl acetic acid
50 mM EDTA, pH 8.0.

Towbin buffer

SDS; pH to 8.3 with HCI; 20% (v/V

methanol on day of use.
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1X PBS; add 0.5 mM PMSF on day of use.

SDS; p-mercaptoethanol; 1% bromophenol

25 mM Tris base; 192 mM glycine; 0.1%



2.3 Chemicals and kits

Table 4. Chemicals, kits and their suppliers. All chemicaked during the

project were of analytic grade and if not mentiomezie purchased from either
Sigma-Aldrich (South Africa) or Merck Bioscience&olth Africa).

Supplier Chemical/Kit
BIO-RAD Bio-Rad protein assay reagent.
Boehringer Tetracycline (Tet).

Calbiochem (Merck Biosciences

Ubiquitin, recomiin&ST-fusion inE.
coli; ubiquitin-activating enzyme E]
human GST-fusion; ubiquitin conjugatic

enzyme set.

Fermentas

GeneRuf&t 100bp DNA ladder plus;

PageRule™ prestained protein ladder.

Invitrogen

GeneRacéY kit; TOPO TA® cloning kit;
TRIzol® reagent; SuperScript Il reverse

transcription system.

Millipore

Stirred Ultrafiltration Cell

Novagen (Merck Biosciences)

BugBusSteProtein Extraction Reager]
iFOLD™ Protein Refolding System 1.

Pierce

SnakeSKkI pleated dialysis tubing;

Slide-A-Lyzef® dialysis cassette:
SuperBlocR dry blend (TBS) blocking
buffer;  SuperSigndl West  Pico

Chemiluminescent Substrate.

Promega

pGEI@-T Easy vector system; ImPron

1™ reverse transcription system.

Roche Applied Science

Chloramphenicol (Cm); kanamgi€an).

Stratagene

E. coli XL-1 Blue and BL21(DE3)pLysS
cells.

U7
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2.4 Bacterial Strains

Table 5.Bacterial strains.

Strain

Genotype

Escherichia coliXL-1 Blue recAl endAl gyrA96 thi-1 hsdR

SupE44 relAl la¢F proAB lachZAM15
Tn10(Tet)]

L7

Escherichia colBL21(DE3)pLysS | F-ompT hsdSB(rB - mB-) gal dcm

MDE3)pLysS T1R

2.5 Oligonucleotides

Oligonucleotides were purchased from Ingaba biateless otherwise stated.

The GeneRac& 5 pri
GeneRacél kit.

Table 6. Oligonucleotid
Restriction enzymes that

mer and 5° nested primer were suppliedchvtite

es used during PCR, RT-PCR, and seung.
were incorporated intgotimaers are underlined.

Oligonucleotide

Sequence

DWNN forward

5-TTCATATGGATCAATGTCGGTACACTAT-3’

GeneRacélM 5

5 -CGACTGGAGCACGAGGACACTGA-3’

GeneRacéM 5 nested

5 -GGACACTGACATGGACTGAAGGAGTA-3

M13 reverse

5 -CAGGAAACAGCTATGAC-3’

RING finger reverse

5 -CGAACAAAGCTTTCCTTGCAATCG-3’

RF tail

5 -AGTGAGTGCCCCGATTGCAAGGAG-3’

RF tail internal

5 -CCGCAGCAGGGTATCATGACAGCAT-3’

T7

5 -TAATACGACTCACTATAGGG-3’
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2.6 Total RNA Extraction From Wild-Type D. melanogaster

Wild-type Canton-S Drosophila melanogastéires were reared at 25°C on
standard cornmeal agar food with yeast added. foaction of total RNA, 50
wild-type adult fruit flies were selected and horanged in a 1.5 ml eppendorf
tube using 500ul TRIzol reagent. 150ul chloroform was added to the
homogenate and centrifuged at 13 000 x g for 10utaes; at 4°C. The
supernatant was retained and mixed with 3®0sopropanol, left at room
temperature for 2 minutes, and spun at 13 000 ard% minutes at 4°C. The
supernatant was removed and the pellet resuspand2dO pl ice-cold 70%
ethanol after which it was centrifuged again formibutes at 13 000 x g. The
ethanol was removed by aspiration and the pelletvad to dry for 3 minutes at
37°C. The dried RNA pellet was resuspended inub6f sterile, RNAse free
water, heated at 65°C for 10 minutes, and its aunagon determined. 20g of
RNA was then aliquoted into eppendorf tubes andgalat —20°C until needed.

2.7 5" Rapid Amplification of cDNA Ends (5" RACE)

5 RACE was used to determine the transcriptistatt site and possible
internal promoter regions of the SNAMA gene. 5" GRinvolved a number of
consecutive steps that included the removal of@iosphates and 5" -caps from
RNA, followed by ligation of the GeneRac¥rRNA oligonucleotide, reverse
transcription (RT), and polymerase chain react®@R) respectively. All steps
during 5° RACE were carried out essentially ascdeed in the GeneRacét
kit, unless otherwise indicated.

(@) Removal of 5" -terminal phosphatégproximately 5ug of total RNA
from Drosophilg together with IJug HeLa mRNA from normal human tissues
(as a positive control), was treated with calf stiteal phosphatase (CIP) to
eliminate the 5” -terminal phosphates.
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(b) Removal of 5 -capsfobacco acid pyrophosphatase (TAP) was used to

remove the 5" -cap structure from the dephosphiayIRNA.

(©) Ligation of GeneRac8Y oligonucleotide:Removal of the 5’cap exposes
the 5”-phosphate, which allows for the ligationtlvé GeneRacer RNA oligo to
the decapped RNA in the presence of T4 RNA ligase.

(d)  Reverse transcriptionThe ImProm-II™ or SuperScrigt" Il reverse
transcription systems were used to generate cDN# DrosophilaRNA and
the HeLa control mRNA. The RF tail primer was ussd gene-specific primer
during theDrosophila RNA reverse transcription reaction, while an olajby
primer was used for reverse transcription of thédleontrol mRNA. Extension

temperatures for these reactions were 55°C and #2ectively.

(e)  GeneRacé PCR:The PCR procedure for 5° RACE is slightly different
to that generally used. The reaction mixture caedie®f 2 mM MgC4, 0.2 mM
dNTP mix, 0.6uM GeneRacé primers, 1uM RF tail and RF tail internal
primers, and 5 UTaq polymerase (section 2.12). In contrast, the cycling

conditions were:

3 3 30 Mo of cyeles

04 |94 'F2| |94 TI:I| |94 fid ?Dl T Temp T

2 0 2 05 2 o 03 2 1o Time (mirmtes

The PCR products generated from 5° RACE were tharnon an agarose gel,

and the bands extracted, cloned and sequenced.

2.8 Agarose Gel Electrophoresis

Agarose gel electrophoresis is a technique thatvallone to separate DNA and
visualize the fragments as bands in the gel, tbhezefllowing DNA to be
analyzed qualitatively. A 1% or 1.5% agarose gastaen 1X TAE buffer, was
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used with between 0.5 anduty of ethidium bromide added. Between 5 and 15
pHg of DNA, mixed with 1X DNA loading dye, was added the wells of the
agarose gel. Electrophoresis was performed in alAK running buffer at a
voltage of between 55 and 70 V. The DNA fragmenithiw the gel were then
visualized under UV light, and their image photqirad, using the UVP
BioDoc-It™ system. The size of the DNA fragments were theterdened
through visual comparison with the molecular weigtarkers or with the aid of

a standard curve, constructed using the molecwaghtymarkers.

2.9 DNA Extraction from Agarose Gel

DNA was excised from the agarose gel and purifisihgithe GenElufé' Gel
Extraction kit from Sigma. DNA was extracted follmg the procedure provided
by the manufacturer. The kit combines silica basedrbrane technology and the

convenience of a spin column format to captureamrdy the DNA from the gel.

2.10 Cloning

Cloning of DNA involved the ligation of a PCR praduinto a TA cloning
vector and transformation into competdat coli XL-1 Blue cells. The PCR
product is in a more stable state and environmemenwincorporated in a
plasmid within bacterial cells. The antibiotic i#ance supplied by plasmids and
cells also allows for accurate selection of tramefed cells. Cloning an insert
into an expression vector was more complex. Imtighe PCR product was
cloned into a TA cloning vector, after which thagment was restricted out with
specific endonucleases, ligated into the pET41(g)ression vector, and
transformed intde. coli BL21(DE3)pLysS cells. This allows the fragment ® b
inserted into the expression vector in the coroeentation and in-frame with
the GST-gene.
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2.10.1 Ligation

Purified PCR products were ligated into the pGEMEasy or pCR4-TOPS
TA cloning vectors using the pGEMI Easy vector TA-cloning system | and
TOPO TA® cloning kit respectively (Appendix V). Both systerase T4 DNA
ligase to ligate the PCR product, containing TArbeags, into the TA cloning

vector.

Ligation of the DCM of SNAMA into the pET41(a) exgsmsion vector

(Appendix VI) initially involved the restriction othe fragment out of the

cloning vector. The fragment was separated froendioning vector through

restriction withBanHI| and Hindlll, after which the fragment was ligated into
pPET41(a) using T4 DNA ligase. Prior to ligation, pE.(a) was also restricted
with BanHl and Hindlll, and dephosophorylated with alkaline phosphatas
This provided free phosphate groups needed fotidigeof the fragment and

insured that the fragment was inserted in the coogentation.

2.10.2 Preparation of chemically competent cells

Chemically competenkE. coli XL-1 Blue and BL21(DE)3pLysS cells were
prepared by following a slightly altered procedutesigned by the Fred
Hutchinson Cancer Research Center. A single battedlony was used to
inoculate 5 ml of LB and incubated overnight at@#vith vigorous shaking.
Following incubation, the starter culture was dtlit100X with 250 ml LB,
supplemented with the appropriate antibiotic. Théuce was then shaken at
37°C until an Olgy of between 0.5 and 0.6 was reached, at which pbat
were transferred to GSA bottles and centrifuge808t0 x g for 10 minutes at
4°C. The supernatant was removed and the pellespeaded in 100 ml of ice-
cold 100 mM MgCJ. This was followed by a 30 minute incubation oa &fter
which the cells were again pelleted by centrifugatt 4000 x g for 10 minutes
at £C. The supernatant was discarded and cells resdsgam 10 ml of ice-cold

100 mM CaCi containing 15% glycerol. The now competent cellsrev
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aliquoted into small pre-cooled eppendorf tube|i@ube) and stored, for a

period of no longer than 6 months, at*C0

2.10.3 Transformation

The ligation reaction mixture of 1) containing approximately 50 ng of vector
with insert, was added to @0of competen€&. coli cells. The mixture was then
incubated on ice for 20 minutes and heat shockedGaminutes at 37°C, which
caused the cells to take in the recombinant plasniide transformed cells were
made up to 1 ml with 900l LB and shaken gently for 1 hour at 37°C to allow
for regeneration. 7Ql of transformed cells were then spread on LA-appete
antibiotic plates, to select for those cells thwatkt up the resistant recombinant

plasmid. These plates were then incubated overaigBit°C.

2.11 Small Scale Preparation of Plasmid DNA (Minipep)

The procedure for small scale preparation of pldddA was derived from that
published by Birnboim, 1983. A single bacterial @t containing the desired
plasmid was used to inoculate 2 ml of LB, suppletegrwith the appropriate
antibiotic, and incubated at 37°C overnight witgorbus shaking. The next day
the cells were harvested by centrifugation at 13 0@ for one minute. The cells
were resuspended in 1Q0 of Miniprep solution | and then 200l Miniprep

solution Il, mixed, and incubated for 3 minutesr@m temperature. 150l of

Miniprep solution Il was then added, mixed, andubated on ice for 20 minutes.
Following incubation, the mixture was microfuged1& 000 x g for 5 minutes
and the supernatant retained. RNA was removed ghrolie addition of 5Qug

RNaseA and incubation for 5 minutes at room tentpeza

To remove protein contaminants an equal volumehehpl: chloroform: isoamyl
alcohol (25:24:1) was added to the solution, mixed] microfuged for 5 minutes
at 13 000 x g. The aqueous layer was transferreal fitesh tube and an equal

volume of chloroform added and mixed, before miggnfig at 13 000 x g for 3
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minutes. Once again the aqueous layer was traadféora fresh tube and 2.5X
the volume of 25:1 ethanol acetate acetate adde@dnby inversion, and placed
at -70C for 20 minutes. The mixture was then microfuged3000 x g for 10
minutes, the supernatant aspirated, and the pekeispended in 500 of 70%
ethanol. The DNA was once again pelleted by migafion for 10 minutes at 13
000 x g at 4C, and the supernatant aspirated. The pellet iewed to dry at 55
°C for 10 minutes and then resuspended in 8059 ddH,O depending on the

size of the pellet.

2.12 Polymerase Chain Reaction (PCR)

Confirmation of 5° RACE and cloning was determingdPCR on recombinant
plasmid DNA obtained from miniprep, and/or colon€M on the transformed
cells. 0.6uM of the GeneRacéf 5" and 5" nested primers as well gsM of the
RF tail and RF tail internal primers were used. Téaction mixture consisted of
standard PCR reagents: 2 mM MgC0.2 mM dNTP mix, 1X PCR reaction
buffer, and 5 UTaqg polymerase. Approximately g of DNA or a single colony
of transformed cells was used as the templatedrP@@R reactions. PCR cycling
conditions started with denaturation at 94°C fanibutes. This was followed by
25 cycles of 94°C for 30 seconds, 58°C for 30 sgég0and 72°C for 1 minute.
PCR ended with a final extension of 72°C for 7 nesu The PCR product was
subjected to agarose gel electrophoresis to septatamplified product from the

reaction mixture and visualize results.

PCR was also used to amplify the DCMSNAMAthat would later be expressed
into recombinant protein. The reaction mixture awydling conditions for the
reaction were the same as mentioned above. HowévgM of the DWNN
forward and RF reverse primers were used withglof pOT2 vector as the
template. The pOT2 vector, 1665 bp in size, wasiobt from the Flybase EST
programme (accession AAF47162) and contains théree@NAMA cDNA

sequence.
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2.13 Quantification of Nucleic Acid

Nucleic acid concentration was determined by spectupy. First, the
spectrophotometer was calibrated with deionisedewa@t a quartz cuvette.
Thereafter, the absorbance of the prepared sam@ssaken at 260 nm §$4y)

and 280 nm (Agg). The nucleic acid samples were prepared by ddutihe RNA

or DNA by a factor of 100 with ddiD. The samples were then placed in a quartz
cuvette and the absorbance readings taken. Theswtvatton was determined
using the Aeo reading, the dilution factor, and the optical dgngOD) constant
(A2e0 Of 1 = 50ug/ml for double-stranded DNA and 4®@/ml for RNA). The
purity of the DNA sample was determined using thgyf/Aso ratio, where a value
greater than 1.8 indicated that the sample hdd ptbtein contamination and was

thus of high purity.

2.14 Restriction Digestion of DNA

In order to confirm that the 5° -RACE and SNAMA P@Roducts had been
successfully cloned into the multiple cloning ik¢CS) of the cloning vector,
restriction digestion on the recombinant vectorsemgerformed. The vectors
were restricted witfecoRl, as it has recognition sites that flank the M&a$he

cloning vectors. Reaction conditions followed thosEommended by the
manufacturer of the restriction enzyme. All reacsiovere incubated at 37°C
overnight and stopped by the addition of 1X DNAdma dye the next morning.

The success of the digestion was then determinedjasose gel electrophoresis.

2.15 SDS-PAGE

SDS-PAGE (sodium dodecyl sulphate-polyacrylamideedectrophoresis) is a
technique that allows one to separate and visuplibgoeptides in a gel matrix
under denaturing conditions, thus allowing for ¢asive analysis of protein
(Laemmli, 1970). A discontinuous SDS-PAGE procedwes used with a 4%
polyacrylamide stacking gel and 12% polyacrylamssgparating gel. Protein
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samples were suspended in 1X sample buffer, mixed,boiled for 5 minutes
before being loaded into the wells of the stackged. Electrophoresis was
performed in 1X running buffer at a voltage of beén 60 and 80 V. Proteins
were visualized as bands in the gel by staininggedavith coomassie blue stain
for 1 hour, followed by destaining overnight. Ietprotein sample could not be
visualized with coomassie blue staining then theersensitive silver staining
technique was used as described by Morrissey (btay, 1981). The size of the
protein bands were then determined through visw@ahparison with the

molecular weight marker.

2.16 Recombinant Protein Expression irt. coli

Protein expression i&. coliBL21(DE3)pLysS cells that have been transformed
with the recombinant pET41(a) vector was inducedtly addition of the
galactose analog, isopropg4b-thiogalactoside (IPTG). It was determined,
through overexpression studies, that optimal exgowasof recombinant protein
in these cells was achieved by induction with OM iRTG for 4 hours at 37°C.
This provided the basis for the general procedurerecombinant protein

expression irk. colithat was used during the course of this project.

Starter cultures of transformed BL21(DE3)pLysS<elere incubated overnight
at 37°C with vigorous shaking. The following mompithe starter culture was
used to inoculate LB of between 50 and 500 ml, Eupented with 5Qug/ml
kanamycin and 10@g/ml chloramphenicol. The culture was then growmhwi
vigorous shaking, at 37°C, until the @pof the culture was between 0.4 and
0.6. Recombinant protein expression was then irtliigethe addition of 0.2
mM IPTG and allowed to express for 4 hours at 3®Ath vigorous shaking.
The recombinant protein was then extracted fronBib2l (DE3)pLysS cells.

63



2.17 Recombinant Protein Extraction fromE. coli

BugBusteP protein extraction reagent was initially used foe extraction of
recombinant protein fronk. coli cells. However, due to the rate at which the
BugBusteP reagent was being exhausted and because of falararicerns, a
new lysis buffer was developed and a protocol desigfor extraction of
recombinant protein. The lysis buffer technique iasmore economical with
only a slight loss in amount and purity of protethen compared to extraction

with BugBustef reagent.

2.17.1 Protein extraction using BugBustét reagent

Recombinant protein extraction using the BugBdstextraction Reagent was
accomplished by following the protocol provided the manufacturer. SDS-
PAGE was then used to determine whether the reg@nbiprotein was soluble
(in the supernatant) or insoluble (in the pell#t)the recombinant protein was
insoluble they formed aggregates known as includiodies. Purification of
inclusion body protein was then performed using BugBustef reagent and

following the manufacturers protocol.

2.17.2 Protein extraction using lysis buffer

Bacterial cells containing expressed protein wenevésted by centrifugation at
5000 x g for 20 minutes. The cell paste was thenggended in lysis buffer (5
ml lysis bufffer/100 ml cell culture) and incubatat room temperature for 20
minutes. The cell suspension was then sonicated &ycles at 30 seconds each
and then centrifuged at 16 000 x g for 20 minute¥°@. Soluble protein present
in the supernatant was retained and stored at —@0fié insoluble inclusion
body protein (pellet) was resuspended in the initdume of lysis buffer and
left at room temperature for 5 minutes. Three vaanof lysis buffer containing
1% triton X-100 was then added to the suspensi@hratated slowly for 20
minutes at 4°C. The inclusion body suspension as tentrifuged at 8 000 x g
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for 15 minutes at 4°C. The pellet was then washigd 2wolumes of lysis buffer
with 1% triton X-100 and again centrifuged at 8 60 for 15 minutes at 4°C.
The pellet was then washed with one and a halfraekiof lysis buffer that
contained 1% triton X-100 and had been diluted with distilled water. This

was followed by a final centrifugation at 16 00@ Xor 15 minutes at 4°C. The

inclusion body protein was then denatured to becsohgble.

2.18 iIFOLD™ Protein Refolding System 1

The iFOLD™ Protein Refolding System 1 is a simple, reliablmd
comprehensive method to identify optimal proteifolding conditions. The
system includes inclusion body purification reagesnid a 96-well plate-based
protein refolding buffer matrix (92 experimentaldas control wells By using
the iFOLD™ Protein refolding system and following the mantiiaers protocol
the SNAMA inclusion body protein was denatured ampoidly diluted into the
iIFOLD 96-well buffer matrix. Absorbance readingsaatvavelength of 340 nm

were then taken for each of the 96 samples anddedo
2.19 Inclusion Body Solubilization

Inclusion body protein was denatured and therebybded using a urea based
denaturation buffer and a procedure similar to theseloped by Li and his

colleagues (Li et al., 2004). 2 ml of denaturatinrifer was added per gram of
inclusion body protein. The mixture was then ralaé 4°C overnight to allow

for denaturation of the protein to occur. The faliog morning the mixture was

centrifuged at 10 000 x g for 30 minutes to remewy debris. Solubilized

protein was then analysed via SDS-PAGE.
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2.20 Purification of Recombinant Protein

2.20.1 His-tag purification

Purification of recombinant protein that contairedhistidine tag was achieved
by nickel ion affinity chromatography using the HE®lect™ Nickel Affinity
Gel from Sigma. Purification of soluble protein mout denaturant was
accomplished by following the manufacturer’s instions provided. However,
purification of protein under denaturing conditicdieiowed a slightly different

procedure to that supplied by the manufacturehefaffinity gel.
His-tag purification under denaturing conditions

Table 7. Buffers used during His-tag purification under demag conditions.

All buffers were prepared fresh on the day of thecpdure.

Buffer Composition

Equilibration buffer 0.1 M sodium phosphate buffeH 8.0; 8 M
urea.

Wash buffer 1 0.1 M sodium phosphate buffer, pH 8.3/
urea.

Wash buffer 2 0.1 M sodium phosphate buffer, pH 8.9
urea.

Elution Buffer 50 mM sodium phosphate buffer, pi9;8& M
Guanidine Hydrochloride.

Between 1 and 2 ml of affinity gel was transfertec& chromotography column
and allowed to settle for approximately 2 hourse Tolumn was then washed
with 2 volumes deionised water followed by equditbon with 3 volumes of

equilibration buffer. Between 5 and 7 volumes afiatered recombinant protein
was then added onto the column at a flow rate tf 20 column volumes/hour.
After all the sample had been loaded the columnwashed with 5 volumes of

66



wash buffer 1. This was followed by an additionaharmal column wash with 3
volumes of wash buffer 2. The histidine-containisgmple was then eluted
using 2 volumes of elution buffer. The column/atiingel was then cleaned as
described by the manufacturer and kept at 4°Cutoiré use.

2.20.2 GST-Tag Purification

The purification of recombinant protein containadgsST-tag was performed by
glutathione affinity chromatography using glutatieoagarose from Sigma. The
procedure that was followed and buffers that weseduare described in the

product information manual supplied with the glbtahe agarose.

2.21 Dialysis

Dialysis was performed to remove the denaturantH@u from purified
recombinant protein thus refolding the recombinamitein. Pure recombinant
protein was either added to SnakeSKimpleated dialysis tubing or Slide-A-
Lyzer® dialysis cassettes and set-up as described by mbaufacturer.
Approximately 5 ml of sample was then dialyzed agai500 ml of dialysis
buffer overnight at 4°C. The following morning tb&mple was centrifuged at 10
000 x g for 30 minutes at 4°C to remove any protiestt might have precipitated
out of solution. The dialysis buffer that was udedbuffer exchange prior to
CD spectroscopy differed from the norm as it lackgdodextrin, arginine, and
EDTA, which interfered with the spectrophotometezadings at lower

wavelengths.

2.22 Quantification of Protein

The concentration of an unknown protein was deteeohi by the Bradford
method, using a standard curve that was constrdaied bovine serum albumin
(BSA) standards and Bio-Rad Protein Assay. A BS@ndard curve, ranging
from 20-140pg of protein (0.2-1.41g/ul), was constructed and stored in the UV-
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160A UV-visible spectrophotometer. The protein sEmpvere prepared in the
same way as the standards by diluting the prot@dXIwith 1X Bio-Rad protein
assay reagent and incubating for 30 minutes at r@onperature. 1X Bio-Rad
assay reagent was used to calibrate the spectapbtdr at Ags before the
readings of the protein samples were taken. Theerdration of the protein (in
pg/ml) was then calculated automatically by the spghotometer using the
BSA standard curve previously programmed. Proteias veoncentrated to
required amounts using the Stirred UltrfiltrationellC and following the

manufactirer’s instructions.

2.23 Circular Dichroism (CD) Spectroscopy

Circular dichroism (CD) spectroscopy is a valuabl@ for the characetrization
of protein structures in solution due to the ininéiaformation content of the far
UV CD spectra between 180 and 250 nm (B6hm eR@02). CD spectroscopy
was used in order to gain important information cgning the secondary
structure of the pure, recombinant GST-SNAMA fusiprotein following
dialysis in the absence of cyclodextrin, arginimel EDTA. Approximately 2.8
uM (~ 0.2 ug/ul) of GST-SNAMA fusion protein in 50 mM sodium plpisate
buffer and 2.8uM GST protein in 50 mM sodium phosphate buffer wasd
during the analysis. 50 mM sodium phosphate bwies used as a blank for the
GST-SNAMA and GST proteins. The GST protein with®@NAMA was used
both as a control to determine the accuracy ofptleeedure as well as a blank
for the GST-SNAMA fusion protein. Circular dichroisspectra were recorded
in the range from 190 to 250 nm at an interval & Om with a Jasco J-810
Spectropolarimeter. Five scans were averaged ®istdium phosphate blank
and ten scans averaged for each of the GST-SNAMIAGSIT proteins to obtain
one spectrum for each sample. The CD spectra tr ethe samples were then
compared to known secondary structure spectra @dedet al., 2003; Bondesen
and Schuh, 2001; Kelly and Price, 2000) in orderatcurately predict the
secondary structure of SNAMA.

68



2.24 Ubiquitin Conjugation Assay

An ubiquitin conjugation assay was performed ineoritd determine whether the
recombinant SNAMA protein exhibited ubiquitin ligagctivity. To determine
the E2 that SNAMA would have optimal activity with,series of E2s (UbcH2,
UbcH3, UbcH5a, UbcH5b, UbcH5c, UbcH6, UbcH7, UbcHre initially
used. The assay reaction mixture consisted ofi @biquitin, 0.1ug E1, 0.4ug
E2, 4.6pg GST-SNAMA fusion protein (E3), 2 mM DTT, 2 mM ATB mM
MgCl,, 250uM ZnCl,, and made up to 30 with 50 mM sodium phosphate
buffer, pH 8.0. The reaction mixture was then irated at 30°C for 2 hours and
stopped by the addition of sample buffer. To chieckubiquitin ligase activity
the reaction mixture was run on an SDS-PAGE geliqbn conjugation
assays in the absence of the key components aibiljeitin system, namely the
E1l, E2, E3, ubiquitin, ATP, and ZnClI2, were perfedras controls.

2.25 Bioinformatic tools

Gene-specific primers were designed using Gene &urfWersion 3.05).
Chromatograms of sequenced DNA obtained from Inqg&batech were
visualized using Chromas (Vesion 1.45). Sequeniggraknts of both protein
and DNA were carried out using DNAMAN version 4.03ynnon Biosoft,
Quebec, Canada) and ClustalX, using the optimghalent setting. Secondary
structure prediction for the DCM of SNAMA was ackee using the PSIPRED

program version 2.5 (Bryson et al., 2005).

Table 8.Web addresses for various bioinformatic tools.

Bioinformatic Tool Web Address

BLAST http://www.ncbi.nlm.nih.gov/BLAST

Chromas http://www.technelysium.com.au/chromas.htmi
ClustalX http://www-igbmc.u-
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strasbg.fr/Biolnfo/ClustalX/Top.html.

FlyBase

http://flybase.bio.indiana.edu

PSIPRED

http://bioinf.cs.ucl.ac.uk/psipred
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3. TRANSCRIPTIONAL REGULATION OF SNAMA

The human RbBP6 homologue of SNAMA is expressethiee transcripts of
6.1, 6.0, and 1.1 kb (Pugh et al., 2006). Thesestr@pts give rise to proteins of
1792, 1758, and 118 amino acids, designated RbBBforms 1, 2, and 3
respectively. The fact that human RbBP6 has variea®rms suggests that
there might be additional isoforms of the SNAMA fgia. Alternative splicing,
poly-adenylation, or the presence of an internabnpoter region and
transcriptional start site within a gene would leadhe expression of isoforms.
Internal promoters are usually present in more aced and complex organisms
where regulation of gene expression is intricatd amder tight control (Neuman
et al., 2005). These downstream internal promaterglly reside in the first
introns, which are on average longer than otheaomst and are, sometimes,
exceptionally long (Kriventseva and Gelfand, 199%)e annotated structure of
Drosophila genes from chromosome 2R (whe&BIAMAIis found) shows that
more than 50% of the genes larger than 30 Kb comdéage 5 introns, and two
or more predicted remote first exons regulated ltgrreative promoters
(Neuman et al., 2005).

Determining the transcriptional start site of a@@emakes it possible to examine
the regulatory regions that define the promoterore@nd thereby gain further
insight into how expression of protein is contrdllé is believed that during the
course of evolution the sequences for promoterla¢éign have been preserved
in the promoter region and that their occurreneguencies are far from random
(Gershenzon et al., 2006). There are six core premaements that have been
discovered in eukaryotes thus far. These elemeat3ATA box, Initiator (Inr),
Downstream Promoter Element (DPE), TFIIB recognitielement (BRE),
Downstream Core Element (DCE), and Motif Ten Eletr(®iTE) (Smale and
Kadonaga, 2003; Lim et al., 2004; Lewis et al., @0G~our of these core
promoter elements have been experimentally idedtifnDrosophilapromoters:
the TATA box, Inr, DPE and MTE (Smale and Kadonag@)3; Lim et al.,

2004). Comparison between human amtosophila shows consistent
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percentages of promoters with TATA, Inr, DPE, aydesgetic combinations
thereof, as well as most of the same functional rantlal positions of the core

elements (Gershenson et al., 2006).

The transcriptional initiation site of a gene candetermined by examining the
5" -terminus of a transcript through the 5 rapidpéfication of cDNA ends (5
RACE) technique (Bensing et al., 1996; Argamanl.e2801; Gum et al., 2003;
Aspegren et al., 2004). Analysis of the 5" regiérihe SNAMAtranscript was
determined using the GeneRd&B” RACE, which amplifies the beginning of
the transcript to a point where the RF Tail priroerds. In this way it is possible
to identify the core promoter elements that defihne promoter region/s of
SNAMA thus providing valuable information into the tsanptional regulation

of the gene.

3.1 5" Rapid Amplification of cDNA Ends (5" RACE)

5 RACE using RNA fronDrosophilaembryos and the GeneRale(GR) kit
resulted in the amplification of two distinct DNAafjments of varying size
(Figure 10; see also Figure 12 for primer posifjorishe smaller fragment
ranged from 650-700 bp while the larger ranged f&@-850 bp, depending on
the combination of primers used. The DNA fragmeesttideen 800 and 850 bp in
size was expected as the RF Tail primer that wasd uduring reverse
transcription was designed to bind at the end ®RREL motif (Appendix 1). The
presence of the DNA fragment from between 650 &@bp in size appeared to
indicate that there was an additional promoteraegnd transcriptional start
site, downstream the initial transcriptional s&ité. This sparked much interest
as it would imply that there was an internal proenan theSNAMAgene.

The slight variation in sizes between each of e distinct 5° RACE products
can be attributed to the combination of primerst tingere used during
GeneRacé!! PCR. Amplification of the SNAMA cDNA resulted fragments

that were slightly smaller when using the GR 5" thésgprimer than when using
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the GR 5" primer. This was expected due to the GRested primer binding the
GR oligo downstream the position where the GR Bmer binds. Similarly,

amplification with the RF Tail Internal reverserpar resulted in slightly smaller
fragments than that amplified using the RF Taihyai. This was due to the RF
Tail Internal primer binding SNAMA upstream the RTFail primer.

Interestingly, the smaller DNA fragment was far mm@rominent when the RF
Tail was used as the reverse primer. When the RHAnfarnal primer was used
the smaller band was barely visible in the gel.comtrast, the larger DNA
fragment was far more prominent when the RF Tdérimal primer was used as

the reverse primer.

Primers 1 2 3 4 ] &
3H. 57 Mested +

GR 57 . . + + j +
BF Tail + = +
BF Tail Internal £ + E +
Contml B.1. . . - - + +

by

70—

500 —

Figure 10.5" Rapid amplification of cDNA ends usiigrosophilaRNA. Two
distinct fragments of different size were amplifiethen 5° RACE was
performed orDrosophilaRNA from adults. The smaller fragment was between
650 and 700 bp in size while the larger was betv&#hand 850 bp. Different
combinations of primers resulted in slight variaidn DNA fragment size and
band intensities. A positive control using HeLa RBAd the Control B.1 primer
resulted in the amplification of a fragment approately 900 bp in size as

expected (lanes 5 and 6).

73



5" RACE using HelLa control RNA as a template regulh the amplification of
a DNA fragment approximately 900 bp in size whemgshe Control B.1
reverse primer together with the GR primers (FiglO® This was the expected
size for the 5° RACE product of HelLa (according n@anufacturer), thus

confirming that 5° RACE had occurred successfully.

3.2 Cloning of 5° RACE Products

To confirm that the two DNA fragments were amptifitom theSNAMAgene
and determine the exact site of transcriptionatin, they were both cloned and
sequenced. The 800-850 bp fragment, that resuta mplification with the
GR 5" and RF Tail Internal primers, was used wHenikg the larger of the two
5" RACE products. This fragment was used as itainatl the most DNA when
compared to the other 800-850 bp fragments, asidert by its greater band
intensity in the gel (Figure 10). For the same oeathe 650-700 bp fragment
that results from amplification with GR’ Nested aRé& Tail primers was used

when cloning the smaller of the two 5" RACE product

The two DNA fragments were excised from the gejated into TA cloning
vectors and cloned for sequencing. Colony PCR wexrfopned in order to
confirm successful cloning and ensure DNA fragneerngés (Figure 11). The RF
Tail was used as the reverse primer when amplifgley 650-700 bp DNA
fragment, as this primer was most effective duiimgal amplification of the
cDNA. For the same reason the RF Tail Internal priwvas used during the
amplification of the larger 800-850 bp fragment. wish 5° RACE, a somewhat
smaller fragment is amplified when using the GRNg&sted primer compared
with the GR 5" primer due to different positionswdtich the primers bind the

product.

74



Primers
BF Tail
3E 5" Hested
RF Tail Internal
3R 57
bp bp
«— B00
T00
-— 500
S00

Figure 11. PCR amplification to verify cloning of 5° RACE pnacts. The 650-
700 bp fragment was amplified using the RF Taileree primer (lane 1), in
contrast to the 800-850 bp fragment, which was dieglusing the RF Talil
Internal primer (lanes 2 and 3).

3.3 Sequence Alignments of the 5" RACE Clones

The two clones containing the products from 5° RA®Ere sent to Ingaba
Biotec for sequencing. The sequences for eacheotlitnes were aligned with
themselves, the GR oligo, the SNAMA cDNA sequerag] the primers, to
ascertain whether the fragments were amplified fiine SNAMA gene and
determine where transcription begins (Figure Blignment showed that the
800-850 bp clone was in fact 790 nucleotides imtlerand aligned completely
with SNAMACDNA, as did the RF Tail primer used during amplificat{&igure

12 (b)). The transcriptional start site of the 799 fragment (G&ATC) is

indicated at the point where the GR oligo ends.

The 650-700 bp clone was shown to be 681 nuclepiinldength and did not
align significantly with SNAMA yet the RF Tail primer showed complete
binding to the amplified fragment (Figure 12 (aJhis was unfortunate as it

suggested that this fragment was not amplified fi®AMAbut rather from
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A

i. Multiple sequence alisnment of ~ 650 bp clone (Start) st aerie

SNAMA Sequ A LET TR TR C W b L T \WE . GACGOEAC
T7 Fud A EACEY IGGAGA i TCC)
M13 Rev . I LB TIHIC \o T A AGLANL L GATC CERLCCC

GR 5' Nested
GR Oligo
5' Nested Primer

SHAMA Sedqu
M13 Rev

GR 5' Nested
RF Tail

B

i. Multiple sequence alignment of ~ 800 bp clone (start)

Transr:rignona! start site
SNANA Zequ
T7 Fud i aTTCOAT TE e A (e (s Wees
GR 5' NestEd IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII Ti
GR 0lig0  AGCACGA. . eleilwlsesles BA RN s s P TR T
R Lol R N 5 AC 1L TG AT A TGGAC TG A AGE A G T A

SNAMA Sequ

13 Rev

GR 5' Neated
RF Tail Internal

Figure 12. Multiple sequence alignment of cloned 5° RACE pad. (A)
Alignment of the 650-700 bp clone shows a fragn&8t bp in size that does
not have a significant alignment with the SNAMA geqce. In contrast, the
alignment shows that the RF Tail primer binds catedy to the fragment. (B)
Alignment of the 800-850 bp clone shows a fragman¥90 bp that aligns
completely with SNAMA and the RF Tail primer.
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another gene withiDrosophila This was confirmed by BlastN searches against
the Drosophila genome, which showed significant alignment of tt8&d ép
fragment with a gene approximately 4.6 Mbp upstrediS8NAMA in the right
arm of chromosome 2 dbrosophila (ref: NT 033778) (Appendix Il). This
fragment was amplified during 5° RACE due to thgusance of the reverse
primer (RF Tail) that was used during reverse tdpson of theDrosophila
embryonic RNA. The first half of this primer showsmplete homology to the
gene identified upstream &NAMA Thus, the primer would have recognized
and bound both thENAMAgeneand the gene upstream, which were both then
reverse transcribed into the cDNA and later anmgalifiThis also accounts for the
virtual absence of a 650-700 fragment when 5" RAE performed using the
RF Tail Internal primer (Figure 10), as this prinagd not have homology to the

other gene within thBrosophilagenome.

Transcriptional Start Site
- Exon1  lntron 1 Exon2 Intren2 Exon 3 lntron 3 Exon 4 \ CGenomic
’.Jf S _..”’ K L ,o \ % I}NA
¢R Olico DWNN i RFL
N 77, R ¢DNA
S-UIR K ’ Translational Start Site
DWNN Catalytic Maodule Frotein
GR % RF Tail
— 4 .
— - Primers
GER. 5° Nested RF Tail Internal

Figure 13.The 5" region of th6&NAMAgene that is ultimately translated into
the DWNN catalytic module. The GeneRd&e(GR) oligo along with primers

used during transcriptional start site determimatice also shown.
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It is evident thatSNAMA contains a single transcriptional start site at %he
region of the gene. A summary of these resultBustrated in Figure 13, which
indicates the 5" region &NAMAand its translation into the DWNN domain and
RFL motif that comprise the DCM. Also shown are themers used in

determining the transcription start siteSNIAMA
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4. DOES SNAMA EXHIBIT UBIQUITIN LIGASE ACTIVITY?

The modification of proteins by ubiquitin is essahtfor numerous cellular

processes. For example, ubiquitin-dependent prategradation is involved in
the regulation of apoptosis, cell cycle progressi@mgnal transduction,

transcription, DNA repair, and protein quality carit(Laney and Hochstrasser,
1999). Ubiquitination begins with the activation wfiquitin by E1 in an ATP-

dependent manner, resulting in the covalent attaohraf ubiquitin to the E1

(Haas and Rose, 1982). Ubiquitin is subsequendlysfierred to an E2. Finally,
the E3 attaches ubiquitin to its substrate by adeng with both the E2 and
target protein (Hershko and Ciechanover, 1998).

The most common of the E3 ligases, the RING firlg8s, are dependent on
their RING finger conformation for their ubiquitiigase activity. The U-Box
and PHD are referred to as derivatives of the Rfid@er E3 as they also form a
RING finger conformation (Sun, 2003). However, tW&NG finger structures

are stabilized in a different way to the charastariRING finger.

SNAMA is a member of the RbBP6 superfamily. All mmms of this family
contain a highly conserved N-terminal region knoasmthe DWNN Catalytic
Module (DCM). The module is comprised of the DWNRNnhain, zinc finger
motif and RFL motif respectively (Mather et al.,0&). The RFL motif of
SNAMA includes the highly conserved cysteine resglupresent in
characteristic RING fingers but differs from tharglard by substitution of a

histidine residue in the fourth ligand with a sermnesidue (Mather et al., 2005).

The ability of a protein to exhibit ubiquitin ligasactivity can be tested for by
performing an ubiquitin conjugation assay using phetein as the E3 (Imai et
al., 2003). A pure and active form of the protemeeded in order to perform
this assay. The DCM of SNAMA was expressed as amémant protein irkE.
coli and formed insoluble inclusion body aggregates. iAseluble inclusion

body protein was solubilized, purified and refoldetb its native state. The pure
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and active form of the recombinant SNAMA proteinsvihen used as the E3 in
an ubiquitin conjugation assay to determine wheihdrad ubiugitin ligase

activity.

4.1 Recombinant Expression and Extraction of SNAMA

The DCM of SNAMA was cloned and expressedeincoli BL21(DE3)pLysS
cells using the pET41(a) expression vector (Appeid). Optimal expression
of recombinant protein in these cells was achietnedugh induction with 0.2
mM IPTG for 4 hours at 37°C. The recombinant GSJidn protein,
representing the DCM of SNAMA, was referred to &8TE&SNAMA (GST-S).
Expression of GST-S resulted in the protein formingpluble inclusion body
aggregates, approximately 70 kDa in size, in tHeetpé-igure 14). Expression
of a GST protein (GST), in cells transformed witkact pET41(a), was used as a
positive control that resulted in an approxima@ykDa soluble protein, present
in the supernatant (Figure 14). Whole cells lacking pET41(a) vector were
used as a negative control. Working with inclusbmalies is challenging as you
have to solubilize and purify the protein beforeempting to refold it back into
its native state to use in activity assays.

The parameters under which protein expression ecaere changed in an
attempt to solubilize the protein during expressibhese parameters included
induction temperature, protein expression time, ahdition of zinc ions during
expression. Protein expression was attempted &&,30bm temperature, and
18°C. Protein expression was also induced at vati@mperatures for 2 hours, 6
hours, and overnight. Finally, expression of thetgn was attempted in the
presence of zinc ions. In all cases there was fextabn the solubility of the
protein although levels of protein expression dittiiate. The insoluble GST-S
inclusion bodies were thus denatured using urearder to solubilize the

protein.
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Figure 14. Recombinant expression of GST-fusion SNAMA protein.
Recombinant protein was expressedEincoli BL21(DE3)pLysS cells. GST-
SNAMA (GST-S) is expressed as insoluble inclusiomdyp protein
approximately 70 kDa in size (lane 2). The GST @ro{GST) is expressed as a
38 kDa soluble protein (lane 3). Protein extradredn theE. coli whole cell,
lacking the pET41(a) vector, is used as a negativerol (lanes 5 and 6).

4.2 His-Tag Purification of Denatured Recombinant SIAMA

The denatured, recombinant SNAMA protein was noy peire and was present
amongst contaminating protein that included deeatunembrane bound protein
from E. coli (Figure 15). This could hinder both the refoldiagd activity of
SNAMA and thus the recombinant protein was purifiedn the contaminating
protein. Initially, glutathione agarose was usednmttempt to purify the GST-S
through its affinity to the GST tag fused to SNAMHAowever, this proved

unsuccessful as GST-S was in its unfolded, derditstae and the glutathione
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could therefore not recognize and bind the GSTNickel charged agarose was
then used in an attempt to purify the recombinafABA protein through its
affinity to the Hig tag that is associated with the recombinant pmoteickel ion
affinity chromatography is capable of purifying Heg containing proteins in
both the unfolded (denatured) and folded (natitades. In fact, purification of
the protein is often more effective when it is dsnatured state as the hexa-

histidine residues are more exposed.

~ ~ ~
" %-;' > \"t'-
~ A > S
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70— ‘; X

Figure 15. His-tag purification of denatured recombinant SNAMxotein.

Denatured SNAMA protein was present amongst comtatimg protein (lane 1).
Ni*? affinity chromatography under denaturing condisiomas performed as
described in the manufacturers protocol. Pure GNAMNA fusion protein was
unexpectedly eluted using GUHCI (lane 6) rathen telaition buffer in the step
before (lanes 4 and 5). Note that the GST-SNAMAIidinsprotein appears

smaller in size due to the gel being scewed.

Ni*? affinity chromatography was used to purify the ombinant SNAMA
protein under denaturing conditions. Results showed there was specific
binding of SNAMA to the affinity column, as was dent by very little

recombinant protein eluted during the first wasffagure 15). Unexpectedly,
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recombinant SNAMA was not eluted during the typidaitial elution wash

(wash buffer 2 in section 2.20.1). Instead, th@mndzinant SNAMA protein was
eluted with buffer containing GUHCI as an extremglye protein (Figure 15).
Other than a denaturant, GUHCI is also commonly usgemove protein from
the Ni*? agarose during the cleaning process of the coldthe.GST-SNAMA

fusion protein appears smaller in size when contptyéhe denatured SNAMA
protein. This was due to the gel being placed dightly scew angel prior to its

image being capured.

The imidazole ring present in the side chain ofhilstidine residues, contains a
pKa of 6.04 and, is ultimately responsible foraténity to the metal ions in the
agarose. In buffers with a pH value greater th@4 @he imidazole rings will be
charged and thus bind specifically to théharged affinity gel. Normally, the
elution buffer removes bound protein due to a dropH of the buffer to 4.5.
This causes the imidazole rings of histidine resglto lose their charge as they
become protonated and thus lose the ability to Bndons in the affinity
column. However, this drop in pH does not affeet tinding of the recombinant
SNAMA to the affinity column suggesting that theid@zole rings remain in
their anionic state. Instead the bound proteinlidged with GuHCI. This is
probably due to the presence of guanidinium cati@sm’) in solution that
bind with greater affinity to the imidazole ringbtbe histidine residues than the

nickel ions, thus allowing for their elution froret column.

4.3 Optimal Refolding Conditions for SNAMA

Defining conditions that promote refolding of then@tured protein into its
native conformation is empirical, difficult and &atonsuming. To overcome
these problems, the iFOLI'Y Protein Refolding System 1, together with the
literature (Clark, 1998; Li et al., 2004; Karuppiahd Sharma, 1995; Chen et al.,
2005; Cabrita and Bottomley, 2004), was used tcerdehe the optimal
refolding conditions for the recombinant SNAMA pwot. Absorbance readings

at 340 nm were recorded for 96 samples followiregrdpid dilution of SNAMA
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protein into 96 different refolding buffers (Figut€). The composition for each
of the buffers within the 96-well plate can be saei\ppendix Ill. The lower
the Asso value of the sample the more effective the refgdbuffer as the
absorbance of the solution is an indication of tlegree of precipitation of
protein out of solution. The composition of the ttgm buffers with lowest
absorbance were then examined to determine thecbestosition of additives

for refolding recombinant SNAMA protein (Table 9).
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Figure 16. Refolding conditions for the recombinant SNAMA ot GST-S
protein was refolded by rapid dilution of the demat protein into the 96-well
iIFOLD plate (Appendix Ill). The relative absorbanacksamples was taken at

340 nm with the ten most effective refolding busferdicated by an asterisk.

The iFOLD™ protein refolding system showed that refoldingférsf with a pH
of 8 were the most effective when refolding SNAMARdure 16). SNAMA is
most stable at this pH as precipitation levels e protein remain low on a

regular basis across various refolding buffers.sTii illustrated by the high
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consistency of low peaks {4 < 0.12) at this pH. In addition, majority of thapt
ranked refolding buffers for SNAMA had this pH (Tal®). Other buffers with a
pH of 7 and/or 7.5 appear to be effective refoldmgfers. However, these
buffers do not refold SNAMA with the same consisteas a buffer with a pH
of 8 and SNAMA is not as stable throughout a braoadge of buffers.
Furthermore, the effeciveness of the buffers wifiHaof 7 and 7.5 is most likely

due to the refolding components within the buffer.

Cyclodextrin is by far the most successful refojdadditive of SNAMA as it

appeared most frequently in the best refoldingdraffor SNAMA. This is not

surprising as cyclodextrin is both a stripping agersed for the removal of
detergents (Rozema and Gellman, 1995), and a sgipgeagent, preventing
aggregation of protein during refolding (Karupp&id Sharma, 1995).

Independently, the L-arginine and buffer soluticalene were successful in
causing SNAMA to refold well (Table 9). L-arginimementioned in a great deal
of published literature involving protein refoldifigrakawa and Tsumoto, 2003;
Bell et al., 2002). Arginine plays an importanterddy not facilitating the actual
refolding of the protein but rather suppresses egggion of the protein during
refolding. Additives that facilitate disulphide lbnformation include
combinations of reduced and oxidized forms of dhitme (GSG/GSSG),
cysteine and cystine, or DTT/oxidized glutathioi¢ese redox systems are
usually added to accelerate shuffling of disulplhdeds. However, they are not
pivotal as air is also suitable to promote disudghbond formation through air
oxidation (Cabrita and Bottomley, 2004). Furthereydshuffling” of disulphide
bonds is generally catalyzed by trace amounts aélniens and also by slightly
alkaline pH of between 8 and 9. Conversely, EDTA wdded to the refolding

buffer to scavenge unwanted metal ions, which coaltse oxidation reactions.
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Table 9. The most effective refolding buffers for recombin&NAMA. The composition of the top ten refoldingfters for
SNAMA when using the IFOLD Refolding Protein Systdnwere compared. Cyclodextrin appeared most fratyevhile 100
mM NacCl, L-arginine and EDTA appear to be amonlgstrhost significant of the additives.

Composition\Buffer | AL | B3 | B9 | C2 | €0 | DIl | E5 | E7 | E§ | FI |
Rank 3 2 5 7 3 4 3 1 4 g
PH 7 7 7 15| 75 | 75 B B 2 8
100 mM NaCl + + +

250 mM NadCl + +

Cyelodexirin + + + + + ¥

L-Arginine + +
EDTA + T+ -
GSH/GSSG + n
TCEP + T T

GuHCI T T
Buffer T

Glyeerol +
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4.4 Refolding the Pure, Denatured SNAMA

A pure form of the recombinant SNAMA protein wagjaiced in its denatured
form and needed to be refolded into its nativeesttalysis of the His-tag
purified SNAMA protein was performed to slowly remeo GuHCI from the
sample through buffer exchange with the dialysisfo{ding) buffer, thus
refolding SNAMA. Many dialysis buffers were desighesing the information
obtained from the iFOLP' Protein Refolding System 1 combined with
information gathered from literature (Clark, 19@8gt al., 2004; Karuppiah and
Sharma, 1995; Chen et al., 2005; Cabrita and Bdtpyn2004). Most buffers
that were tried caused precipitation of the SNAMaAtpin out of solution. This
was determined confirmed through visualization d&fe tprotein in the
polyacrylamide gel and through spectrophotometuangification. However,
after much trial and error it was ultimately diseoad that denatured SNAMA
protein could be successfully refolded by dialyagainst a phosphate-based
refolding buffer of pH 8.0, containing cyclodextrih-arginine, NaCl and
EDTA. This resulted in only a slight precipitatiohrecombinant SNAMA with
majority of the protein remaining in a soluble, aleed form (Figure 17).
Refolding took place at 4°C as this temperatureimiaes protein aggregation
best.

4.5 Confirmation of Correctly Refolded SNAMA Protein

Once refolded, it had to be determined whether GSiad refolded correctly
into its native conformation or misfolded into anmactive form. This was
confirmed through affinity binding and secondanysture determination of the
recombinant protein. Binding of GST-S to the glhkane agarose column and
elution from the column with reduced glutathiorlastrated that the GST tag of
the recombinant protein had specificity for thetgthione (Figure 18). This
confirms that the GST portion of the recombinamt@in refolded into its native
state, which is shown by its ability to recognizel dind glutathione. However,

this does not prove that the SNAMA fraction of tleeombinant protein has
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refolded correctly but suggests that it could hdwue to the GST portion having

refolded correctly.
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Figure 17. Dialysis of His-tag purified SNAMA protein. The Hiag purified

SNAMA sample before dialysis can be seen in lan€&dllowing dialysis the
now refolded SNAMA sample shows a slight decreasamount of protein,
which was confirmed by spectrophotometric quardtimn (lane 2). Denatured

inclusion bodies (IBs) prior to purification andabjisis can be seen in lane 3.

Circular dichroism (CD) spectroscopy was used tterd@ne the secondary
structure of the recombinant SNAMA protein by fay D spectra (between
190 and 250 nm). Initially poor readings were aidi due to the buffer

components of the sample interfering with the abaoce of light by the protein
at the lower, more significant wavelengths. Thesmmonents within the buffer
included sodium phosphate buffer concentrationjochextrin, L-arginine and

EDTA. Dialysis in the absence of cyclodextrin, lgaine and EDTA was

therefore attempted and proved successful, but @tice. Large amounts of
protein was lost during the dialysis due to absesfcthe refolding agents, and
thus protein was concentrated in order to obtaen l#ige amounts that were

needed in order to perform CD spectroscopy.
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Figure 18. Glutathione affinity chromatography of refolded GSTprotein. The
GST-S protein was eluted during the elution wasihguglutathione (lane 3),
with no protein present in the flow through wasimé 1). The dialyzed GST-S
protein sample prior to loading onto the glutati@@garose column can be seen

in lane 2.

The fact that there were CD spectra for both tii@ded GST-S protein sample
and the GST protein proved that the protein hadcarsdary structure and that
refolding had occurred (Figure 19). A CD spectrumthwo troughs or peaks
(zero absorbance) was obtained for the denature@-&$Protein sample,
indicating that there was no secondary structwesults not shown). This is what
was expected from a non-folded protein. The CD tspdor each of the samples
was then compared to typical secondary structueésetl in literature in order
to determine the secondary structure for the DCthefSNAMA protein (Kelly
and Price, 2000) (Appendix VII).

The GST protein was used both as a positive comindl a blank during CD
spectroscopy studies. As a positive control it iaged the characteristia-

helical spectrum having a trough between 200 aridrizd with lows at 220 nm
and 210nm, and a slight peak between them. Furtiretmthe spectrum
increased to an immense peak at 190 nm much ldssiclala-helical proteins.

This was expected as GST is predominantlyodmelical protein. The GST
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protein was also used as a blank against the GSAMBNprotein to eliminate
the effect of the GST tag secondary structure fitke secondary structure
determination of SNAMA.

The CD spectrum for the GST-SNAMA protein was vsiyilar to that of the
GST protein as it represented a protein that wasdgminantly a-helical.
However, the GST-SNAMA spectrum was different imattht showed a large
trough just below 200 nm that is indicative of atpi containing random coils.
The spectrum for only the DCM of SNAMA (GST-S — GSVas very different
to that observed when including the GST tag ast kll of its a-helical
characteristics. On the contrary, the spectrum m@isative of a protein that is
made up mostly of-turns, random coils arfttsheets. The presencefafurns is
represented by a slight trough between 220 nm &3@ 2n, a peak at
approximately 202 nm, and a trough at 190 nm (lidl8). Random coils are
represented by a major low at 198 nm while the gres of f-sheets is
represented by a slight peak at 196 nm.

The secondary structure determined for the DCM ®ABA by CD
spectroscopy is similar to that predicted by bioinfatic analysis and the
literature (Appendix IV). The DWNN domain is expedtto contain three and a
half a-helices, fivep-sheet strands and seven reverse turns (Pugh €08a6b).
The zinc finger knuckle usually has two shpustrands followed by a shoat
helix and connected by a turn (Krishna et al., 2008e RING finger motif is
usually made up of threg-strands, an-helix and long loops. The secondary
structure predicted using the PSIPRED bioinformptimgram was very similar
for these domains within the DCM. Overall, the peeetl secondary structure
for SNAMA showed a protein that consisted predomilyaof random coils and
turns with a greater presence®B8heets tham-helices. This data is similar to
that acquired from CD spectroscopy and thus it e@xluded that the protein
had refolded into its native conformation. This Wbultimately be confirmed

by testing for the activity of the pure refoldedi@in in an activity assay.
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Figure 19.CD spectra for the recombinant GST-S and GST preidihe yellow spectrum (square) represents the B&€in blanked
against its buffer and is predominaniihelical with a trough between 200 nm and 240 rmmwslat ~ 220 nm and 210 nm with a slight
peak between them, and a large peak at 190 nmbliieespectrum (diamond) represents the GST-S sabfguidked against its buffer
also showss-helical characteristics with a trough between 882 and 240 nm, and peaking around 190 nm. Howéhviar spectrum
also indicates the presence of random coils bylatge trough at ~ 200 nm. The red spectrum (cind@yesents the GST-S sample
blanked against the GST-protein and is indicativp-turns, random coils, as shown by a slight trougtween 220 nm and 230 nm, a
peak at ~ 202 nm, a major low at ~ 198 nm, a peakl®6 nm, and a trough at 190 nm.
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4.6 Ubiquitin Conjugation Assays Using SNAMA as th&3

The pure and correctly folded recombinant SNAMAteno was used as the
ubiquitin ligase (E3) in an ubiquitin conjugatiossay to ascertain whether the
protein has ubiquitin ligase activity. Initiallyghassay was performed with a set
of various ubiquitin conjugation enzymes (E2s) &tedmine which of the E2s
would function best with SNAMA as an E3. The keymgmnents of the
ubiquitination process were then examined by psriiog conjugation assays in
the absence of an E1, E2, E3, ubiquitin, Zn@hd ATP.

4.6.1 Specificity of SNAMA E3 activity to various E2s

SNAMA ubiquitin ligase activity was initially deterined using refolded GST-S
as the E3 and 8 different E2s in an ubiquitin cgajion assay (Figure 20).
Recombinant SNAMA (E3) is visible as an approxirha#) kDa protein, with
a ~ 23 kDa protein contaminant also visible in $henple. The various E2s that
were used are marked with an asterisk while theuitan activating enzyme
(E1) is visible as an approximately 140 kDa pratditbiquitin is visible at
approximately 35 kDa with a slightly smaller peptiof ~ 25 kDa also visible in

the sample.

The ubiquitin conjugation assays led to the ubigatton of the SNAMA
protein itself through a process known as autoubigion. This was evident
by the formation of “smears” in the SDS-PAGE geilttimdicate various degrees
of poly-ubiquitinated SNAMA protein (Figure 20). &hsmears depicting
ubiquitinated protein began at 100 kDa and incréasesize according to the
degree of poly-ubigutination. Majority of ubiquitited protein appeared to be
greater than 170 kDa in size, illustrated by inéesimears in the gel representing
a number of different sized proteins (Figure 20)isTwas expected as SNAMA
alone was 70 kDa in size while the ubiquitin molesywhich were fused to
GST, were each approximately 30 kDa in size. Thaugpoly-ubiqutinated
SNAMA protein tagged with only 3 or 4 ubiquitin neglules would already
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Figure 20. The test for ubiquitin ligase activity of SNAMA, drnts specificity towards various E2s. Ubiquitinnpagation assays
were performed using recombinant SNAMA as the E3(q«Da) with 8 different E2s (marked with an astér Ubiquitin and E1
are visible as approximately 35 kDa and 140 kD&igep respectively. “Smears” representing multijpbdypeptides as a result of
polyubiquitination are seen getting larger from rapgmately 100 kDa. SNAMA catalyses the ubiquitinat of itself
(autoubiquitination), illustrated by majority ofetpolypeptides being larger than 170 kDa in sizgquitination occurs optimally
with UbcH5 E2s, in particular UbcH5a.
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have molecular weights of 160 kDa and 190 kDa retsgy. It is therefore easy
to see that there would be many poly-ubiquiting®AMA protein larger than

170 kDa in size as was represented by the smear.

Recombinant SNAMA E3 had activity in the presenta aumber of E2s, which
include UbcH2, UbcH3, UbcH5 and UbcH6. However, SW® E3 had the
greatest specificity for the UbcH5 family of E2g, particular UbcH5a (Figure
20). This was evident through the appearance tieagteatest amount of poly-
ubiquitination occurs in the presence of the E2 W The formation of E2-
ubiqutin complexes was observed during conjugatissays as is evident by 57
kDa, 60 kDa, 70 kDa, and 75 kDa polypeptides teatasent the UbcH10-Ub,
UbcH6-Ub, UbcH3-Ub, and UbcH5-Ub complexes respebtti This was not
surprising as ubiquitin is known to bind E2 priar transfer of the ubiquitin
moiety onto the target protein during the ubiquitonjugation reaction (Figure
9).

4.6.2 Key components involved in SNAMA E3 ubiquitiation

Ubiquitin is capable of forming poly-ubiquitin cimai of 2 to 3 molecules, 70 kDa
and ~ 100 kDa in size respectively, in the presesfc&l and E2 and in the
absence of the E3 (SNAMA) (Figure 21). The 75 kDEgptmle in this sample
represents the UbcH5a-Ub complex as describedeeatiowever, reaction
mixtures in which E3 was present show far more pnemt bands as well as the
presence of additional polypeptides, particulaHg bigger polypeptides greater
than 170 kDa (Figure 22). This indicates unequiltgcthat SNAMA E3 is
essential for ubiquitination and catalyses selfjultination.
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Figure 21.The dependence of SNAMA E3 activity on key ubiquation factors.
Ubiquitin conjugation assays using SNAMA E3 werefgened in the absence of
each of the key players involved in ubiquitinationluding E1, E2, ubiquitin, or
zinc ions. Ubiquitination does not occur in the eaiie of ubiquitin, E1 or E2
(lanes 3, 4 and 5 respectively). However, ubigation takes place in the absence
of zinc ions (lane 2). Poly-ubiquitin chains of®23 molecules and the Ubc5a-Ub
complex still form in the absence of the E3 (SNAM&) s indicated by the three
additional peptides of approximately 70 kDa, 75 k&xad 100 kDa (lane 6).

The dependence of SNAMA E3 activity on key factorsolved in the

ubiquitination process (E1, E2, ubiquitin, ZnCI2,TR) was examined by
performing conjugation assays in the absence di e&these factors (Figure 21
and 22). E1, E2 and ubiquitin are crucial for ultigation to occur as is indicated
by no ubiquitination occurring at all in their abse (Figure 21). However, a
polypeptide of approximately 110 kDa does aris¢hi absence of the ubiquitin
activating enzyme (E1). This polypetide probablyresents the interaction
between E3 SNAMA (70 kDa) and the E2 (40 kDa) torf@ E3-E2 complex and
further confirms the specificity of SNAMA E3 for ¢hE2 UbcH5a. ATP is
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essential for ubiquitination as no ubiquitinatiaccors in its absence (Figure 22).
Furthermore, the formation of the E3-E2 compledlependent on ATP as no E3-
E2 complex formed in the absence of ATP. This i$ swrprising as ATP is

required for the activation of ubiquitin by E1..

1 2 3 4 5
E2: UbcH5b + =t + + +
ATP + + +
E3: SNAMA + + +
ZnCl, + + . + +
kDa = e .
R
-y 1
T P [
100 — “ oo -
T— VW Gaas = e -~ o=

-IU—D-?_‘..___—

35‘*._- - e ms S=—

Figure 22. The effect of ATP on SNAMA E3 activity. Ubiquitinoojugation
assays using SNAMA E3 in the presence of ATP regultubiquitination as is
evident by the additional polypeptides present asreear” in the sample (lanes 1
and 3). Reaction mixtures without ATP showed na sijubiquitination at all as
there were no additional polypeptides when the $amps separated (lanes 1 and
5). Ubiquitin and the E1 were present in all thacten mixtures when testing for
the dependence of SNAMA activity on ATP.

Surprisingly, SNAMA E3 mediated ubiquitination istnrdependent on zinc ions
for its activity as polyubiquitination occurs inetlabsence of Zng(Figure 21). In
fact, ubiquitination appears more prominent wherc s absent than when it is

present reaction mixture.
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5. DISCUSSION

Evidence suggests that SNAMA plays a roleDrosophila development and in
apoptosis, probably as a suppressor of apoptosiaegative regulator of an
activator of apoptosis (Mather et al., 2005; Joeteal., 2006). Recenth ENAMA
was characterized by Jones and his colleaguesnained the genini-me(mnm)
(Jones et al.,, 2006). They identifi@NAMA/mnmas a dominant modifier of
hedgehodoss-of-function. Furthermore, they go on to shinat SNAMA/mnmis
required for normal cell proliferation and for celirvival anterior to the furrow of
the Drosophila eye, but not posterior to it. Thus, their findings hand-in-hand
with our hypothesis that SNAMA/mnm is involved irellc proliferation as a

negative regulator of apoptosis.

Preliminary studies have shown that SNAMA probahtgracts with Dmp53 and
is involved in apoptosis via the Dmp53 pathway (Matthesis, 2005). Further
preliminary studies illustrated that the interactioetween Dmp53 and SNAMA
occurs through the DWNN domain within the DCM (Re#twp, thesis, 2007).
Groundwork has also shown that increased leveBNAMA mRNA and protein

probably result in decreased levels of Dmp53 arck wersa (Hull, personal
communication). Thus, SNAMA appears to regulatepapsis through the negative
regulation of the pro-apoptotic protein, Dmp53. sTh$ consistent with other
members of the RbBP6 family of proteins, which ameolved in tumorigenesis
through the negative regulation of p53 and Rb {lale 2007).

Transcriptional regulation dNAMAwas examined through analysis of the core
promoter elements surrounding the transcriptiort stte of the gene (Ntwasa and
Antunes, in preparation). This was achieved by BACE, which allowed for
analysis of the 5° region of the gene by ensutiveg amplification of capped

transcripts.
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Further elucidation of the functional role of SNAM#as determined by
confirming whether it exhibits ubiquitin ligase ady. SNAMA contains an
ubiquitin-like DWNN domain followed closely by a RFnotif within its DCM at
its N-terminus (Mather et al., 2005). The RING &ngonformation is responsible
for supplying RING finger E3s and U-box E4s witleithactivity, as they play an
essential role in conjugation of ubiquitin to targeroteins (Joazeiro and
Weissman, 2000; Aravind and Koonin, 2000). The omwtihat the RFL motif
would supply SNAMA with ubiquitin ligase activity ag tested by ubiquitin
conjugation assays using pure and active recombiSMNAMA as the E3.
Furthermore, the dependence of SNAMA E3 activitykey components of the

ubiquitination process was determined.

5.1 A Single TATA-less Promoter Regulates Expressio of
SNAMA

The transcription start site 8NAMAwas initially predicted to be approximately
2.2 kb from the translation start site, which wotlve given rise to mRNA of
approximately 4.6 kb (Mather et al., 2005). Deteration of the transcriptional
start site by 5° RACE implies that tS&AMAtranscript would be approximately
3.9 kb in size. This finding was supported by Joaed his colleagues who
identified the expression of 3.9 kb transcript tlgbout development in
Drosophila(Jones et al., 2006). Thus, tBBlIAMAtranscripthas a 5° UTR of 81
nucleotides, interrupted by a large first intron0o84 kb, and giving rise to an

MRNA sequence of approximately 3.9 kb.

Determining the transcription start site of a gemakes it possible to identify
regulatory regions of that gene and ultimatelygh@moter region. We show that
there is a single site of transcription initiatitor the SNAMAgene (Figure 12;

Appendix 1). A sequence extending 1000 bases upstrend 70 bases

downstream from the transcription start site wasdut search for potential
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transcription factor binding sites and core promo#éements (Ntwasa and
Antunes, in preparation).

No plausible TATA box was identified in the expettegion 23-33 bp upstream
of the transcription start site, however, it is Wmothat less than 40% of
Drosophila promoters do not contain a recognizable TATA b@ershenzon et
al., 2006). Furthermore, the sequence at the trigtisn start site (GCATC)
matches the published initiator element (Inr) cosss sequence, which is
present in approximately 65% Dfosophilapromoters (Gershenzon et al., 2006).
There is also a good sequence match (GTCG) withdtvenstream promoter
element (DPE) consensus sequence, 32 residues ftleams from the

transcription start site (Appendix I).

In order for transcription initiation to occur irosophila the general
transcription factor TFIID must first bind the proter, thereby creating a
platform for the assembly of additional componeatshe initiation complex.
TFIID requires one of three elements or combinatbthem in order for this to
occur, namely the TATA box, Inr and the DPE. ThBBlAMAhas a TATA-less
promoter region containing a combination of theecefements Inr-DPE that is

needed for the binding of the transcription inidatfactor TFIID.

This work shows thaBNAMAIs regulated by a single TATA-less promoter that
gives rise to a transcript of approximately 3.9 Hbowever, an additional
transcript ofSNAMA approximately 1.8 kb in size, has also been ifiedtin
Drosophila during devlopment (Jones et al., 2006). The sizéhwf additional
transcript seems to indicate the independent egioeof the DWNN domain,
much like its mammalian RbBP6 counterpart. Howevarther experimental

evidence is needed in order to confirm this hypsithe
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5.2 SNAMA Exhibits Ubiquitin Ligase Activity

The release of sequence data, particularly fromumber of medically and

biotechnologically important genomes such as th&@rosophilg is increasing in

an exponential fashion. In light of this, eluciaatithe structure and function of
proteins in these organisms is important. Detemginwhether the DCM of

SNAMA portrayed ubiquitin ligase activity was exs&re and complex. It

involved a number of consecutive processes thanhatkély led to a pure and
active form of the SNAMA protein that could be usedithe ubiquitin ligase in an
ubiquitin conjugation assay.

5.2.1 SNAMA has E3 activity capable of auto-ubiquihation

The DCM of SNAMA exhibits ubiquitin ligase activitthat is capabe of self-
ubiquitination (Figure 20). Auto-ubiquitination &NAMA during the ubiquitin
conjugation assays is most likely due to the ubipike DWNN domain within
the DCM. This domain probably serves as the sufestfar the covalent
attachment of ubiquitin molecules by the RFL mofiSNAMA. This attachment
most likely occurs at the conserved®Kesidue and not the more commoff K
residue as this conserved lysine is absent in iIMNE domain. The choice of the
lysine residue used to form the ubiquitin chainluehces the fate of the
ubiquitinated protein (Stone et al., 2005). Theefaff K** and K° poly-
ubiquitinated proteins is degradation by the 26&gasome (Pugh et al., 2006),
whereas protein modification with a poly-ubiquilfi* chain has been implicated
in protein activation (Deng et al., 2000). It issgible that SNAMA utilizes
different lysine residues on ubiquitin for poly-ghitination in comparison to
characteristic RING finger E3s. Further investigatis needed to determine the

exact lysine residue that is used during ubiquiime
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5.2.2 SNAMA demonstrates optimal activity with UbcHba

The presence or absence of polypeptides in thatgakzes greater than 100 kDa
indicates whether poly-ubiquitination has occuroednot occurred respectively
(Figure 20). Using this information it can be notb@t SNAMA has ubiquitin
ligase activity in the presence of a number of E2d include UbcH2, UbcHS3,
UbcH5 and UbcH6. However, SNAMA has no activitytle presence of the E2s
UbcH7 and UbcH10. Furthermore, it appears as thooglactivity of SNAMA is
greatest when using the UbcH5a conjugating enzymeetal the greater intensity
of the bands, thus confirming that SNAMA has grsagpecificity for UbcH5a.
RING finger ubiquitin ligases bind specifically em E2 in addition to a target
protein in order to promote ubiquitination of tlaeget protein. SNAMA probably
binds UbcH5a and forms an E3-E2 complex throughiams between a groove in
the RING domain and the two loops in the E2 folddd and Howley, 1998). The
function of SNAMA ubiquitin ligase activity is thefore dependent on its RING
finger-like motif within the DCM that forms a RINfhger structure.

5.2.3 SNAMA is a classical RING fingerE3

SNAMA mediated ubiquitination occurs in the preseaad absence of zinc ions.
Typical RING fingers are known for their dependemce divalent metal ions,
such as zinc, in order to exhibit their ligase \atti (Freemont, 1993) whilst U-
box E4s are capable of ubiquitination in the absefdivalent ions (Hatakeyama
et al., 2001). The reason for this can be attridbtivethe way in which each ligase
stabilizes its RING finger conformation, which igpkndent on the sequence
composition of their domains. Characteristic RIN@gér E3s rely on conserved
cysteine and histidine residues, that co-ordinat@ zinc ions to maintain their
RING finger conformation (Borden, 2000; Saurin let H996). In contrast, U-box
E4s stabilize their RING finger fold through hydesgbonds, salt-bridges and

conserved hydrophobic residues within its consensus
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The fact that SNAMA has ubiquitin ligase activity the absence of zinc ions
seems to indicate that the RFL motif still form&RHING finger structure in the
absence of zinc ions. It is easy to assume thatNBAAs a U-box E4 due to it
having activity in the absence of zinc ions. Howewoser investigation shows
that the primary structure of the RFL motif resemsbthat of a RING finger
domain and not a U-box domain. Multiple sequendgnalents between the
SNAMA RFL motif and the RFL motifs of other RbBP€ofeins show that they
all have a consensus sequence like that of thessical” RING finger domain
(Figure 23). This is evident by the presence ohlyigonserved cysteine residues
in the correct positions within their sequencescantrast, the characteristic U-
box domain from Ufd2 showed no significant homoldgyeither the SNAMA
RFL motif or other RbBP6 family proteins.

SNAMA can be defined as a RING finger-like protdimat functions as a
chracteristic RING finger E3 and not a U-box E4.efiéghis no experimental
evidence to demonstrate exactly how the RING firgerformation of the RFL
motif is being stabilized. However, the RING findeld is probably maintained
by salt-bridges, hydrogen-bonds and disulphide bdyetween cysteine residues,
that form during refolding of denatured recombin&NAMA into its native state.
To assume that SNAMA is a U-box protein would bédbespecially with no
experimental evidence of how the RING conformatienstabilized. Further
research of the crystal structure of the DCM of 3MA would confirm the
characterization of SNAMA as a RING finger E3.

This work represents the first evidence of a mendfethe RbBP6 family of
proteins having ubiquitin ligase activity. It hasem suggested on a number of
occasions, by various groups, that RbBP6 proteimsidvexhibit ubiquitin ligase
activity due to the presence of a RING finger-liketif in the DCM of these
proteins. Li and his colleagues showed that the sadebBP6 protein (PACT)
interacts with Hdm2 and enhances Hdm2-mediated uitbigtion and

degradation of p53 as a result of an increase BrHx&m?2 affinity (Li et al.,
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2007). However, no group has shown that a memb#reoRbBP6 protein family
has ubiquitin ligase activity on its own until nowhere it is shown that SNAMA
is capable of ubiquitination. SNAMA is also one wéry few proteins that
contains a RFL motif capable of exhibiting ubiquiligase activity. Furthermore,
SNAMA is the first protein to exhibit “classical’IRG finger ligase activityin

vitro, in the absence of zinc ions.
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L.gambiae_mosquito
N.vitripennis_wasp
T.rastaneum beetle
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RbBPE_G.gallus_chicken

9 EbBPE_R.norvegicus_rat
10 RbBPE_M.musculus_mouse
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Figure 23. Multiple alignment of RING finger motifs from the bBP6

superfamily. Orthologues of the SNAMA RFL motif wegenerated from the
BlastP bioinformatic tool followed by alignment ihfe sequences using ClustalX.
The conserved cysteine residues involved in thendtion of the cross-brace
structure of the RING finger are numbered at the ¢d the sequences. The
conserved histidine in the fourth ligand has bedrsstuted in all the RFL motifs
of the RbBP6 family of protein. The classical U-bprotein, Ufd2, was also

included in the alignment.
SNAMA is involved in regulatory pathways that affeapoptosis and cell
proliferation. A number of preliminary studies alshow a definite association

between SNAMA and Dmp53, much like other members tltd RbBP6
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superfamily. Furthermore, SNAMA functions as a &rgpecific RING finger E3
capable of ubiquitination. Ubiquitination is pivbtéor the modification of
proteins that are involved in a wide variety calluprocess, thereby maintaining
the homeostasis within the cell. Thus, SNAMA repras a desirable target for
drug therapy and pharmaceutical intervention dudtdohigh specificity and
ubiquitination of target proteins that are involvadimportant cell signalling

pathways, that include apoptosis.

5.3 Conclusion

The SNAMAgene is regulated by a single TATA-less promotat gives rise

to a single characterized transcript of approximge8e9 kb.

* SNAMA is a characteristic RING finger ubiquitin &ge that it is capable of

auto-ubiquitination, particularly in the presenééJbcH5a.

« SNAMA is the first identified RING finger E3 thatsi capable of

ubiquitination in the absence of zinc idnsvitro.
» This work represents the first evidence of a menafehe RbBP6 family of
proteins having ubiquitin ligase activity and shawvat SNAMA is one of few

proteins to exhibit ubiquitin ligase activity hagia RFL motif.

* SNAMA is an important target for drug therapy antiapnaceutical

intervention.

5.4 Future Work

The first objective would be to generate a pure aciive recombinant Dmp53

protein that could be used as a substrate durmgbiquitin conjugation reaction.
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Dmp53 has already been shown to bind SNAMAvivo and increased levels of
SNAMA results in decreased levels of Dmp53 and wegsa. Therefore,
determining whether SNAMA catalyzes the ubiquitioat of Dmp53 would
increase the understanding of programmed cell deatBrosophila through
Dmp53. Furthermore, Dmp53 ubiquitination by SNAMAowid confirm an
interaction between the two proteins and the inswlent of SNAMA in

programmed cell death through Dmp53 regulation.

The determination of the lysine residues utilizadiny auto-ubquitination of

SNAMA and formation of poly-ubiquitin chains woulae useful in providing

insight into the fate of proteins that are ubqated by SNAMA. This could be
determined by mutational analysis of lysine ressdirethe DWNN domain of

SNAMA, or lysine residues in the ubiquitin molecuilthat are used during the
ubiquitination process. Alternatively, the crystatructure of the auto-

ubiquitinated SNAMA would illustrate the lysine réses that are being utilized
during ubiquitination.

Examining the way in which the RING finger confoima of the RFL motif is
stabilized could be another important investigati®his would support the fact
that SNAMA functions as a RING finger E3 and noU#&ox E4. This would
most easily be achieved by examining the crystalcgire of the DCM of
SNAMA. However, it would be possible to examine htlwe RFL motif is
stabilized through mutational analysis of importamsidues (such as the
conserved cysteines) in the RFL of the DCM.
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6. APPENDIX

6.1 Appendix |
The SNAMA Protein and cDNA Sequence (NCBI, Locus ndNM_138040)
gtcacgttctagtaaattggaaaaaaataaaatcgtcggagttttta t 1
T.5.5. 1

Lgoagagtagtatttotttoatatgoaactatgtogytacactataaatttaagagtaca 6l
M 5 v H ¥ K F E s 1T 2

ctogactttgatacaattacttttgatygact teacattictgteggygacttaasaagy 121
L w F b T I T F ©n & L H I 3 W ¢ D L K E 44

gagattgtgoayoayaagoactyygoasaatcatcdactttgatetocaaataacaasat &)
E I ¥ o o K R L ¢ K I I b F D L o I T N &

gogocagagtasagaagaatacaagyacgat gyt tocttat toccasaaacacaacgety 241
L& 9o 3 E E E ¥ K D b & F L I P EKE M T T L El
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I I % B I P I A H P T K K ¢ W E P P & 4n 10
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I P E T ¥ H R I E & © 8 o ¥ 5 E W P A g 16l
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¥ R ¢ N E C K K 3 3 H W I E N C F F W & 18
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K b o o E ¥ E B N T ¢ I FP R S F E D E 20
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P D b p E N E 5 4 D F W L P &b W Q N o E 2

RF Tail Internal
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I P E D L I ¢C & I ¢ B D I F W D 4 ¥ M 1 324
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RF Tail
gatagtgagtgoocogat tyoaayyagaagaactgttcgoctggetocetgatacctaat 241

L & E ¢ P D C K E E N C 5 P ¢ 3 L I P N 2E

cogttottgagyaattoggtgasac oo tttasaaatagactgyytataacasaagoegog 901
FE F L R N 3 ¥V W A F K N E T & ¥ N E 3 & 30

gotaagocagoctgcagtaaaaaatgaggaaasacctocct gt tyaaasagaagtggagaaa 961
L K P R b ¥ E N E E K P P ¥ E E E v E E 3
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aagooagtogoygagytgoaaccogaagagactyagytgasacct gasaagoansaagan
K p v A E v E P E E T E Vv K P E K Q@ K E

toogasaccaatyyoagtaatcogocaaaatcgyaatotocagagoo oo gUaaccaca
s ET N ¢ 5 W P P K S5 E 3 P E P P L T T

JaacCcatCaCaAdaaAdyadasarataaatatgat toagactacgagyataacattaccata
E P 3 o E E E I K ¥ I &5 I ¥ E I N I T I

aasatgoococagoctyoagotyattotacaacaytyoccagoaaaagatcocccagttat
E ®m p o P A& o D 5 T T ¥ P 3 E B 5 P 5 ¥

toocacagaagtyaatcctotcatcgacgyyacagyiogyattatgttoogatcacgat
S HE 3 E S 35 HRERTDER 3D Y V¥V 5 D HOD

Cacaagraccaacghocatcaaaategyagtetgttaacaaggatcgeagtotoctgoos
H E H ¢ R P 2 K 3 E 2 ¥V N E DD R 5 L L P

ttgoooattggoacootgoctagyetaccagyyocacatyatggoogaat cagasgasgot
L p I ¢&# T L P 3 ¥ Q@ ¢ H M M o E S E E L4

cgtogatocgagtgoctataagoococttatatgoasatyoagogygyoccacctoctaty
R B 3 % o Y E P P Y M ¢ H 0 R ¢ F P F N

cacatgatgagtoaccacatgocayectacaacaacyygtttaacaacatgygacagagy
H M M 35 H H M P B ¥Y N N &G F N N M ¢ o E

Cotoocctoagotatytgoogtatcaaaacosatocgtacaccocaatgogtgogoogtac
P P L 5 ¥ ¥W FP ¥ 0ON Q 3 YV HPF N R 4 P T

gyatctgoaggogyaggtatgaatatgaatatgioacaaccatttcagtocoocaaattta
3 L ¢ ¢ o M N M N B 33 0 P F 0 5 P N L

groctogatataccaagggytggoayegaagyytogyttecggtooccat tgacgatocogh by
L 3 I ¥ o & ¥V L A K VvV ¢ &5 ¢ P I D DI P L

gaggocttoaatogoatcatgaagyayaagyagcgyaayaaggtggaccgrt ttogaags
E B F W R I M K E K E R E K ¥ Ih B F E &

tetgaccgocacaggtoaaggtococcgyatagacasagyoaccyoctttaagtotoccaty
s O R H R 5 E 3 P IR @ FE HEREVF K 3 F N

tacgassaggacaactocaygyyataatetcaagyacaaaagaccgogat cocgygasagy
¥ E K »p N & R bbb W L E DD E R P B 3 R E ERE

saagogagaacatagotacgaacggoatatacgooacootogttotagtogooagoogaat
K R E H 353 ¥ E R H I B H P R 5 5 R QO B N

gatggototaagtooccagytgyoayastoaaaagatotgyacatogtogototgoatet
r ¢ 3 K 3 P & ¢ R I K R 35 G HE R 3 L 3

1021
34

1051
361

1141
381

1201
401

1261
421

1331
441

1381
461

1441
451

1501
501

1561
B

1631
34

1651
561

1741
581

1301
a1

1261
621

1921
41

1951
fif1
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CrasAagUogygotacaagagtgat taragagacaagocgtacsacaaguotagtgotoos
F KE P ¢ Y K 58 b Y R D E P ¥TY N KE P & 4 F

aasacgyagyoagttgagootoctooooooygat togagoogttyoagetgacggat gas
E T E LV E P P P P ¢ F EP L o© L T D E

gacgyotacagyascaagoacocgaccagyt togyaageatcacaaagoayoaagoytgat
bp ¢ ¥ R W E H P T 3 3 E &4 3 9 5 5 K & D

agcagoaadaadagayddoasaacagUoacgaagagdodocacyaaagadaoacaggtot
2 5 K K R ¢ E W R H E E o P B E B H E &5

Cycagoattagoaagyaaccgaagecgaatgacagoaactacayjagoctgactocacca
R 5 I 3 K E P K P N D 3% N ¥Y B 55 L T P P

grassgatCcaccacaccgassatgactgotgoccadt tgaggoaacgogasagttoaced
L K I T T P K B T 4o 4 o L R Q R E 5 35 F

aagacgoogyasaagagtcacgacyattatctgaccyogaaggocagaat tatggoc Lo
K T pP E K 535 H I I ¥ L T & K & E I M 2 5

CAagoccytoatoaacyacacJyaaatgyayaccaatytgyycaadyagaacanyyecany
Q p Vv I W I T E MW E T N Vv ¢ K E N K b K

agtocgttgtoasaagatogoaayaadaagaagaayyacaagyacaaqyctyagogeang
= P L 35 K DD R K K K E E I KD K A E E K

agssacaagyaagyacaagogogotaayaagyagasagyyyatcgocagasyaagagotos
KN K K I E R o K K E E & D R 2 K E 35 3

tocagttaategatctgactogyatattaaoaacagetoactaatgaacyaytoaaat tat
= v w B 5 D 3 I I N N 5 35 L M N E 3 N ¥

aaagtattgtotoccagygotoaaagtooccagrattgayateaatgogyotoaacttoon
K v L 5 P R o 0 3 P 5 I E I N 4L A o L 3

Ccotactoacaacgotactgasaacgttaatocgaagagtoattocatocttactgtgygt
P T H W B T E N ¥V N P E 55 H 5 I L T W &

gotgotagogacgataatctigyoccaagaagrasactoagogaggotaattotgtoaat
LA L 5 D DN L & P R 3 E L 3 E L N 3 WV N

ctatccasatgygasatocgacgagaatatcttagyt ttygagyat toctocaasasaagot
L & K w E I p E W I L < L E D 5 5 K EKE L4

googdggoctosgacgatcogtogyaaataacttoagacgtoctgogaaayyotgagaac
A ¢ L 3 bbDD P 3 E I T 35 I ¥V L R E A E N

groaatatttgoaaagyotattaatgooatcagyoctatyyagtttoaagttattatocaat
L I F A K & I N & I B P M E F o Vv I I N

2041
51

210
701

2141
T21

2231
T4l

2281
il

2341
TE1

2401
201

2441
221

25331
241

4581
261

2641
251

2701
201

2761
921

2821
241

2851
961

25941
951

3001
1001
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Locaaggacsacagoaagoacogotocgtagttegaagtgacaaggatogotectectea 306l
S ¥ p W 3 E D R 3 ¥V ¥ B S I E I B 3 3 35 1021

Cocagyogtaacaacagoagcagyicggtaasyyataggotggyoaccaagyatttocaat 3121
P R R MW N % % E 2% W KE D R L & T E I 3 N 104

gatagaagoogttogogagacaagtogaaggdoragyogocgggoogoaagyagotoogac 3181
n R 3 R 3 BE D E 3 KE ¢ R R E 4 A E 3 3 D 108

gacgatyogeaccyoggoagytogyatcgioatgyagocgyaagagggacaacagatce 3241
r »n L W R ¢ R 5 D B H ¢ 3 R KE B DI N E = 102

Ccogogacaguyogyogoct toagayaayagyoayyagogttogtacaagogasagotogocg 3301
E ID R &4 4 P 53 E K R o0 E R 3 ¥ K R 35 3 P 1101

JagyacyacaagUtagyogooayastanyysacagtoogaatooaagoacguasagoar 3361
E P D E L R R 0 N K E © 3 E 3 E H ¢ E H 111

gatcasagacsatagogacgactogyatcggagyyogyooaaanacaccaagytocagogac 3421
r oy ¥y 3 p p 5 D B R A A E N T EKE 5 35 D 114

agoogagtgytotoctotgtaacagoogigyt tgotootoocaaacootgiogtocagas 3481
F R ¥ YW &8 % ¥V T AL ¥ W L P P E P C E F DI llal

aaccogtboogoaagttogtogacaccagttogtogagoagettagttgtaaaatatgat 3541
N P F E E F ¥ D T 3 3 3 3 3 L ¥ Vv E ¥ D 118

aacacgatacagaagyagyycycgiociogyacaacgycargyagcacagdaagoadadd 3601
Nw T I o K E ¢ 4 5 5 I W G MW E H R E 2 E 120l

gataagaagotgaagaascattoaasatattocgioaaccgat togyt tyaagagogagasag 3661
r ¥ K L K E H & EKE ¥ 3 5 T Db 3 L E & E E 1221

Ccgoaagyatoocgaadagoassaayaagayrasgat tttgaagaayaagyaaassatoasag 3721
FE K I P KE 3 K K K 5 K I L K EKE EKE EKE EKE 3 K 1241

aagtagyttacgytagyotacgagyataagaatygatatasatattyaagattaatytgas 3781
E - v T v ¢ ¥ E I R M I - I L K I N ¥ T 1261

amatcasagatttttaatgtatgtatttateatgraactataagtatacaaataaaacay 3841
K 5 K I F W v ¢ I ¥ H o T I 3 I o I E 2 121

aactactoaaaaaaaaaaaaaaaaasasaasaasaas 3901
N Y 3 K E E E K E E E K 1301
KEY
Blue: Reverse primers used for 5° RACE and sequencing
Underlined: DWNN Catalytic Module (DCM) of SNAMA
Green: DWNN domain
Purple: Zinc finger motif
Red: RING finger-like motif
Red Block: Transcriptional &rt ste (T.S.S.)
Inr & DPE : Initiator and_Downstream Romoter Bement
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Chromosome Map of the 5° RACE Products

6.2 Appendix Il
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6.3 Appendix Il

iFOLD ™ Protein Refolding System Plate Layout
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6.4 Appendix IV
Secondary structure prediction for SNAMA DCM

Al
PSIPRED
conf : {In00008:500030300-0000as00000000000=0000¢
Ered: g % ¢
Pred: CCEEEEEEECCCCCEEECCCCCEEHHHHHHHHHHHCCCCC
AR : MSVHYEFES ']I:'LN FDTIT FD'Z?:LH ISVGDL K_FIEE IVOQERLG IIC
10 20 30 40
Conf : 1a332n000nn001000:00000-23000000000=00000¢
Pred: : ‘T 1 —
Pred: CHHCEEEEECCCCCCCCCCHHHCCCCCCEEEEEEECCCCC
AR IIDFDLOITDIIAOSKEEYIGD]ZI)GFLIPKNTTII.IISRIPIPJ—I]E?
50 a0 70 80
conf : |INaa=asnd0ldononassnld0000sa=a000000000¢
Pred —h a0
> A
Pred: CCCCEEECCCCCCCCCCCCCCCCCCCCCCCCCCCHEHHEEHE
AR : TEEGWEP PP&}?.ENP.F SAEPF&I‘ICQDNFNT-DLS II(]‘-TQGTEEDKICIQ
Q90 100 110 120
Conf : |10Jaammasn0maa0000o000000000000_so000a00t
Pred !
Pred: HHHHHCCCCCCCCCCCCCCCCCCCCCCCCCCOCCOCCCCT
AR AIV]I‘-’II\‘IQSTVD‘{DPKTYHRI K",?:QSQVGE.’VPRF%' RCNECEESG
130 140 150 150
Conf : 1103320010000 052o00500000aa0000a00 00000t
Pred :
Pred: CCCCCCCCOCCCCCHHHCCCCCOCCCCCCCCoCQooocooeo
AR : HWIENCPF 'Z%GKDQQE.’VKRD;JTGIPRSFRDIICPDPAENESBIIJ
170 180 190 200
7 P e e o e o1 1
Pred o
Pred: CCCCCCCCCCCCCCEECCCCHHHHHCCEECCCCCCHHHHH
AR F'VLPP.VQNQE:! IPEDLICGICRDIFVDAVMI PCCGSSEFCDD
210 220 230 240
Conf : |1110000a0000a00000t
Pred: D —
Pred: HHHHHHHHCCCCCCCCCC
AR : [CVRTSLLESEDSECPDCK
250
Legend
:4—; = h=lix Conf : 3:.]] :l][ = confidence of prediction
- +
:> = strand Pr=d: predicted sscondary structure
- = coil AR: targst seguence

LITERATURE

Ezxpected:

- 3 and a half alpha helices
- 5 beta sheet strands

- 7 reverse turns

Zinc Finger
Expected:

- 2 beta strands

- shoet alpha helis

- comnected by a loop

RFL Motf
Expected:

- 3 beta strands
- alpha helix

- long loops

(A) Prediction of the DCM secondary structure ust®PRED

(B) The secondary structures of the domains withex\DCM as mentioned in the

literature.
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6.5 Appendix V

TA cloning vectors

Scal1890

Xmn 12008 |~

r e

pGEM®-T Easy

Vector
(3015bp)

2

e b |

LD s e}
ok o OIS ed =

—
ok L3 123

L

BstX |

How
i | 127
141
SPB
T7 Transcription Start
§ . TOTAA TACGH CTCAC TATAG GGUGA ATTGG GUCCG ACGTC GCATG CTCCC GOCCG CCATG
3., ACATT ATGCT GAGTG ATATC CCGCT TAACC COGGC TGCAG CGTAC GAGGG CCGGC GRTAC
T7 Prometer | I I | | I
Apal Al Spol el Neo
GCGGC COOGE GAATT !I{BMTE‘(d aned ins m) ATCAC TAGTG AATTC GCGGC CGCCT GCAGG TCGAC
COCCG GOGLC CTTAAGLTA TV YTIAGTG ATCAC TTAMG COCCG GCGGA CGTCC AGCTS
: o :
et 320 || EcoR | Spel EcoR | st Sal
Bsel | ) Batll
SFE Transcription Start
CATAT GGGA GAGCT CCCAA COCGT TGGAT GCATA GCT TG AGTAT TCTAT AGTGT CACCT ARAT .. ¥
GTATA CCCT CTOGA GGOTT GCGCA ACCTA COTAT CGAAC TOATA ASATA TCACA GTGGATTTA . . &
Noe | Sacl

SsrXl

Nail

SFG Fromoter

BT AT T

pGEM"-T easy cloning vector map and MCS (Promega, A 1360
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Lo Tenhrabaicn uden
M R glomg S T3 plomg e
201 QCICRGGR ACKOCTRTOA CCATGATTAC COORGCTOR GARTTIROOC TCACTINUGS
OTUTONOOTT TOTWOATROT GOTACTAATS OOOTTOMGACT OTTARTTONS ACTOATTICD
s P F'm BeoR Ec.'vﬁ "ﬁ’c‘i{
261 GOTACTOOT GCAGSTTTIO ACCIITTONS O PCR  AbTe il El i pae e
CTATCATGR COTOCAMATT TOOTTRAGES So e A CTTANGOGOC

TV piiming dke M Fomman X0 ) pdmng 8%
311 | COCTANOT C;ﬁmr}fc*:‘. TRTAOTGAOT 'f'f‘ﬂ}'\ﬂfé‘ A T'ET;‘:.!T!!‘;T;.‘?:‘ R‘I\r:mﬂl
GIOOATTTAR CTTRAGIOON ATATCACTOR GOATAATOTT ARCTOROOGS CROCAIATS

CAP binding sitel bases 85-132
RNA polymerase binding s bases 133178
Lac repregsor bihaing site: bases 179198
Stan of transcnpton: base 179
M13 Reverse priming ste. bases 205221
LacZa-codB gene fusion: bases 217-810
LacZa portion of tusion: bases 217-487
codB portion of usion: bases 508-810
T3 priming ate. basss 243262
TOPO® Cloning a2 bases 254-285
T7 priming site: bases 328-347
W13 Foreasd (-20) priming ate: bases 355-370
Kanamyan promesarn bases 1021-1070
Hanamyan resstance gang bases 11381853
N (ble) ressiance gene: bases FR0GE-3083 (o)
i {Dls) pramater: bases 3064-3180 (c)
plUC origin: bases 3161-3834
(o] = complamentary atrand

A
3956 bp
Comments for pCR¥4-TOPOY
3956 nudeotides *?;%'
&)
I8¢ promoter region: bases 2-218 f%k )

pCR®4-TOP® cloning vector and MCS
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6.6 Appendix VI
pPET41(a) expression vector map and MCS (Novagen, 996-3)

Xho t {174
Eag 1 (182)
Not | (182}
Hind Il {183}
Sal l (1995
Sac | {208)
Pstlj214)
Ssed387 1 214)
Asc {218}
Stu 1 {22¢)
BsrG {225}
EcoR 1238
BamH | {241}
EcoR V{251
Nco | {255)

1 PshA 1285

Ayriliizn
Bput102 kel
i

1243)

pPET-41a(+)

(5933 bp)

il CRAAZAARZEICTRCTCS AR RLCACA ) ICATALCEATCANCRC I CCCETGA TCACEACCACAAS
T Mat Lya Qi | da Ala Als Lya e Gl by © Fy o L aly aly G Gy far Gy hop hap hag Aow oy
anterokinggs
g E\-E Al 16-1ag
DCM of SHAMA AL 1192 EaEe0E A TC IR LECAEEACEAET A LA CIET
dln Ma Cys Qiy drg The Arg Mla Fre Pre Pre Prs Pro Prs Py
Al Bid2| T7 termin
ACDTAGGE IGC TRAACARACTC COAMBGRARCL TGAGT 1 GEL 168 TGCLIA n ARTL SRAGLCTR I AAA Wi A=A 1 .

[ AL
TT tarminator primer #EL317T-3
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6.7 Appendix VII

CD spectra of characteristic secondary structures

LY

(&)

L=

[&] {deg.ont dmial ')

1) =

L /] i i i A i
L] 1M 1an 240

Wave kenyh (nmj

Typical CD spectra for am-helical protein (Kelly and Price, 2000)

12+5
9a+4 — }? ‘4;.] —&— a-helix
(%v . —8— P-sheet
"o A §
o A\ 8- P-tum
fa+d g W . . :
\ —# random coil

m’fdmol

~
L

deq.

(#

Wavelength, nm

Basic CD spectra extrapolated from spectra fromrb8eins (Greenfield, 2004)
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6.8 Appendix VIII

The molecular weight markers

Klla
bp
3000 ~17 0
2000 .
‘*%%Qié
200
1§§¥ ~100
900
800 R ~F
600
YL _
500 85
400
300 ~40)
200
35
100
il --.-25
— ] 5
~] [

GeneRulelM 100 bp DNA Ladder Plus  PageRulé™ Prestained Protein
Ladder
(Fermentas, SM0321) (Fermentas, SM0671)
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