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Abstract

O-linked p-N-acetylglucosaminidase (OGA) is the enzyme responsible for removing the
O-linked B-N-acetylglucosamine (O-GIcNAc) modification from serine and threonine
residues of a variety of proteins, while its addition to protein targets is catalyzed by O-
linked p-N-acetylglucosamine transferase (OGT). sxc/Ogt is essential in Drosophila
melanogaster; however, it is unknown whether Oga is also essential in flies. | found that,
in flies, a significant decrease in Oga transcript induced by RNAi knockdown is not lethal
and that a nonsense mutation that putatively results in the translation of a C-terminally
truncated version of OGA is viable when crossed to a deficiency known to span the Oga
locus in the genome; however, reduced viability was observed when ubiquitously
overexpressing two copies of Oga cDNA. Reduced expression of Oga and Ogt in
Drosophila insulin-producing cells, via targeted RNAIi expression with a dILP2-GAL4

driver, results in a slight increase and decrease, respectively, in male body weight.

Keywords: O-linked p-N-acetylglucosaminidase (OGA); O-linked p-N-
acetylglucosamine (O-GlcNAc); O-linked p-N-acetylglucosamine
transferase (OGT); Drosophila melanogaster
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1. General Introduction

1.1. What is O-GIcNAc?

O-linked B-N-acetylglucosamine (O-GIcNAc) is a posttranslational modification
(PTM) that has been studied extensively since its identification on lymphocyte proteins in
1984 (Torres & Hart, 1984); the modification consists of the addition/removal of a single
GIcNAc moiety on serine or threonine residues of the over one-thousand nuclear and/or
cytoplasmic protein targets (Bullen et al.,, 2014; Gao, Wells, Comer, Parker, & Hart,
2001; Holt & Hart, 1986; Wells, Vosseller, & Hart, 2001; Zeidan & Hart, 2010). O-
GIcNAc is considered a signal transduction modification because it is constantly being
added and removed in response to certain stimuli (Wells et al., 2001). O-linked p-N-
acetylglucosamine transferase (OGT) catalyzes the addition of at least one O-GIcNAc
group to protein targets, whereas O-linked p-N-acetylglucosaminidase (OGA) catalyzes
the removal of the GIcNAc moieties (Hart, Housley, & Slawson, 2007). This process,
termed O-GIcNAc cycling, is found mostly within the cytoplasm or nucleoplasm (Hart et
al., 2007). O-GIcNAcylation is one of the most abundant PTMs and it is thought to fine
tune various cellular processes in response to nutrient levels and stress cues within the

cell (Hart, Slawson, Ramirez-Correa, & Lagerlof, 2011).

Perturbed O-GIcNAc signalling has been putatively linked to many diseases,
including Alzheimer’s disease, cardiovascular disease, diabetes and cancer (Slawson,
Copeland, & Hart, 2010). The large number of functionally diverse OGT/OGA protein
targets include components of many crucial cellular processes; a few noteworthy
examples include regulation of transcription, translation, various signalling pathways and
the stress response (Hart et al., 2007; Slawson et al., 2010). Clearly, the vast array of
protein targets suggests that many pathways are reliant on particular substrates being

O-GIcNAc modified to provide appropriate downstream cellular responses; and, that O-



GIcNAc cycling is an important regulator of protein activity (Hanover, 2001; Love &

Hanover, 2005; Sekine, Love, Rubenstein, & Hanover, 2010).

Interestingly, OGT and OGA are the sole enzymes responsible for O-
GIcNAcylation and de-O-GlcNAcylation, respectively; this is in distinct contrast with the
large number of protein kinases and phosphatases responsible for
phosphorylation/dephosphorylation of specific targets (Lewis, 2013; Ozcan, Andrali, &
Cantrell, 2010; Slawson & Hart, 2011). Thus, it is likely that OGT, and possibly OGA,
rely on the help of other protein partners for recruitment to appropriate substrates in
many cases (Cheung & Hart, 2008; Ozcan et al., 2010; X. Yang et al., 2008) . For
example, Yang, Zhang, & Kudlow (2002) found that mSin3A recruits OGT to gene
promoters via OGTs tetratricopeptide repeat (TPR) domain in order to promote gene
silencing via O-GIcNAc modification, which is proposed to inactivate transcription factors
and RNA polymerase Il. Since like phosphorylation, O-GIcNAcylation is a dynamic
process, it is not surprising to find that OGT is an essential enzyme in many eukaryotes,
including Drosophila melanogaster (Ingham, 1984), mammals (O’Donnell, Zachara, Hart,
Marth, & Donnell, 2004; Shafi et al., 2000) and various other vertebrates (Kenwrick,
Amaya, & Papalopulu, 2004; Love, Krause, & Hanover, 2010; Webster et al., 2009).
Unfortunately, there is not as much information available as to organisms that require

properly regulated and functioning OGA for viability.

The main focus of my work centered on experiments designed to investigate the
functional importance of OGA in Drosophila. My most basic goal was to determine
whether, like OGT, OGA is essential for fly survival. In addition, | wanted to provide as

much insight as possible into other aspects of the fly’s requirements for OGA.

1.2. Enzymes involved

1.2.1. Mammalian OGT

The gene that encodes OGT is located on the X chromosome in mammals and
the protein has high sequence conservation across all tested eukaryotes (Nolte & Milller,
2002; Shafi et al., 2000). A tetratricopeptide repeat (TPR) domain is found in the N-

terminus of OGT and the catalytic domain is located in the C-terminus (Kreppel,
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Blomberg, & Hart, 1997; Kreppel & Hart, 1999). Three splice variant mRNAs encoding
three polypeptides, which differ in terms of their N-terminal TPR domain lengths and
respective localizations, have been identified to date: ncOGT (nucleocytoplasmic OGT),
mMmOGT (mitochondrial OGT), and sOGT (short isoform of OGT) (Hanover et al., 2003;
Vaidyanathan, Durning, & Wells, 2014). The ncOGT isoform is the longest of the three
at 116 kDa in size containing 12.5 TPR motifs and mOGT is only slightly smaller at 103
kDa containing 9.5 TPR motifs (Hanover et al., 2003; reviewed in Harwood & Hanover,
2014); these two isoforms are aptly named for their localization in the nucleus/cytoplasm
and in the mitochondria, respectively. mOGT contains a mitochondrial-targeting
sequence upstream of its TPR domain (Love, Kochran, Cathey, Shin, & Hanover, 2003).
sOGT is the smallest isoform at 78 kDa with 2.5 TPRs and has been shown to localize to
the nucleocytoplasm (Hanover et al., 2003; Nolte & Miiller, 2002; Shafi et al., 2000).
These TPRs are thought to facilitate protein-protein interactions and may be involved in
substrate recognition and multimerization of OGT (Hanover et al., 2003; Kreppel & Hart,
1999; Lubas & Hanover, 2000; Lubas, Smith, Starr, & Hanover, 1995). Various factors
are thought to impact OGT activation including protein-protein interaction, localization,
substrate accessibility and post-translational modification (PTM) (Whelan, Lane, & Hart,
2008; X. Yang et al., 2008).

1.2.2. Mammalian OGA

OGA was originally identified as an autoantigen associated with meningioma
(meningioma-expressed antigen 5; MGEA5) (Hanover, 2001; Heckel et al., 1998). The
mammalian gene encodes two splice variants resulting in two isoforms: the long isoform,
OGA-L, which is 916 amino acids in length and 102 kDa in weight, and the short isoform,
OGA-S, which is 677 amino acids in length and 76 kDa in weight (reviewed in Harwood
& Hanover, 2014). OGA-L, localized primarily in the cytoplasm, contains a sequence
similar to a histone acetyl transferase (HAT) domain at its C-terminus in addition to its N-
terminal catalytic domain (Hanover, 2001; Heckel et al., 1998); however, whether OGA-L
has HAT activity in vivo remains unclear (Butkinaree, Park, & Hart, 2010; Harwood &
Hanover, 2014; Rao et al., 2013; Toleman, Paterson, Whisenhunt, & Kudlow, 2004). It
has been suggested that the HAT domain may function to help facilitate OGA’s

interactions with transcription machinery (Hart et al., 2011). OGA-L has a linker region



between the N and C termini that includes a cleavage site for caspase 3 and thus the
protein is cleaved during apoptosis (Butkinaree et al., 2010); however, this cleavage has
not been reported to abolish OGA activity (Hart et al.,, 2011). OGA-L has been
demonstrated to be O-GlcNAc modified by OGT (B. D. Lazarus, Love, & Hanover, 2006;
Whisenhunt et al., 2006).

OGA-S, has been shown to have nuclear localization by Comtesse, Maldener,
and Meese (2001) as well as lipid-droplet associated localization by Keembiyehetty,
Krzeslak, Love, and Hanover (2011); this shorter form has an identical N-terminal
hyaluronidase domain to OGA-L, but no C-terminal HAT-like domain (Harwood &
Hanover, 2014). OGA-S has been demonstrated to target to the surface of nascent lipid
droplets, where colocalization with a key player in the formation of lipid droplets,
perilipin-2, can be observed (Bickel, Tansey, & Welte, 2009; Brasaemle, 2007; Londos,
Brasaemle, Schultz, Segrest, & Kimmel, 1999). Genetic variations in perilipin have been
correlated to various metabolic phenotypes such as type 2 diabetes mellitus (Bickel et
al., 2009). Duggirala et al. (1999) demonstrated that human MGEAS5 is a diabetes
susceptibility locus in people of Mexican American heritage. This was later confirmed by
Lehman et al. (2005) in a study that showed an association of a particular single
nucleotide polymorphism (SNP), located in intron 10 of the human MGEA5 gene, with
diabetes traits in a Mexican American population. The crystal structure of human OGA
has not been solved, but catalytic mechanisms have been proposed based on the

structure of two bacterial homologues (Dennis et al., 2006; Rao et al., 2006).

1.3. The relationship between O-GlcNAcylation and
phosphorylation

As mentioned above, OGT modifies serine/threonine residues of protein targets
and it has been well established that serine/threonine residues can also be
phosphorylated by various kinases; the two modifications, O-GIcNAc and phosphate,
have a complex relationship, termed cross talk, that aids in the regulation of target
protein function based on which modification is present on a particular residue at any
given time (Hart et al., 2011). Both O-GIcNAc and phosphate are dynamic modifications

that are added and removed in response to various stimuli. The relationship between



these two PTMs appears to change depending on the protein target in question. In
some cases proteins can have concurrent O-GIcNAc and phosphate modifications, such
as insulin receptor substrate-1 (IRS-1) (Ball, Berkaw, & Buse, 2006; Hart et al., 2011),
and in other cases the addition of one modification may regulate the addition of adjacent
modifications (Dias, Cheung, Wang, & Hart, 2009). In some proteins, the two
modifications are mutually exclusive, meaning that they can both modify the same site
but at different times and/or one modification may prevent the other from being added
too close in proximity (Comer & Hart, 2001). For example, the C-terminal domain (CTD)
of RNA polymerase Il (RNA Pol Il) can be modified by both OGT and CTD kinases on
the same amino acid residues; however, O-GIcNAc inhibits phosphorylation of adjacent
sites and vice versa (Comer & Hart, 2001). There are also various protein substrates in
which the two modifications compete for nearby sites, such as calcium/calmodulin-
dependent kinase IV (CaMKIV), and the combination of modifications present is
associated with changes in protein activity (Dias et al., 2009; Hart et al., 2011). This
competitive relationship may be due to the large size of the O-GIcNAc sugar
modification, the phosphate group having a negative charge, or because protein
conformations may change with the addition/removal of each modification (Hart et al.,
2011). Cross talk between phosphorylation and O-GlcNAcylation is obviously very

important for the regulation of protein activity and thus, will continue to be explored.

1.4. The hexosamine biosynthetic pathway (HBP) and its
link to O-GIlcNAcylation

O-GIcNAc metabolism is becoming more widely accepted as part of the nutrient-
sensing hexosamine biosynthetic pathway (HBP), because O-GIcNAc modifications can
be partially representative of the cell’s nutritional state (Hanover, Krause, & Love, 2012;
Harwood & Hanover, 2014). The hexosamine biosynthetic pathway (HBP) is a
metabolically driven pathway regulated in part by cellular nutrient levels and the
availability of nutrient processing enzymes (Rossetti, 2000). Only ~2-5% of cellular
glucose is funnelled into the HBP (Vaidyanathan et al., 2014). The rate-limiting step of
the HBP is the conversion of fructose-6-phosphate to glucose-6-phosphate by glutamine
fructose-6-phosphate amidotransferase (GFAT) (Kornfeld, Kornfeld, Neufeld, & O’Brien,
1964; Marshall, Bacote, & Traxinger, 1991); thus, GFAT is a crucial enzyme in the HBP

5



and therefore in O-GIcNAcylation also, because the HBP culminates in the production of
UDP-GIcNAc, the donor sugar nucleotide for O-GlcNAcylation by OGT (Haltiwanger,
Holt, & Hart, 1990).

Various studies have emerged outlining both protective and damaging roles for
the HBP in several model organisms. For example, increased hexosamine biosynthetic
pathway activity in flies was shown to cause heart damage while a decrease in pathway
activity had a protective effect on the hearts of flies raised on a high sucrose diet (Na et
al., 2013). A more recent study, conducted by Denzel et al. (2014), describes novel
Caenorhabditis elegans gain of function (gof) mutations in gfat-1, which was found to be
a novel longevity gene, that result in increased lifespan of the nematode by up to 42%;
the authors determined that the levels of cellular UDP-HexNAc, a measure of combined
UDP-GIcNAc and UDP-N-acetylgalactosamine (UDP-GalNAc), were elevated by up to
10 fold in gfat-1 gof mutants. Denzel et al. (2014) also found that supplementing wild-
type nematodes with GIcNAc, up to a concentration of 10 mM, resulted in an extended
lifespan. Together these data suggest that increased cellular UDP-HexNAc, either
through supplementation or through the novel gof gfat-1 mutations, result in an extended
C. elegans lifespan (Denzel et al., 2014). Another previous study reported that oga-1
deletion mutants may also help to extend the lifespan of nematodes, presumably by
persisting O-GIcNAc modifications on target proteins (Rahman et al., 2010); this study
also reported that ogt-1 deletion mutants showed a decrease in median lifespan,
perhaps from the lack of O-GIcNAc modifications. Although, the median lifespan may be
affected in the ogt-1 and oga-1 mutants, it is still interesting to note that they are viable
and fertile and that they have an effect on insulin-like signalling, dauer entry and

macronutrient storage in either case (Forsythe et al., 2006; Hanover et al., 2005).

1.5. O-GIcNAcylation in Drosophila melanogaster

In Drosophila, the essential gene sxc (super sex combs)/Ogt is located in the
right arm of chromosome 2 (2R) heterochromatin and encodes OGT, which is critical for
proper embryonic development (Gambetta, Oktaba, & Mailler, 2009; Ingham, 1984;
Sinclair et al., 2009). sxc is a member of the Polycomb group (PcG) of genes, which

encode conserved proteins that function as transcriptional repressors to regulate



development (Gambetta et al., 2009). sxc loss of function alleles display homeotic
defects due to the misregulation of Hox genes (Gambetta et al., 2009; Sinclair et al.,
2009). Currently, there is a large body of information available in terms of the putative
functions and regulation of OGT, but investigations are ongoing with the intention of
elucidating the exact functions of OGT in flies and other eukaryotes. However, the
functional role of OGA in flies is largely undefined and there is a scarcity of information
regarding the function of OGA in eukaryotes in general. The suitability of D.
melanogaster as an appropriate model organism to study several human gene
orthologues and the disorders associated with their respective dysfunctions, is well
established; thus, the wealth of genetic tools available in flies should be useful for
defining the basic functions of OGA. At this point, there are studies that suggest a role
for OGA in insulin signalling in Drosophila and claim that the disruption of OGA activity

results in significant changes to fly body weight (Park et al., 2011; Sekine et al., 2010).

1.6. The genetics of the Oga gene in flies and TILLING for
Oga mutants

In Drosophila, the Oga gene, CG5871, is located at the cytological position,
93C6-93C7, in the right arm of chromosome 3 (3R) (http://flybase.org). Although some
chromosomal deficiencies lacking the gene are available, none exist that are deficient for
Oga exclusively and, until very recently, no Oga allele has been discovered (FlyBase;
Radermacher et al., 2014); the discovery, characterization and confirmation of a bona
fide null, or even a hypomorphic Oga mutant in which gene function is reduced, would
help to elucidate the function of OGA in flies. This information would be useful for
defining the role of the protein in eukaryotes in general. Importantly, one must always
consider the possibility that the Oga gene is nonessential in flies; this may not be
surprising, since it is estimated that an approximate 75% of Drosophila genes are
nonessential (Koundakjian, Cowan, Hardy, & Becker, 2004). Even if Oga proves to be
nonessential in flies, the isolation and characterization of appropriate Oga mutants would
be important steps in characterizing the function and regulation of the gene. Oga has
been shown to be essential during development in mice as gene knockout results in

embryonic lethality (Y. R. Yang et al., 2012). Perhaps this is indicative of a functional



trend across species and Oga will prove to be essential during fly development as

studies continue to progress and the importance of OGA becomes increasingly clear.

There are many transposon inserts that map near the 5 and 3’ ends of Oga
(http://flybase.org). Radermacher et al. (2014) recently reported an allele, Oga”, in
which a transposon (P{GSV6}) had inserted into exon 1 of Oga introducing a premature
stop codon; flies homozygous for Oga” were viable and fertile. The homozygotes were
analyzed via western blot and Oga” appeared to be protein-null (Radermacher et al.,
2014). Further investigation into these findings will be required to confirm whether this
allele encodes an amorphic Oga mutant. The Honda laboratory has previously
attempted to generate and isolate Oga mutants via the imprecise excision of a
transposon (P{Supor-P}) from its insertion site near the 5’ end of Oga in flies with the

KG04950

Oga allele (unpublished). However, all recessive lethal derivatives of this
experiment were associated with deletions of both Oga and the adjacent gene(s) (D.
Sinclair, unpublished). A useful reverse-genetics approach is the method of mutant
identification within an assemblage of mutant fly lines, such as the Zuker collection,
entitled, TILLING or Targeting Induced Local Lesions IN Genomes. TILLING exploits the
high-point mutational densities found within flies treated with the chemical mutagen ethyl

methanesulfonate (EMS) (Winkler et al., 2005).

The Zuker collection comprises mutant fly lines resulting from a collaborative
project designed with the objective of using EMS mutagenesis to generate at least one
novel mutant allele for every nonessential autosomal gene (Koundakjian et al., 2004);
this collection has provided a continuous, forward-genetic resource of balanced second
and third chromosome mutations for phenotypic screening (Cooper, Greene, et al.,
2008). Interestingly, even though only stocks of flies homozygous for mutagenized
second or third chromosomes were established, Koundakjian et al. (2004) report that
approximately one third of these lines became homozygous lethal; the authors attribute
this to the EMS induction of mosaic mutations. The lethal third chromosome lines from
this collection have been extremely valuable for the ongoing functional genetic analysis

of third chromosome heterochromatin in the Honda laboratory (Syrzycka, 2009).

Cooper et al. (2008) have made use of the Zuker collection to provide a reverse-

genetic resource for TILLING in the D. melanogaster genome (Fly-TILL,



http:/ftilling.fherc.org/fly/).  TILLING begins with the use of a web-based program,
CODDLE (for Codons Optimized to Detect Deleterious Lesions,
http://proweb.org/coddle) to select an appropriate primer pair in order to amplify a region
within which, based on sequence conservation, a missense mutation is likely to disrupt
the protein product of the gene of interest (Henikoff et al., 2004). The primers are used
in PCR reactions with pooled genomic DNA as the template and the products are
subsequently denatured; slow re-annealing of the products facilitates the generation of
heteroduplexes at sites with mismatched base pairs where point mutations altering the
sequence from wild-type are located (Cooper, Till, & Henikoff, 2008). Next, the
mutations are identified via digestion with Cell, a single-strand-specific endonuclease,
and electrophoretic separation; then all of the DNA samples from within the pooled
genomic DNA that produced heteroduplexes are tested individually to determine which
samples contained the mutations of interest (Cooper, Till, et al., 2008). Finally, the
mutations are sequenced and this information is made accessible to the research
community (Cooper, Till, et al., 2008). Winkler et al. (2005), using their own collection of
mutagenized chromosome lines, tested the TILLING process to identify mutations for a
known essential Drosophila gene and found that five out of twenty-five total mutations
resulted in lethality, thereby indicating that Cell-mediated TILLING of EMS generated
mutants is a rapid and efficient method of finding mutations in a gene of interest in flies
(Winkler et al., 2005).

1.7. Disruption of Oga regulation via targeted transgene
expression using UAS/GAL4 system

Historically, genetic analysis has largely involved the forward genetics approach
of generating random mutations, which are then screened for desired phenotypes
displayed by mutant lines. Next, the genes involved are mapped and characterized
genetically and, where possible, molecularly. However, currently, the existence of
annotated sequence data for model organisms has provided a wealth of powerful
reverse genetics tools, including the identification of mutations via TILLING-based
approaches. Site-directed mutagenesis is another useful reverse genetics method; it
can be used for generating customized mutations, such as protein null mutations,

affecting the protein product of a gene of interest. One can, of course, link this to
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transgenic analysis in order to test the biological effects of the mutations. However, in
the absence of suitable biochemical reagents, such as an antibody for the product, the
confirmation of protein null mutations may be problematic. Fortunately, there are also
other reverse genetics methods that can enable one to investigate the effects of altered
expression of a gene of interest. The most popular and useful of these methods rely on
targeted expression of gene-specific transgenes using the UAS/GAL4 system; this
system allows one to have spatial and/or temporal control of UAS-transgene expression
(Brand & Perrimon, 1993; Duffy, 2002). It is based on the fact that the Upstream
Activation Sequences (UAS) that regulate expression of the target transgene recruit the
yeast-specific transcription factor, GAL4, whose expression itself is controlled in the
desired pattern in the same fly (Duffy, 2002). This system is extremely versatile since it
allows one to induce targeted misexpression or downregulation of the gene of interest,
depending on the type and position of the transgene. Another alternative reverse
genetics approach to generate gene specific mutations is to use the clustered regularly
interspersed short palindromic repeat (CRISPR)/CRISPR-associated (Cas) system,
through the injection of RNA into D. melanogaster embryos to generate germline
transmittable mutations (Bassett, Tibbit, Ponting, & Liu, 2013) or through the use of
guide RNA expression plasmids and transgenic Cas9 lines to knockout specific genes

using transgenic animals (Port, Chen, Lee, & Bullock, 2014).

1.8. Project aims

There are numerous studies investigating the function and regulation of OGT in
D. melanogaster, but not nearly as many investigating OGA. It has been well
established that Ogt is an essential gene in flies, but whether the same is true for Oga is
still unknown; therefore, my work largely involved determining the causative effect of
disrupting Oga or its regulation in the fly in an attempt to elucidate the function of the
gene and the respective encoded protein. To this end, | analyzed various Oga mutants
obtained from the Seattle Drosophila TILLING Project. Each allele was crossed to a
known third chromosome deficiency to assess the viability of flies hemizygous for their
respective mutations. | also wanted to determine where the putative active site is in
Drosophila OGA and predict whether the amino acid substitutions in the mutants may

affect the function of this well-conserved protein.
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While characterizing the available mutant lines, | was also exploring other
methods known to alter gene expression in Drosophila. | used the UAS/GAL4 system
and transgenic animals to reduce or increase the level of Oga transcript ubiquitously
within the fly, using RNAi or cDNA transgenic constructs, respectively, to determine if an
effect could be observed. | determined the effectiveness of the knockdown or
overexpression experiments using quantitative PCR (gPCR) with three reference genes

to measure the level of Oga transcript relative to control flies.

Previous research has been conducted that associates disruption of O-GIcNAc
cycling in the Drosophila insulin producing cells (IPCs) with a change in body weight. |
wanted to determine if | could repeat these findings and extend the experiment to
include our most promising mutant, Oga*’®, which putatively encodes a C-terminally
truncated OGA protein, as well as flies with UAS-Oga cDNA transgenes to overexpress
Oga. | used a GAL4 driver, Drosophila insulin-like peptide 2-GAL4 (dILP2-GAL4), to
target transgene expression exclusively to the ICPs and measured the body weight of

affected flies.

As previously mentioned, the importance of OGT function in Drosophila has been
clearly established. Thus, strong sxc/Ogt alleles kill the fly at the pharate adult stage
(Gambetta et al., 2009; Ingham, 1984; Sinclair et al., 2009). The fact that sxc-null
mutants survive to this stage suggests that the maternal contribution of Ogt mRNA and
protein is sufficient to sustain development as far as this advanced stage; however, the
resulting flies do not eclose and other studies in our laboratory show that there is a
continuous requirement for OGT for adult survival (J. Radke, personal communication).
In addition to mutant analysis, down-regulation of Ogt using GAL4-induced, ubiquitous
expression of RNAIi transgenes causes embryonic death (Sinclair et al., 2009). The
latter result is consistent with the previous data of Ingham (1984) in which pole-cell
transplantation was used to demonstrate that SXC/OGT is required for embryonic
development. Nevertheless, many questions remain about the exact nature of the fly’s
requirements for OGT. One interesting question is whether the catalytic function of OGT
is essential or if other critical non-catalytic roles exist. Therefore, in collaboration with
researchers in the Vocadlo laboratory, | participated in an experiment to test the ability of
a putative, catalytic-site defective version of human OGT to rescue combinations of

sxc/Ogt alleles in the fly.
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2. Materials and Methods

2.1. Drosophila stocks and crosses

Fly stocks and crosses were maintained on standard yeast-cornmeal-molasses
media; crosses using the UAS-GAL4 system for targeted gene expression were
incubated at 29°C for optimal transgene expression (Duffy, 2002). All other crosses
were raised at 25°C unless stated otherwise. Crosses combined ten virgin females and
six males of the desired genotypes, unless otherwise stated. Cross progeny were
genotypically distinguished on the basis of the presence/absence of markers on the
relevant balancer chromosomes. The term “ubiquitous” shall be used to describe
expression patterns when they follow those of genes expressed during every stage of

life and in every cell type (e.g. tubulin).

The following stocks were obtained from the Bloomington Stock Centre and are
listed with their respective stock numbers in parentheses: [w*; P{lip2-GAL4.R}2])(#37516)
(Rulifson, Kim, & Nusse, 2002) will henceforth be referred to as the dILP2-GAL4 driver
(Drosophila insulin-like peptide 2); [y'w* P{tubP-GAL4}LL7/TM3 Sb'|(#5138) (Lee &
Luo, 1999), will henceforth be referred to as the tub-GAL4 driver; [w'""®; Df(3R)ED 10845,
P{3'"RS5+3.3"ED10845/TM6C, cu’' Sb'|(#9487) (Ryder et al., 2007), will henceforth be
referred to as Df(3R)ED10845; [UAS-Dcr-2](#24646) (Dietzl et al., 2007), will henceforth
be referred to as UAS-Dcr-2; and [w''"®] was the wild-type control strain used in this
study. The following stocks were obtained from the Vienna Drosophila Resource Centre
(VDRC) and are listed with their respective stock numbers in parentheses: [w'"’%; UAS-
Oga RNA#41822); [w'""® UAS-Oga RNAIi|(#41823); and [w'""’; UAS-Oga
RNAI]|(#106670). More specific information about the VDRC RNAI lines can be found on
the FlyBase site (http://www.flybase.organd/orhttp://stockcenter.vdrc.at) and other

relevant information is given in appendix A.
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The Seattle Drosophila TILLING Project (STDP) at the Fred Hutchinson Cancer
Research Center (FHCRC) provided putative Oga mutants; these will henceforth be
referred to as Oga alleles (Cooper, Till, et al., 2008). The origins of the sxc alleles used
in this study are as follows: sxc’, sxc®, sxc?, and sxc® were generated and characterized
by Ingham (1984) by; sxcV“’*° was generated by Myster & Peifer (2003) and shown to
be an sxc allele by Gambetta et al. (2009) and Sinclair et al. (2009); sxc®*’ was
generated by Spradling et al. (1999) and shown to be an sxc allele by Sinclair et al.
(2009). The w'""8; UAS-Ogt cDNA 3632-2-2M and w'""®; UAS-Ogt RNAi 2824-1-4M lines
were generated as described in Sinclair et al. (2009) and the w'""%; UAS-Gfat1 RNAi
2664-1-1M and w'""®; UAS-Gfat1 cDNA 4145-1-3M lines were generated as described
by Jackson (2007). UAS-Oga cDNA lines 8302-3-1M to 8302-4-10F were generated via

plasmid injection into w'""®

embryos by BestGene, following the cloning of the appropriate
plasmid constructs by standard cloning procedures detailed in section 2.6 of this study.
Eleven Oga RNAI lines, provided by Kristina Pohl (unpublished), were made following
procedures summarized in section 2.4 of this study; two of the lines had transgene
insertion sites on the second chromosome (23-9 and 23-10) and nine had transgene
insertion sites on the third chromosome (23-1, 23-2, 23-4, 23-5, 23-6, 23-7, 23-8, 23-11,

and 23-12).

2.2. Hemizygous viability of Oga alleles

All but one of the Oga alleles were maintained in combination with the TM3Sh
Ser balancer. Oga® was maintained as a homozygote. Males from each of the nine
Oga mutant lines were crossed separately to Df(3R)ED10845/TM6CShb virgin females.
F offspring (a minimum of 114) were examined for the presence/absence of Sb and Ser,
markers indicative of the TM3 balancer, within the respective crosses. The relative
viability of each Oga allele when hemizygous, was calculated as a ratio of the number of
flies with the genotype Oga/Df(3R)ED 10845 to the number of internal control flies with
the genotype Oga/TM6CSh.
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2.3. Online analysis of wild-type and mutant Oga protein
sequences

The wild-type OGA protein sequence (appendix B), was obtained from the
FlyBase Website (http://www.flybase.org) (St. Pierre, Ponting, Stefancsik, McQuilton, &
the FlyBase Consortium, 2014). Two web-based tools were used to analyze the
sequence for potential conserved structural and functional domains: the National Center
for Biotechnology’s (NCBI’s) CD-Search (Conserved Domain-Search)
(http://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi) and the InterPro Protein Sequence
Analysis and Classification tool hosted by EMBL-EBI (European Molecular Biology
Laboratory- European Bioinformatics Institute) (https://www.ebi.ac.uk/interpro/). The
CD-Search searches for conserved domains within a sequence query based on
homology to previously annotated protein domains from various databases, including the
Conserved Domain Database (CDD), in order to allow users to predict possible functions
of their protein of interest; the search methodology is based on an algorithm called
Reverse Position-Specific BLAST (RPS-BLAST); it relies on the assumption that
important amino acid positions or critical stretches of amino acids representing functional
domains will be well conserved within protein families and across species (Marchler-
Bauer & Bryant, 2004; Marchler-Bauer et al., 2009, 2011, 2013).

The CD-Search was conducted with the default settings against each of the
applicable databases: CDD v3.11 — 45746 PSSMs, Pfam v27.0 — 14831 PSSMs,
SMART v6.0 — 1013 PSSMs, KOG v1.0 — 4825 PSSMs, and TIGR v13.0 — 4284
PSSMs. CD-Search uses an algorithm called Reverse Position-Specific BLAST (RPS-
BLAST) (Marchler-Bauer et al., 2002, 2011). RPS-BLAST is an adaptation of Position-
Specific lterated BLAST (PSI-BLAST) (Altschul et al., 1997).

InterPro is a web-based tool that analyzes protein sequences and classifies them
to generate a comprehensive report with information about respective protein families,
conserved domains and predicted functional sites (Hunter et al., 2012; Jones et al.,
2014). This search tool compares the query protein sequence to information housed in
some of the same databases used with the CD-Search tool, as well as those of a few
other resources (Hunter et al., 2012). The InterPro search was conducted using default

settings.
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Missense Oga alleles were analyzed using SIFT (Sorting Intolerant from
Tolerant) to predict which, if any, of the amino acid substitutions may be deleterious to
the subsequently translated mutant Oga proteins. SIFT assesses the frequency and
type of tolerated amino acids within a particular position of homologous protein
sequences and uses this information to determine the probability that the substitution in
question will have an adverse affect on the resulting protein or be tolerated within the
protein structure (Ng & Henikoff, 2001, 2002, 2003). SIFT analysis was completed by the
SDTP and the report made available on their website. A SIFT search can also be
completed on the JCVI website (http://sift.jcvi.org) using the amino acid sequence of the
Oga protein translation from FlyBase (http://www.flybase.org), shown in appendix B, and

the amino acid substitutions present in the Oga mutants (Table 2).

2.4. Transposition of an Oga RNAIi transgene to obtain
enhanced expression (Kristina Pohl, unpublished)

Our initial Oga knockdown experiments using RNAI lines from VDRC (41822 and
41823) did not show an effect on viability; to determine if the targeted transgene
expression was being affected by the loci in which they were inserted we attempted to
move the P element, from stock number 41823, to loci that facilitated better transgene
expression. Males bearing the transgenic X-chromosome RNA. line from VDRC (stock
number 41823) were mated with females carrying A2.3™ (“hi-hop”), a transposase
source; this cross tentatively allowed for the transposition of the P element to other loci.
The progeny with enhanced w" reporter gene expression, observed as an increase in
red eye pigment in a w background, were selected to generate new RNAI stocks that

presumably contained the RNAI transgene in a more permissive chromatin environment.

2.5. Oga RNAi crosses and calculation of relative viability

UAS-Dcr-2/UAS-Dcr-2; tub-GAL4/TM3Sh virgin females were crossed separately
to males from each of the fourteen available Oga RNAI stocks listed in appendix A. For
line 23-10, the RNAI transgene was heterozygous balanced over CyO, as the insert was

recessive lethal, and in line 41823 the transgene was hemizygous, as the insert was on
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the X chromosome; however, all of the other crosses consisted of males homozygous
for the RNAI transgenes. F; progeny (a minimum of 159) were genotypically
distinguished on the basis of the presence/absence of the Sb marker carried by the
balancer. Relative viability was calculated as the ratio of the number of flies with fub-
GAL4 driven RNAI transgenes to the number of internal control flies with the TM3
balancer. Oga RNAI line 106670 from the VDRC phage site-specific insertion library
was the last to become available (see 3.5) and it was predicted by VDRC to have one
off-target effect that may affect the expression of gene CG10574 (Inhibitor-2) alongside
CG5871 (Oga) (Appendix A).

2.6. Molecular cloning of Oga cDNA transgene constructs

Drosophila melanogaster (Dm) Oga cDNA was cloned into the multiple cloning
site of pUAST, a GAL4-regulated Drosophila gene expression vector originally
developed by Brand & Perrimon (1993); the desired construct was used to express Oga
cDNA ubiquitously in vivo. The P{pUAST-Dm Oga} cDNA construct was cloned as
follows: the cDNA was subcloned from P{pFLC1-Dm Oga} cDNA clones (kindly provided
by Chandra Lebovitz) into the Notl and Kpnl sites of the pUAST polylinker, in order to
allow directional cloning of the insert to ensure the desired orientation. The insert and
vector ends were prepared by conducting separate double digest reactions with Notl and
Kpnl restriction enzymes (Fermentas). The Oga cDNA insert was then ligated into the

compatible restriction sites in the vector.

The P{pUAST 2xflag-Dm Oga} cDNA construct was made as follows: Oga cDNA
was PCR amplified from a pFLC1 clone housing Drosophila Oga cDNA (kindly provided
by Chandra Lebovitz). Notl restriction sites were added to the 5’ and 3’ ends of the Oga
cDNA fragment by incorporating the Notl recognition site into the forward (5'-TTT TGC
GGC CGC CAC AAG GTG CAATTG TCC GAA CC-3’) and reverse (5-TTT GCG GCC
GCC GAA ACG GCG ACC CAT GTA AAT AC-3’) PCR primers designed to amplify the
entire Oga cDNA sequence. The Oga cDNA template was PCR amplified using High
Fidelity PCR Enzyme Mix (Thermo Scientific) and the following PCR program: 94°C 5
min., 33 cycles of [94°C 30 sec., 67.5°C 30 sec., 72°C 3 min. 30 sec.], 70°C 10 min.,
hold at 4°C). The resulting PCR product was purified (QlAquick PCR Purification Kit,
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Quiagen) and ligated into a pJET1.2 shuttle vector following standard procedure for the
CloneJET PCR Cloning Kit (Thermo Scientific). The appropriate shuttle vector clone,
containing the desired insert, and the empty pUAST 2x FLAG vector (see below) were
separately digested with Notl restriction enzyme (Fermentas) to generate the
appropriate sticky ends for the subsequent ligation reaction. The Notl cut vector was
treated with Shrimp Alkaline Phosphatase (SAP; Fermentas) following standard
procedures, prior to ligation with the insert. The pUAST 2xflag vector is a modified
version of pUAST containing a 3’ 2x flag tag that was generated and kindly supplied by
Graham Hallson (Hallson et al., 2012).

The pUAST/pUAST2xFLAG constructs containing Drosophila Oga cDNA were
isolated, sent to the NAPS (Nucleic Acid Protein Service) unit at UBC and | subsequently
confirmed that the sequence generated matched the sequence listed on FlyBase

(appendix C); a sample was then sent to BestGene for microinjection into w’’’®

embryos
to generate transgenic D. melanogaster stocks using standard procedures (Rubin &

Spradling, 1982).

2.7. Overexpression of Oga and calculation of relative
viability

y'w* tub-GAL4/TM3Sb’ virgin females were crossed separately to males that
were either heterozygous or homozygous for each of the P{pUAST-Dm Oga} or the
P{pUAST 2xflag-Dm Oga} constructs. F; progeny (a minimum of 133) were
distinguished on the basis of presence/absence of the Sb marker carried by the TM3
balancer. The relative viability was measured as the ratio of the number of flies with a
tub-GAL4 driven Oga cDNA transgene to the number of internal control flies containing

the cDNA transgene over the TM3 balancer.

| also used standard genetic methods to carry out an experiment in which Oga®
transgenes representing five different second chromosome transgenic lines (8302-3-1M,
8302-3-2M, 8302-4-3M, 8302-4-5M and 8302- 4-8M)) were separately rendered
homozygous in the presence of the fub-GAL4 driver transgene on the third chromosome.

To accomplish this, virgin females from each of the five stocks were mated separately to
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males of the same genotype. The resulting F; progeny (a minimum of 49) were scored
by the presence/absence of the Sb marker on the TM3 balancer chromosome. The
relative viability for each cross was calculated as the ratio of the number of progeny
containing two copies of the Oga cDNA transgene under control of a tub-GAL4 driver to
the number of flies containing only one copy of the transgene driven with the fub-GAL4

driver.

2.8. Transheterozygous sxc mutant rescue experiment

An important question is whether the essential functions of OGT stem from its
catalytic capability or if they are related to other cellular roles of the protein. |
collaborated with Matthew Macauley and David Shen from the Vocadlo laboratory, with a
view to investigate this question. Based on existing research information, Matthew
Macauley constructed a mutated version of Homo sapiens (Hs) Ogt cDNA that was
intended to code for the wild-type protein with the exception of a single amino acid
substitution; the location of this residue change was thought to be a critical histidine (H)
residue within the OGT active site, H558 (Martinez-Fleites et al., 2008). Thus the altered
gene in which histidine was substituted by alanine (A) at amino acid position 558 and
where no discernable enzymatic activity exists was designated as “catalytic-site-dead”
(CSD) (Martinez-Fleites et al., 2008). Next, he cloned H558A mutant Hs Ogt cDNA, the
Ogt cDNA CSD, into a targeted fly gene expression vector and sent the purified plasmid

"8 embryos; this process resulted in four fly lines, each

to BestGene for injection into w
containing the UAS-Hs Ogt cDNA CSD transgene in a different insertion site within the

genome (1CSD, 2CSD, 3CSD, 4CSD).

My role in the collaboration was to test whether expression of the UAS-Hs Ogt
cDNA CSD transgene was able to rescue transheterozygous combinations of different
sxc alleles. In this experiment, nine different combinations involving the sxc alleles 1, 3,
4, 5, NC130 and 2637 were used and each allele combination was repeated with the
four CSD fly lines. In each case, the third chromosome tub-GAL4 driver was used to
express the CSD construct constituitively. The entire set of crosses was repeated with
Drosophila melanogaster (Dm) Ogt cDNA transgenes in place of the CSD to serve as a

positive control. The F; offspring (minimum of 124) were distinguished via the
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presence/absence of appropriate dominant markers known to be on the balancer
chromosomes used. Don Sinclair prepared the following stocks by standard genetic
methods: sxc?®*’/CyRoi; UAS-Hs Ogt cDNA CSD/TM3Sb (separate stocks for 1CSD,
2CSD, 3CSD, and 4 CSD), sxc***/CyRoi; UAS-Dm Ogt cDNA/TM3Sb and sxc®/CyRoi;
tub-GAL4/TM3Ser. | generated the remaining genotypes using standard genetic
methods: sxc'/CyRoi; UAS-Hs Ogt cDNA CSD/TM3Ser (separate stocks for 1CSD,
2CSD, 3CSD, and 4 CSD), sxc'/CyRoi; UAS-Dmel Ogt cDNA/TM3Ser, sxc'/CyRoi; tub-
GAL4/TM3Sb, sxc’/CyRoi: tub-GAL4/TM3Sb, sxc’/CyRoi; tub-GAL4/TM3Sh, and
sxc"°"%/CyRoi: tub-GAL4/TM3Sb.

David Shen conducted OGT activity assays for rescued flies, using radiolabeled
[’H]UDP-GIcNAc (American Radiolabel) as the substrate donor and followed protocols
adapted from his published work (see Shen, Gloster, Yuzwa, & Vocadlo, 2012). For
each of these assays, one-day-old, adult, female flies of the genotype sxc?**"/sxc’; UAS-
Hs Ogt cDNA 1CSD/tub-GAL4, were used to assay the OGT activity relative to activity in

wild-type, w'"" flies.

2.9. Quantitative PCR (qPCR)

RNA was isolated from one-day-old adult female flies of the following genotypes
by TRIzol (Invitrogen) and chloroform extraction followed by precipitation in isopropanol
using standard protocols: UAS-Oga RNAI transgenes ubiquitously expressed with tub-
GAL4 and UAS-Dcr-2, UAS-Oga cDNA transgenes ubiquitously expressed with tub-
GAL4, Oga®"°/Df(3R)ED10845) and w''"® control flies. RNA from each genotype was
treated with DNase | (Invitrogen) for 1 hour at 37°C and then heated in a 65°C water
bath for 15 minutes. The RNA was then used as template for reverse transcriptase to
generate cDNA via the iScript cDNA synthesis kit (Bio-Rad). Using the available Oga
cDNA sequence (FlyBase; Appendix C), Kristina Pohl designed qPCR primers to amplify
a region of Oga cDNA spanning the boundary between exons 6 and 7 (Table 1).
Graham Hallson designed primer sets to amplify three reference genes: RP49, Khc
Set4, and Tub 56D (Table 1).
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Each 10 ul gPCR reaction was prepared in triplicate and contained the following:
1 ul cDNA, 0.2 ul forward primer, 0.2 ul reverse primer, 5 ul KAPA SYBR FAST master
mix (KAPABIOSYSTEMS), and 3.6 ul nuclease free water. The qPCR program used
was as follows: 20 sec at 95 °C, 40 cycles of [3 sec at 95 °C, 30 sec at 60 °C], 15 sec at
95 °C and then 60 sec at 80 °C. The quantity of Oga transcript, as well as the quantity

118 control

of the three reference gene transcripts, in each cDNA sample relative to the w
was measured using the 48 well StepOne™ Real-Time PCR System (Applied

Biosystems®).

Table 1. Primers used to determine Oga expression in samples relative to
wild-type control via quantitative PCR (qPCR)

Gene Target Primer Sequence

Oga 5'- GCA GCT ACA CAT GGT TTA GCA AGG -3’
5'- CAC AAATCG TTG ACT TGC TGT TCG -3’

RP49 5'- CATGTGGCGGGTGCGCTTGTTC -3
5'- TGCTAAGCTGTCGCACAAATGGCG -3

Khe Set4 5'- GATCTCCTGGGATTTCTGGT -3’
5- AGG AGG AAC TCATCG CTAAC -3’

Tub 56D 5- TCAGTG CTC GATGTTGTC C -3
5'- CTT GGA AAT CAG CAG GGT TC -3’

Kristina Pohl designed the primers used to amplify a portion of Oga cDNA and Graham Hallson designed
the primers used to amplify part of the cDNA of reference genes RP49, Khc Set4 and Tub56D.

2.10. Weight assay

dILP2-GAL4/CyRoi females were crossed to w''’® to generate the control class,
dILP2-GAL4/+, and also crossed separately to males from each of the following
transgenic lines to produce the desired dILP2-GAL4; UAS-cDNA ftransgene flies for
weight analysis: UAS-Oga cDNA 8302-3-1M, UAS-Ogt cDNA 3632-2-2M, and UAS-
Gfat1 cDNA 4145-1-3M. dILP2-GAL4/CyRoi; UAS-Dcr-2/UAS-Dcr-2 females were
crossed separately to males from each of the following RNAI lines to generate dILP2-
GAL4/UAS RNAI transgene; UAS-Dcr-2/+ flies: UAS-Oga RNAi 23-5, UAS-Ogt RNAi
2824-1-1M, and UAS-Gfat1 RNAi 2664-1-1M. Df(3R)ED10845/TM6 females were
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crossed separately to Oga*’’/TM3Sb Ser and w''"® males to provide

Df(3R)ED10845/0ga*’® and Df(3R)ED10845/+ flies, respectively. All of the crosses
were performed in bottles to avoid crowding and the parents were removed after one
day. Once the adults eclosed, the desired genotypes were selected, aged for four days
at 29°C and stored at -80°C. Fifty flies from each genotype were thawed quickly and
weighed individually three times using an OHAUS analytical plus balance. The mean

weights were compared using Student’s ¢ test.
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3. Results

3.1. TILLING elicited misense and nonsense point
mutations within Oga

As mentioned previously, sxc/Ogt is an essential gene in Drosophila
melanogaster (Gambetta et al., 2009; Sinclair et al., 2009). At the outset of my work, it
was not clear whether this was also true for the Oga gene in flies. In order to investigate
this possibility further and in parallel with my RNAi experiments, our laboratory sought
EMS-induced Oga mutants from the Seattle Drosophila TILLING Project (SDTP). To
this end, primers were designed using the web-based program, CODDLe to amplify a
1.5 kb region of Oga predicted to be the most deleterious to the protein upon point
mutation (Cooper, Till, et al.,, 2008). The SDTP used these primers to screen pooled
genomic DNA from mutant flies to look for point mutations in the desired region of Oga
as per standard TILLING protocols (Cooper, Till, et al., 2008). The SDTP screen located
fifteen mutations from the CODDLe selected region of Oga including one nonsense

mutation (Oga*'®)

that putatively codes for a C-terminally truncated protein only 761
amino acid residues long rather than the 1019 amino acid wild-type OGA protein, eight
missense mutations, four silent mutations, and two mutations within intronic DNA
regions. The missense and nonsense mutations are listed in Table 2 with their

respective amino acid substitutions.
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Table 2. Amino acid substitutions of SDTP Oga mutants

Mutant Effect
Oga #15 W761*
Oga 2 V762l
Oga 773 G780S
Oga 1179 G823R
Oga 1021 G823E
Oga %0 P834S
Oga % S899F
Oga %% E920K
Oga % G960E

Missense and nonsense Oga mutants, provided by the Seattle Drosophila TILLING Project (SDTP), listed
with their respective amino acid substitutions in single-letter code at the amino acid position within the 1019
amino acid Oga protein.

*Indicates a premature stop codon

3.2. Relevant domain search and protein sequence analysis
of Drosophila Oga revealed a conserved N-terminal
domain

In order to evaluate the potential of the aforementioned mutant Oga alleles for
disruption of OGA protein function, | decided first to use the wild-type protein sequence
to look for conserved domains, which represent putative functional domains, particularly
the presumed active site of the enzyme. Once the location of the active site has been
pinpointed, the relative positions of the missense amino acid substitutions associated
with the Oga mutants may become more meaningful. The CD-Search results (Appendix
E) showed a conserved region near the N-terminus of the D. melanogaster OGA
sequence between amino acid residues 17 and 324 of the 1019 amino acid protein; this
conserved sequence reportedly belongs to the NAGidase superfamily (accession
pfamQ07555), which has been shown to have f-N-acetylglucosaminidase activity
(Marchler-Bauer & Bryant, 2004; Marchler-Bauer et al., 2009, 2011). The superfamily

includes conserved regions from: D. melanogaster CG5871/OGA, Homo sapiens
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MGEAS5 (bifunctional protein NCOAT isoforms a and b), Caenorhabditis elegans OGA-
1d, a putative hyaluronidase within Enterococcus faecium and several other proteins
within various prokaryotic and eukaryotic species (Marchler-Bauer & Bryant, 2004;
Marchler-Bauer et al., 2009, 2011). To determine the validity of the CD-Search output, |
supplemented the data with a search using the protein analysis and classification tool,

InterPro.

InterPro identified a conserved region of the query protein sequence between
residues 17 and 313 belonging to the protein family, B-N-acetylglucosaminidase
(Appendix E); the program also identified two conserved domain types within the
sequence. The first domain type, extending from residues 15 through 324, belongs to
the glycoside hydrolase superfamily; the second type includes two regions extending
from residue 799 to 906 and from residue 936 to 1015, which are Acyl-CoA N-

acyltransferase domains (Appendix E).

The two searches, CD-Search and InterPro, were congruent as they both
identified an N-terminal domain with proposed p-N-acetylglucosaminidase activity;
however, only InterPro identified putative C-terminal Acyl-CoA N-acyltransferase

domains.

3.3. SIFT analysis predicts three of eight missense Oga
mutants may be damaging to protein function

In order to investigate the biological usefulness of the Oga alleles further, | next
used the SIFT algorithm, which searches for well-conserved amino acid residues within
protein families and predicts whether the substitution of a particular residue to another
will be deleterious to the protein function (Ng & Henikoff, 2003). Three of the missense
Oga mutants obtained had damaging SIFT scores, meaning that the respective
substitutions were predicted to be deleterious to protein function; these are: Oga "3, Oga
8 and Oga °% (Table 3). The SIFT algorithm does not analyze nonsense mutations;
however, as Oga*’® putatively encodes a C-terminally truncated protein, it is feasible that

the proper function of OGA may be affected in the nonsense mutant.
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Table 3. SIFT scores of missense Oga mutants

Mutant Amino Acid SIFT Score IC
Substitution

Oga 2%2 V762I 0.08 3.02
Oga 77 G780S 0.04 3.02
Oga 1179 G823R 0.05 4.32
Oga 1021 G823E 0.08 4.32
Oga 520 P834S 0.08 3.40
Oga 8 S899F 0.01 3.02
Oga %5 E920K 0.93 3.02
Oga 5% G960E 0.02 3.02

Data provided by the Seattle Drosophila TILLING Project. Mutants with a SIFT score of less than 0.05 are
predicted to have deleterious effects to the protein. IC is a measure of confidence in the predictions and a
value less than 3.25 is desired. Oga 773, Oga # and Oga 526 mutants meet the SIFT score and IC
requirements, thus they are predicted to be deleterious to protein function.

3.4. Flies hemizygous for various EMS-induced Oga alleles
are viable and fertile

If Oga is essential, then one would expect putative deleterious gene lesions (i.e.
hypomorphic or amorphic mutants) to be lethal/semi-lethal and/or sterile when
hemizygous with a suitable Oga™ deletion. However, the results of my experiment, which
tested all of the Oga alleles (Table 4), clearly show that none of the alleles show lethality
or sterility when hemizygous. Note that the relative viability, defined as the ratio of
Oga/Df(3R)ED 10845 flies to the number of Oga/TM6CSb internal control flies (where *
represents an EMS allele), ranged from 0.78 to 1.39 (Figure 1). It is particularly notable
that Oga‘”5 has no effect on viability, since this mutant encodes a truncated protein that
lacks 258 residues from the C-terminal end of the OGA protein. Interestingly, gPCR
analysis showed that Oga transcript levels are greatly reduced in Oga*'*/Df(3R)ED10845

flies to 2% of those found in w'""® flies (Appendix F).
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Table 4. Mutant Oga alleles placed over a deficiency spanning the Oga locus
are viable
Oga mutant Total flies Df(éR())gS;OMS Df(3R())l£:'lS;0845 e)?pbesc‘i:‘aegz )
xpected Observed

Oga*’ 174 58 55 94.83
Oga'%?! 163 54 51 93.87
Oga® 162 81 93 114.81
Oga’” 169 56 75 133.14
Oga’?0 183 61 54 88.52
Oga’? 194 65 58 89.69
Oga?% 126 42 50 119.05
Oga?%? 223 74 81 108.97
Oga''7® 114 38 52 136.84
w8 control 588 294 330 112.24

Oga mutants (*) obtained via TILLING by the Seattle Drosophila TILLING Project (SDTP) were viable and
fertile when crossed to a known deficiency (Df(3R)ED10845) spanning the Oga locus in the fly genome.
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Figure 1.
Note.

Mutant Oga Alleles

Relative viability of mutant Oga alleles placed over Df(3R)ED10845.

Relative viability was calculated within the F; progeny as the ratio of the number of flies

that had both a mutant Oga allele and the chromosomal deficiency (Df) mutation to the
number of flies that had the mutant Oga allele over the TM6C balancer chromosome.
represents the total number of progeny scored in each cross.
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3.5. Ubiquitous expression of several different UAS-Oga
RNAI transgenes results in gene knockdown and
moderate semi-lethality

As previously mentioned, the TILLed Oga mutant alleles were hemizygous viable
and fertile, which indicates that Oga is nonessential in flies if the mutant Oga protein
function was strongly compromised. However, in the absence of an OGA antibody or
compelling enzyme assay data, | cannot exclude the possibility that the fly Oga gene is
essential, but that OGA activity is not sufficiently affected by the mutants available.
Fortunately, there were two transgenic Oga RNAI lines available (VDRC) to allow me to
test whether RNAi-induced down-regulation of Oga affects viability; however, no viability
effects were observed when each VDRC RNAI line (41822 and 41823) was driven with
tub-GAL4 (Table 5). | speculated that if the RNAI insert was transposed to a more
transcriptionally permissive chromatin environment then the RNAi effect might be
enhanced; to this end the P element containing UAS-Oga RNA/ was excised from the X
chromosome of 41823 males and progeny in which the insert was relocated to the
second or third chromosome were selected (K. Pohl, unpublished). From these progeny
she was able to generate several stocks with new autosomal insertion sites for the P
element containing the Oga RNAI construct; we named the subsequent RNAI lines
starting with 23- because they contain the transgene from VDRC line 41823. It was not
until after the completion of the transposition experiment that the VDRC RNAIi-phiC31
line for Oga (106670) became available; the phiC31 RNA. library, called KK, uses phage
sites to target RNAI inserts to a known landing site on the second chromosome. This
method ensures that inserts will be recombined into loci permissive for transgene
expression, rather than into unknown loci in various chromatin environments (Keleman,
Micheler, & VDRC project members, 2009).

The surviving male and female flies with driven UAS-RNAI constructs, from each
of the fourteen available Oga RNA. lines, were fertile (data not shown). RNAI lines 23-2,
23-7, 23-9, and 23-11 proved to be moderately semi-lethal upon ubiquitous expression
of the transgenes, with only 50% of the expected progeny eclosing (Table 5). RNAi lines
23-8 and 23-5 proved to be even more affective at reducing viability when combined with
the tub-GAL4 driver, with only 35% and 18% of the expected number of progeny

eclosing, respectively (Table 5).

27



Table 5. Knockdown of Oga with several RNAIi lines results in moderate
semi-lethality in some cases

UAS-Oga RNAi Total flies RNAi + GAL4 RNAi + GAL4 Observed/Expected

stock number flies expected flies observed (%)
41822 302 151 189 125
41823 409 205 234 114
231 483 242 203 84
23-2 268 134 75 56
234 308 154 170 110
23-5 246 82 15 18
23-6 381 191 145 76
23-7 159 80 44 55
23-8 283 142 50 35
23-9 214 107 64 60
23-10 287 72 54 75
23-11 267 134 70 52
23-12 267 134 133 99
106670 387 194 182 94

UAS-Oga RNAi constructs ubiquitously expressed at 29°C using the GAL4/UAS system with a tub-GAL4
driver and UAS-Dcr-2 show moderate semi-lethality (<50% of internal control) in six lines: 23-2, 23-5, 23-7,
23-8, 23-9, 23-11. The RNAi + GAL4 flies were viable and fertile. Oga RNAi 23-11 + GAL4 flies showed a
blistered wing phenotype.

Relative viability was calculated for each of the RNAI crosses (Figure 2); RNAI
line 23-5 proved to have the lowest relative viability, at a ratio of 0.06 versus the internal
control class, thus marking it as a candidate worthy of further investigation (Figure 2).
Several RNAI lines showed moderate semi-lethality with relative viability ratios lower
than 0.5, which could be indicative of reduced Oga transcript levels: 23-2, 23-7, 23-8,
23-9, and 23-11 (Figure 2). RNAi line 23-11 showed a blistered wing phenotype upon

ubiquitous expression of the transgene (Figure 3).
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Figure 2. Relative viability of ubiquitously expressed Oga RNAi constructs.

Note. The relative viability was calculated as the ratio of the number F; progeny with
ubiquitously expressed UAS-Oga RNAI transgenes driven with a fub-GAL4 driver in the
presence of UAS-Dcr-2 to the number of internal control progeny with the UAS-Oga RNAi

1]

transgene over the TM3Sb balancer chromosome. “n” represents the number of flies
scored. The surviving UAS-Dcr-2/+; tub-GAL4/UAS-Oga RNAI progeny were fertile.

UAS-Dcr-2/+; UAS-Oga Wild-type
RNAi23-11/
tub-GAL4

Figure 3. Ubiquitous expression of UAS-Oga RNAi 23-11 with tub-GAL4
results in a blistered wing phenotype.

Oga mRNA

levels in survivors in which the various RNAi transgenes were

ubiquitously expressed were determined via gPCR and the data expressed relative to

the level of Oga mRNA in the control background strain, w''’®. The qPCR data show
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that, in most cases, the RNAIi transgenes caused moderate down-regulation of Oga
(Figure 4). RNAI lines 23-9 and 41822 reduced Oga mRNA levels to 16% of w''"® Oga
transcript (Figure 4). RNAI lines 23-1 and 23-4 showed a reduction in transcript levels to
22% of the control (Figure 4). RNAi lines 23-10 and 23-11 had 26% of Oga transcript
relative to wild-type, and 23-2, 23-5, and 106670 showed 29% of Oga transcript relative
to the control (Figure 4). The other lines had 42% of wild-type Oga transcript levels and

above.
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Figure 4. Oga transcript levels, relative to wild-type, in flies with various

ubiquitously expressed RNAI transgenes.

Note. Oga transcript levels of one-day-old, adult, female flies containing UAS-Oga RNAi
transgenes driven with tub-GAL4 were measured relative to w'"" control flies using
gPCR and three reference genes.

3.6. Ubiquitous overexpression of a single copy of Oga*
does not affect viability

Perturbation of O-GIcNAc signalling by either decreased Ogt function (Gambetta
et al., 2009; Sinclair et al., 2009) or ectopic expression of fly or human Ogt" cDNA
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causes lethality and semi-lethality, respectively (data not shown). Thus, it was of
interest to test whether ectopic expression of Oga® disrupts O-GIcNAc signalling,
presumably via increased removal of GIcNAc from target proteins, sufficiently to affect
viability. To accomplish this, Oga® was ubiquitously overexpressed using several
different UAS-Oga cDNA transgenes under the control of a fub-GAL4 driver. However,
in no case was any effect on viability observed (Table 6), and all survivors were male
and female fertile (data not shown). In fact, the majority of the transgenic lines had a
relative viability ratio over 1 and even the lowest ratio, from line 8302-4-7M, was not

overly low at 0.65 (Figure 5).

It is possible that, in the aforementioned experiment, Oga® overexpression was
insufficient to cause significant depletion of O-GIcNAc modifications on protein targets.
In an attempt to amplify any possible effects, | used the homozygous viable cDNA lines
with insertion sites on the second chromosome to drive two copies of the cDNA
transgenes simultaneously within one fly; this experiment resulted in strong semi-
lethality in the 8302-3-2M, 8302-4-5M and 8302-4-8M lines (relative viability ratios of
0.01, 0.02, and 0.03, respectively) and moderate semi-lethality in the 8302-3-1M and
8302-4-3M lines (relative viability ratios of 0.30 and 0.33, respectively) (Figure 6).

Table 6. Driving UAS-Oga cDNA transgenes ubiquitously with a tub-GAL4
driver does not result in lethality.
Oga cDNA + Oga cDNA + Observed/
UAS-Oga cDNA Totalflies  GAL4Expected GAL4Observed  Expected (%)

Oga cDNA 8302-3-1M 215 108 96 89
Oga cDNA 8302-3-2M 230 58 62 107
Oga cDNA 8302-3-3M 150 50 53 106
Oga cDNA 8302-4-1M 267 67 71 106
Oga cDNA 8302-4-2M 135 45 57 127
Oga cDNA 8302-4-3M 136 68 93 137
Oga cDNA 8302-4-4M 177 59 70 119
Oga cDNA 8302-4-5M 254 64 77 120
Oga cDNA 8302-4-6M 205 68 79 116
Oga cDNA 8302-4-7M 135 45 33 73
Oga cDNA 8302-4-8M 301 75 82 109
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Oga cDNA + Oga cDNA + Observed/

UAS-Oga cDNA Totalflies  GAL4Expected GAL4Observed  Expected (%)
Oga cDNA 8302-4-9M 149 75 82 109
Oga cDNA 8302-4-10F 133 33 52 158

UAS-Oga cDNA (3-) or UAS-2xflag Oga cDNA (4-) transgenes were ubiquitously expressed using the
UAS/GAL4 system with a tub-GAL4 driver. Oga cDNA + GAL4 flies from each cross were fertile.
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Figure 5. The relative viability of ubiquitously expressed UAS-Oga cDNA
transgenes.

Note. UAS-Oga cDNA (3-) or UAS-2xflag Oga cDNA (4-) transgenes were ubiquitously
expressed with a tub-GAL4 driver and the relative viability was calculated as the ratio of
the number of flies with the transgene and driver to the number of flies with the transgene

over the TM3Sb balancer. Flies with expressed transgenes were viable and fertile. “n
refers to the number of progeny scored.
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Figure 6. Relative viability of flies with two copies of UAS-Oga cDNA driven
ubiquitously with tub-GAL4.

Note. Two copies of Oga cDNA (3-) or flag tagged Oga cDNA (4-) were ubiquitously expressed
with a tub-GAL4 driver and moderate to strong semi-lethality was observed in all cases.

gPCR analysis was used to measure Oga transcript in flies containing single
copies of the UAS-Oga cDNA transgenes driven ubiquitously with tub-GAL4 relative to a
w'""® control sample; Oga expression was shown to be increased in every sample by

between 5 and 20.5 fold relative to the control sample (Figure 7).
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Figure 7. Oga transcript levels in female flies with ubiquitous overexpression
of Oga cDNA.

Note. Oga cDNA was overexpressed using the UAS/GAL4 targeted gene expression and a tub-
GAL4 driver. The Oga transcript levels were measured relative to w8 flies using gPCR
with three reference genes.

3.7. Ectopic expression of human UAS-Hs Ogt cDNA
containing a putative catalytic-site-dead (CSD)
mutation can rescue transheterozygous sxc mutants

The functional importance of OGT is well-documented (Gambetta et al., 2009;
Ingham, 1984; Sinclair et al., 2009). As mentioned previously, it is not completely clear
whether the essential functions of OGT are principally due to its catalytic role or to non-
catalytic functions of the protein. | participated in a collaborative study to investigate this
question in vivo. | obtained transgenic fly lines, each containing a Homo sapiens (Hs)

Ogt cDNA transgene with a putative “catalytic-site-dead” (CSD) mutation, from

34



colleagues in the Vocadlo laboratory. Since it has been previously shown that
ectopically expressed human Ogt cDNA transgenes can rescue the lethality associated
with a transheterozygous combination of different sxc alleles (Sinclair et al., 2009), it was
reasoned that it would be possible to test whether ectopic expression of a catalytically-
defective version of the human CSD Ogt transgene ubiquitously, would also rescue the
sxc” flies. Interestingly, the putative CSD transgene did indeed rescue all tested
transheterozygous sxc¢ mutant combinations (Table 7). The surviving
transheterozygotes were fertile and the only two phenotypic differences observed were

ectopic wing vein material and a blistered wing phenotype.

As a positive control, | carried out the same set of rescue crosses using the fly
Ogt cDNA transgene in place of the UAS-Hs Ogt cDNA CSD. The rescue crosses with
fly cDNA were successful in every transheterozygous sxc mutant allele combination
tested (Table 8). The rescue flies appeared phenotypically normal and they were fertile.
This experiment culminated in the identification of new transheterozygous sxc allele
combinations that can be rescued with both human and the fly sxc/Ogt transgenes,

2637 alleles can

which extends the previous findings that the combination of sxc® and sxc
be rescued with both human and fly cDNA transgenes under the control of a tub-GAL4

driver (Sinclair et al., 2009)

However, a key question in terms of the aforementioned hypothesis is whether
the putative CSD cDNA actually lacks catalytic function. As part of the collaboration,
David Shen, from the Vocadlo laboratory, conducted an assay to determine the
enzymatic activity of OGT CSD, relative to wild-type OGT in sxc*/sxc?®*’; UAS-Hs Ogt-
CSD/tub-GAL4 rescue flies using the protocols outlined in his thesis (Shen, 2011); he
determined that the catalytic activity of OGT in the rescued flies, was at least the
equivalent of that of wild-type flies (David Shen, unpublished). This result indicates that

the putative CSD mutant substitution did not compromise the catalytic capability of OGT.
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Table 7. Rescue of transheterozygous sxc mutants with ubiquitously
expressed human Ogt catalytic site dead (CSD) cDNA transgenes

Rescue Rescue Observed/

Rescue genotype Total F1 expected  observed exp;oe/;ted
sxc'/sxc3;UAS-Hs Ogt cDNA-1CSD/tub-GAL4 216 31 47 152.31
sxc'/sxc%UAS-Hs Ogt cDNA -2CSD/tub-GAL4 261 37 33 88.51
sxc'/sxc3;UAS-Hs Ogt cDNA-3CSD/tub-GAL4 284 41 43 105.99
sxc'/sxc3;UAS-Hs Ogt cDNA-4CSD/tub-GAL4 142 28 39 137.32
sxc'/sxc*;UAS-Hs Ogt cDNA-1CSD/tub-GAL4 157 22 17 75.80
sxc'/sxc*UAS-Hs Ogt cDNA-2CSD/tub-GAL4 146 21 7 33.56
sxc'/sxct;UAS-Hs Ogt cDNA-3CSD/tub-GAL4 124 18 2 11.29
sxc'/sxc*;UAS-Hs Ogt cDNA-4CSD/tub-GAL4 211 30 39 129.38
sxc'/sxc5;UAS-Hs Ogt cDNA-1CSD/tub-GAL4 156 22 33 148.08
sxc'/sxc5;UAS-Hs Ogt cDNA-2CSD/tub-GAL4 171 19 4 21.05
sxc'/sxc5;UAS-Hs Ogt cDNA-3CSD/tub-GAL4 107 12 19 159.81
sxc'/sxc;UAS-Hs Ogt cDNA-4CSD/tub-GAL4 92 13 21 159.78
sxc'/sxcNC130-UAS-Hs Ogt cDNA-1CSD/tub-GAL4 83 12 13 109.64
sxc'/sxcNC130:JAS-Hs Ogt cDNA-2CSD/tub-GAL4 145 21 16 77.24
sxc'/sxcNC130:JAS-Hs Ogt cDNA 3CSD/tub-GAL4 87 17 13 74.71
sxc'/sxcNC130:JAS-Hs Ogt cDNA-4CSD/tub-GAL4 125 14 17 122.40
sxc?%7/sxc’;UAS-Hs Ogt cDNA-1CSD/tub-GAL4 158 32 41 129.75
sxc?%7/sxc’;UAS-Hs Ogt cDNA-2CSD/tub-GAL4 99 20 3 15.15
sxc2637/sxc:UAS-Hs Ogt cDNA-4CSD/tub-GAL4 50 7 13 182.00
$xc2637/sxc3;UAS-Hs Ogt cDNA-1CSD/tub-GAL4 41 6 7 119.51
$xc2637/sxc3;UAS-Hs Ogt cDNA-2CSD/tub-GAL4 83 12 2 16.87
sxc?6%7/sxc%,UAS-Hs Ogt cDNA-3CSD/tub-GAL4 160 23 16 70.00
sxc?37/sxc%;UAS-Hs Ogt cDNA-4CSD/tub-GAL4 114 23 24 105.26
$x¢2637/sxc* UAS-Hs Ogt cDNA-1CSD/tub-GAL4 55 1 1 100.00
sxc?%7/sxc?; UAS-Hs Ogt cDNA-2CSD/tub-GAL4 221 44 42 95.02
sxc?6%7/sxc*;UAS-Hs Ogt cDNA-3CSD/tub-GAL4 266 53 56 105.26
$x¢2637/sxc;UAS-Hs Ogt cDNA-1CSD/tub-GAL4 174 19 29 150.00
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Observed/

Rescue genotype Total F1 es:zz;’: q 0';22::: d expzoe/::)ted
sxc?8%7/sxc% UAS-Hs Ogt cDNA-2CSD/tub-GAL4 90 10 9 90.00
$xc2637/sxc;UAS-Hs Ogt cDNA-4CSD/tub-GAL4 54 6 10 166.67
sxc?37/sxc NC130:JAS-Hs Ogt cDNA-1CSD/tub-GAL4 148 30 22 74.32
sxc?37/sxc NC130:JAS-Hs Ogt cDNA-2CSD/tub-GAL4 88 13 9 71.59
sxc?37/sxc NC130:JAS-Hs Ogt cDNA-3CSD/tub-GAL4 274 55 59 107.66
sxc?37/sxc NC130:JAS-Hs Ogt cDNA-4CSD/tub-GAL4 96 11 20 187.50

UAS-Hs Ogt cDNA CSD fly lines provided by M. Macauley. All rescued transheterozygous sxc mutant

combinations were viable and fertile.

Table 8. Rescue of transheterozygous sxc mutants with fly Ogt cDNA
transgene
Rescue Rescue Observed
Rescue genotype Total F4 expected  observed expected

(%)

sxc'/sxc3;UAS-Dm Ogt cDNA 3632-2-2M/

tub-GAL4 124 18 11 62.10
f;(gjészz‘ZUAS-Dm Ogt cDNA 3632-2-2M/ 308 " 8 1818
fjg_’éS:ﬁUAS-Dm Ogt cDNA 3632-2-2M/ 183 37 51 130.34
\Zj(g’észi ZC”O;UAS-Dm Ogt cDNA 3632-2-2M/ 137 15 9 14453
\tslj(gfgi\/i);cﬂ'UAS-Dm Ogt cDNA 3632-2-2M/ 190 38 18 196.32
\tslj(gfgi\/i);c%UAS-Dm Ogt cDNA 3632-2-2M/ 295 45 1 6778
\tslj(gfgi\/i);c“;UAS-Dm Ogt cDNA 3632-2-2M/ 263 53 50 95.06
\tslj(g-?g;\/i);ci'UAS-Dm Ogt cDNA 3632-2-2M/ 047 49 56 11336
sxc?6%7/sxc NC130:UAS-Dm Ogt cDNA 3632-2- 257 51 53 10311

2M/ tub-GAL4

UAS-Dm Ogt cDNA was expressed ubiquitously using a tub-GAL4 driver. The rescued transheterozygous

sxc mutants were viable and fertile.
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3.8. Effects of perturbations in O-GIcNAc signalling on
body size

Two previous studies have used global and/or targeted knockdown of Oga and
Ogt via RNAI to show changes in Drosophila body size; the RNAi knockdown of Oga or
Ogt result in increased and decreased body size, respectively (Park et al., 2011; Sekine
et al., 2010). Furthermore, both studies linked OGT depletion to decreased insulin
signalling, while OGA depletion had the opposite effects (Park et al., 2011; Sekine et al.,
2010). | decided to use our Oga and Ogt reagents, including the putative Oga mutant,
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Oga”", in an attempt to confirm their body size findings. In addition, | expanded the
analysis by testing the effects of targeted over-expression of Oga and Ogt, as well as
targeted over-expression and knockdown of the Gfat1 gene; the rationale for the interest
in Gfat1 is as follows. The GFAT enzyme acts at the rate-limiting step of the
Hexosamine Biosynthetic Pathway (HBP) (Na et al., 2013). Since the end product of the
pathway is UDP-GIcNACc, the substrate required by OGT for target protein modification, it
seemed reasonable to speculate that appropriate knockdown of Gfat7 might mimic that
of Ogt (i.e. decrease body size), and that perhaps over-expression of Gfat? might have
the opposite effect. Although, this hypothesis does not take into account that Gfat1 has
a paralogue in Drosophila, Gfat2; it is feasible that Gfat2 expression may be partially

compensating for the downregulation of Gfat1.

For my experiment, | used the available reagents to disrupt O-GIcNAc signalling
via the UAS/GAL4 system to target misexpression to the Drosophila insulin producing
cells via the dILP2-GAL4 driver (Sekine et al., 2010). | performed various crosses, as
mentioned in section 2.10 of this study, that allowed cDNA and RNAI transgenes for Ogt,
Oga and Gfat1 to be expressed under the control of the dILP2-GAL4 driver and
measured the body weight of the individual progeny of these crosses. | also included a
test of Oga*’®/Df(3R)ED 10845 in this experiment. The results of this study are shown in
Figure 8 and Figure 9.

For the female assay, the average body weight of the dILP2-GAL4 control, 1.08
mg, was smaller than all of the experimental genotypes (Figure 8). When the Oga, Ogt
and Gfat1 RNAI transgenes were driven with dILP2-GAL4, with UAS-Dcr-2 included to

enhance the knockdown, | noticed a 16%, 7% and 15% increase in body size,

38



respectively (Figure 8). When Oga, Ogt, and Gfat1 cDNA transgenes were driven with
dILP2-GAL4, | observed a 13%, 4% and 4% increase in body size, respectively (Figure
8). The hemizygous Oga*"® mutant showed a 7% increase, while the, Df(3R)ED10845/+
flies showed a 5% increase in body size relative to the dILP2-GAL4 control (Figure 8). A
Student’'s t test was conducted and the weight averages for each genotype were
deemed to be statistically significant relative to the control (p<0.05). The same test was
used to compare Df(3R)ED10845/0ga*’ to Df(3R)ED10845/+ control average and the

difference was found to be statistically insignificant (p>0.05).

Males from the same above-mentioned crosses were weighed and the averages
were less variable than those of the females. The average dILP2-GAL4/+ male weight
was 0.72 mg (Figure 9). When the Oga, Ogt and Gfat1 RNAIi transgenes were driven
with dILP2-GAL4, in combination with UAS-Dcr-2 included to enhance the knockdown, |
noticed a 3% increase, a 4% decrease and 3% increase in body size, respectively
(Figure 9). When Oga, Ogt, and Gfat1 cDNA transgenes were driven with dILP2-GAL4,
only Gfat1 showed a 10% decrease in body size, while both Oga and Ogt body sizes
were consistent with that of the d/LP2-GAL4 control (Figure 9). The hemizygous Oga*’®
mutant and the Df(3R)ED10845/+ flies had the same average body weight as the dILP2-
GAL4 control flies (Figure 9). The changes in body weight relative to the control class

were deemed statistically significant by a Student’s t test (p<0.05).

39



Figure 8.
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Average female fly weights.

Adult female flies from each genotype, in which various O-GIcNAc related proteins were
mutated or altered in terms of their respective expression using transgenes and the
UAS/GAL4 system. The data labels represent the relative size compared to the dILP2-
GAL4 control weight average shown in the far left column. +/- standard error, all
averages are statistically significantly relative to the control as determined by a Student’s
t test (p<0.05). A Student’s t test was also used to compare Df(3R)ED1 O845/Oga415 to
Df(3R)ED10845/+ control and found the difference to be statistically insignificant

(p>0.05).
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Figure 9. Average male fly weights.
Note. Adult male flies from each genotype with transgenes driven with dILP2-GAL4 and

mutants affecting proteins involved in O-GIcNAc cycling, or within the hexosamine
biosynthesis pathway (HBP). The data labels displayed represent the relative size
compared to the dILP2-GAL4 control weight average shown in the leftmost column. Error
bars are +/- standard error. The significance of the data was confirmed by a Student’s t
test relative to the control. Df(3R)ED10845/0ga®"® weights were also compared to
Df(3R)ED10845/+ control weight via Student’s t test and the difference was found to be
statistically insignificant (p>0.05)
* indicates a significant difference from average weight of control (p<0.05).
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4. Discussion and conclusion

4.1. Analysis of the Oga mutants

Protein sequence analysis is a standard bioinformatics procedure that can
provide insight into protein structure and function based on conserved amino acid
residues and domains. As mentioned in section 3.2, CD-Search and InterPro both
identified the N-terminal region of the D. melanogaster Oga protein as a conserved
domain with p-N-acetylglucosaminidase activity; even though the analyses provided by
the two programs differed with respect to the length of the conserved domain, they both
positioned the active site of the enzyme at the N-terminus of the protein. Interestingly,
the CODDLe program, which pinpoints regions of a protein within which TILLed EMS
lesions are most likely to affect the protein’s function, identified the C-terminal region of
OGA (McCallum, Comai, Greene, & Henikoff, 2000); thus, all of the recovered Oga
mutants have amino acid substitutions between residues 761 and 960 of the 1019
residue protein (Figure 11). In other words, none of the amino acid substitutions in the
Oga mutants occur within the conserved active site in the N-terminal domain of the
enzyme. However, some or all of these mutations could affect protein function in other
ways; for example, amino acid substitutions resulting in improperly folded OGA
molecules could lead to the formation of protein aggregates and/or degradation of the
misfolded protein. My gPCR analysis indicated low levels of Oga transcript in flies
hemizygous for the Oga*’® mutation. As mentioned, Oga*’® is an allele that contains a
premature stop codon, which presumably encodes a C-terminally truncated OGA protein
of 761 amino acids (rather than the full-length 1019 amino acid form). The production of
polypeptides from mRNAs with premature translation termination codons (PTCs) could
result in the aggregation of harmful truncated protein molecules (Nicholson et al., 2010).
Therefore, the PTC in Oga*’® might trigger nonsense-mediated mRNA decay (NMD),
which could explain the low levels of Oga transcript within the sample. NMD, or RNA
surveillance, serves as a quality control mechanism to degrade mRNAs with PTCs that

truncate an open reading frame (ORF) (Nicholson et al., 2010). If it is possible to
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confirm my findings regarding the transcript levels associated with Ogam, then this
mutant may prove useful for future studies of OGA function. Another possibility is that

415

Oga®"” is a double mutant containing the aforementioned nonsense mutation, plus a
mutation in a regulatory element that reduces Oga transcription. An antibody that binds
a portion of the N-terminus of fly OGA would also be very useful in the characterization
of all of the Oga mutants, because it could help to identify which, if any, of the mutants
are protein nulls. If the catalytic function of OGA is not affected in Oga*’® but a C-
terminally truncated form of OGA is translated, then the mutant line may be useful in

studies investigating the function of the C-terminus of OGA.
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Figure 10. A schematic of the annotated 1019 amino acid Drosophila Oga
protein.

Note. The relative position of the conserved active site and the amino acid substitutions of the
Oga mutants have been marked in this diagram of Drosophila OGA protein sequence.
The amino acids are listed by their single letter codes, and * is indicative of a premature
stop codon.
% |dentified via InterPro search
® |dentified via CD-Search
** Indicates the approximate region of corresponding Oga cDNA that would be amplified
during the qPCR experiments

The SIFT analysis predicted that the Oga 7, Oga % and Oga *%° mutations would
be most likely to affect OGA function (Table 3). However, the SIFT program is known to
have both false positive and false negative errors, which are defined by Ng & Henikoff
(2002) as predicting a deleterious substitution when the effect is neutral, or predicting a
neutral substitution when the effect is deleterious to protein function, respectively.
Unfortunately, these errors vary from protein to protein and can only be calculated when
a large dataset of tolerated versus intolerated mutations in a particular protein is

available (Ng & Henikoff, 2002). The SIFT program is estimated to be approximately
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75% accurate at predicting if an amino acid substitution will negatively affect protein

function (Ng & Henikoff, 2003). Thus, these mutations may prove useful for future work.

4.2. Is Oga an essential gene?

None of the selected TILLed Oga alleles are lethal when hemizygous. However,
without definitive evidence about the molecular consequences of the alleles, it is difficult
to assess the viability data pertaining to these mutants. Clearly the isolation of
confirmed Oga null alleles is of major importance. Radermacher et al. (2014) have
isolated Oga” and described it to be a putative protein-null allele, supported via a
western blot showing an absence of protein in homozygotes. This allele should be
investigated and confirmed or refuted as amorphic before other work to obtain Oga nulls
is conducted. However, if the previously mentioned findings are not repeatable then an
Oga protein null allele could be obtained by using various other methods, including
homologous recombination to obtain gene knockout (Rong & Golic, 2001) or type Il
clustered regular interspersed short palindromic repeat (CRISPR)/CRISPR-associated
(Cas) system (Bassett et al., 2013; Port et al., 2014). The relevance of null alleles for
basic analysis of the effects of compromised Oga function on viability is obvious.
Nevertheless, my finding that global expression of some UAS-Oga RNAi transgenic lines
results in moderate semi-lethality suggests that the Oga gene may be essential. My
gPCR data for flies in which RNAI transgenes were expressed globally did not correlate
consistently with the viability data. For example, global expression of UAS-Oga RNAi
41822 is viable and my gPCR analysis of the appropriate flies showed a striking
decrease in Oga transcript to 16% of the level found in control flies. On the other hand,
the 23-5 transgene was the most effective in terms of semi-lethality, but the survivors
exhibited a level of Oga mRNA equivalent to that of line 48122. However, it is important
to note that | was measuring mRNA levels in eclosed survivors. Presumably, those flies
that did not survive expression of the RNAI in 23-5 would have much lower levels of Oga
mRNA. In any event, definitive confirmation of my RNAI results will require further
experiments. Since the developmental profile for Oga expression shows a significant
maternal contribution (mModENCODE; FlyBase), it would be useful to test the effects of
GAL4 drivers that evoke early embryonic expression with some of the Oga RNAI

transgenes. Such studies could be used in conjunction with germline knockout analysis
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(Bassett et al.,, 2013; Port et al., 2014) using confirmed Oga null alleles, in order to

evaluate the effects of downregulation of Oga on early embryonic development.

Ubiquitous overexpression of Oga did not affect viability when the Oga®
transgene was only present in one copy; however, viability was affected in experiments
where two copies of the transgene were included. A western blot to quantify global
levels of O-GIcNAc modified proteins within the survivors would be crucial to ascertain

the effects of overexpression in these experiments.

4.3. Are the essential functions of OGT due to its catalytic
activity?

As mentioned in the introduction, using a mouse knockout mutation of Oga,
Yang et al. (2012) have demonstrated that the gene is essential for completion of mouse
embryonic development; they also showed that Oga is required for normal cell cycle
regulation and genomic stability in mouse embryonic fibroblasts. My data suggest that
the Oga gene may also be essential in flies; however, if the Oga” allele, described by
Radermacher et al. (2014), is confirmed to be a protein-null that is homozygous viable
and fertile then that would support the gene being nonessential. The essential nature of
the Ogt gene for embryonic development in vertebrates is well established (reviewed by
Love et al., 2010); indeed tissue-specific knockout of Ogt is cell lethal. As mentioned
earlier, Ogt/sxc is also essential for Drosophila development and the gene is a member
of the Polycomb Group (PcG) (Ingham 1984; Gambetta et al. 2009; Sinclair et al. 2009);
interestingly, flies devoid of OGT function associated with null alleles of Ogt/sxc survive
to the pharate adult stage and exhibit homeotic phenotypes typical of the PcG (Sinclair
et al., 2009). However, early pole-cell transplantation experiments (Ingham 1984),
confirmed later by RNAI studies (Sinclair et al. 2009), have shown that Ogt is essential

for fly embryonic development.

The exact nature of the essential requirements for Ogt is not completely clear,
although it is generally assumed that the crucial function of OGT is catalyzing O-
GIcNAcylation (O’'Donnell et al., 2004). However, it is formally possible that the OGT

protein has essential, non-catalytic functions. This was the underlying motivation for a
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collaborate effort involving myself and workers from the Vocadlo laboratory. We decided
to test the ability of a mutated transgenic version of the human Ogt cDNA to rescue
lethality associated with sxc mutant alleles; importantly, the mutant transgene coded for
OGA containing a substitution of an active-site residue, His558, thought to be critical for
catalytic activity (Martinez-Fleites et al., 2008). My data showed that global expression
of UAS-Hs Ogt cDNA CSD transgene did indeed rescue the sxc mutants; however,
further investigation into the structure of human OGT revealed that the His558 residue
was not required for O-GlcNAcylation (Lazarus et al. 2011). Instead, these authors
proposed that His498 is the key catalytic base. However, recent work has suggested
that neither His558 nor His498 are close enough from the acceptor hydroxyl to function
as the catalytic base (Lazarus et al., 2012). Even more recently, it has been proposed
that the catalytic base is provided by the a-phosphate of the donor substrate, rather than
residues in the OGT enzyme itself (Schimpl et al., 2012). In light of these recent
proposals, David Shen’s finding that rescued flies had normal OGT activity levels is not
surprising because the mutant version of the human Ogt transgene effectively has wild-
type activity. Nonetheless, these experiments, combined with my control data, show that
the effectively wild-type human Ogt cDNA, as well as the wild-type fly Ogt cDNA, rescue
various combinations of sxc alleles that had not been tested previously (Sinclair et al.
2009).

4.4. Weight assay

As mentioned previously, two earlier studies used global and/or targeted
knockdown of Oga and Ogt via RNAi to investigate the effects of altered O-
GlcNAcylation on body size in Drosophila (Park et al., 2011; Sekine et al., 2010). Using
a global driver, Actin-GAL4, Park et al. (2011) found that knockdown of Oga caused a
17% relative increase in body weight of adult female flies (an inhibitor of OGA activity
also increased body growth of flies of both sexes by ~10%). Furthermore, Park et al.,
2011 showed that the growth effect occurred by increases in cell size in imaginal discs,
rather than by changes in cell proliferation. On the other hand, these authors found that
both global downregulation under the control of the Actin-GAL4 driver and targeted

downregulation under the control of the engrailed-GAL4 driver of Ogt reduced the size of
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imaginal discs in a cell-autonomous fashion. Park et al. (2011) also correlated their
observations in regards to changes in fly size with insulin signalling; they found that
increased O-GIcNAcylation enhanced insulin signalling, whereas decreased O-
GlcNAcylation had the opposite effect. For example, global downregulation of Oga in
larvae significantly increased the site-specific phosphorylation of Akt, whereas global
downregulation of Ogt had the opposite effect; they also showed that overexpression of
Ogt" in S2 cells caused an increase in insulin-induced Akt phosphorylation. Finally, they
showed that Akt is an OGT substrate.

In their study, Sekine et al. (2010) used the Drosophila insulin-like peptide 2
GAL4 driver (dILP2-GAL4) to target RNAi-induced downregulation of Ogt and Oga to
Insulin-Producing Cells (IPCs) of Drosophila, thereby linking any effects directly to
insulin signaling. Consistent with the results of Park et al. (2011), they found that Oga
knockdown increased larval and adult body size (a relative increase of 12% in each
case; sexes were not distinguished), whereas, Ogt knockdown had the opposite effect (a
relative decrease of ~10% in each case). Interestingly, when they carried out targeted
overexpression of Ogt using a UAS-Ogt cDNA, this had the same effect as
downregulation of Oga. Sekine et al. (2010) extended their study by showing that
downregulation of Oga increased the expression of the dilp2, dilp3 and dilp5 genes,
whereas down-regulation of Ogt decreased their expression. These authors found that
while targeted downregulation of Oga stimulated site-specific phosphorylation of Akt in
larvae and adults, targeted downregulation of Ogf had no significant effect on Akt
phosphorylation in larvae, but caused a modest, albeit statistically significant, decrease
in Akt phosphorylation in adults. Finally, they showed that downregulation of either gene
evokes increased carbohydrate levels in adult hemolymph, but lessens insulin-induced
Akt phosphorylation in ex vivo cultured larval fat bodies; the latter is also correlated with

decreased triglyceride levels.

In an attempt to confirm and extend the abovementioned observations regarding
the effects of altered O-GIcNAcylation on fly growth, | used dILP2-GAL4 to target down-
regulation of Oga or Ogt to the IPCs and examined the effects on adult body weight. |
observed an average relative increase in weight of ~9.5% (+16% in females and +3% in
males) in response to Oga RNAI transgene expression and this compares favourably

with the data of Sekine et al. (2010) for a mixed gender sample (+10%). Furthermore,
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my result is similar to that of Park et al. (2011) (+17% in female body weight), although
they expressed the Oga RNAI using a strong, global Act-GAL4 driver rather than the IPC
specific driver used in my study (dILP2-GAL4). On the other hand, my data for Ogt RNAI
transgene expression were contradictory as female weight increased by 7%, but male
weight decreased by 4%, which is effectively no change if you average the two genders.
In comparison and under similar conditions, Sekine et al. (2010) reported a 12%
decrease in adult body weight. | also examined overexpression of Oga and Ogt cDNA
transgenes separately, again with contradictory results. Oga* overexpression showed a
clear increase (+13%) in female weight, but no change in male weight; the increase for
the females was opposite to the expectations that excess OGA would decrease overall
O-GlcNAcylation and thus decrease body weight via effects on insulin signalling.
Overall, Ogt" overexpression caused only a slight increase in body weight, much less
than the effect reported by Sekine et al. (2010). Clearly, my experiment should be
repeated, preferably using optimally expressed transgenes such as those generated with

phiC31 site-specific integration.

| also tested the effects of IPC targeted expression of a Gfat7 RNAI transgene
and a Gfat1 cDNA, separately, on adult body weight. The GFAT enzymes catalyze the
rate-limiting step in the hexosamine biosynthetic pathway (HBP), which synthesizes
UDP-GIcNAc, the substrate for O-GIcNAcylation by OGT (Haltiwanger et al., 1990). In
Drosophila, and most eukaryotes, there are two paralogous GFAT enzymes, GFAT1 and
GFAT2, encoded by the respective genes Gfat1 in 3R heterochromatin and Gfat2 in 3R
euchromatin (Graack, Cinque, & Kress, 2001). These enzymes appear to be functionally
equivalent and our laboratory has isolated and characterized lethal mutations in each
gene (unpublished). A plausible prediction is that overexpression of a wild-type copy of
either gene in the IPCs would drive the HBP and thus O-GIcNAcylation of targets by
OGT and, by inference cause an increase in body weight. However, once again, my
data are rather contradictory; when Gfat1 cDNA was driven by dILP2-GAL4 it modestly
increased the weight of females (+4%), but it clearly decreased the weight of males (-
10%). | also looked at targeted knockdown of Gfat7, using an RNAi transgene. Perhaps
surprisingly, this caused a marked increase in female weight and a more modest
increase in male weight; on the other hand, one might attribute that to GFAT2

compensation for the downregulation of GFAT1. Obviously, the situation regarding
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regulation of Gfat genes and their products is complicated and thus it is difficult to
assess the data. Nevertheless, the Gfat1 tests should be repeated and, if possible, it
would be preferable to use a doubly transgenic line containing RNAI constructs for both
Gfat1 and Gfat2.

4.5. Future directions

Obviously the characterization of Oga and the encoded protein in Drosophila is
nowhere near complete; however, the identification of the Oga” allele, by Radermacher
et al. (2014) looks like a promising conclusion to the debate as to whether Oga is
essential in flies. The abovementioned body weight assay should be repeated with
Oga” to determine whether homozygotes are larger in size, as would be expected in a
protein null. The western blots, performed by Radermacher et al. (2014), showing an
absence of OGA should be repeated, and perhaps a western blot showing whether a
UAS-Oga c¢DNA transgene driven ubiquitously in a homozygous Oga” background can
restore the OGA protein. Failing the confirmation of Oga” as a protein null, CRISPR
could be used to knockout gene function, as previously mentioned. qPCR was done on
survivors of the RNAi knockdown experiments in which UAS-Oga RNAI transgenes were
ubiquitously expressed with tub-GAL4 in the presence of UAS-Dcr-2. One may expect
the survivors to have more Oga transcript than the deceased flies, especially if the
protein is essential; therefore, a more meaningful result may be obtained by conducting
the qPCR experiments on embryos or larvae while using drivers that are expressed
earlier, such as Nanos-GAL4. This procedural modification should also be done to
measure Oga transcript levels in embryos/larvae in which two copies of the UAS-Oga
cDNA transgenes are present. A western blot identifying an increase in global O-
GlcNAc modification in larvae/embryos with Oga® cDNA transgenes in two copies would
be helpful to show whether an increase in global O-GIcNAc can be correlated with
reduced viability. Work should be continued to generate a catalytically inactive form of
OGT in vivo because knowing whether O-GIcNAcylation is the essential function of OGT

in flies could be helpful for the continued characterization of OGA.
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Appendix A.

Fly lines used in this study

Table AA1. A list of the Drosophila melanogaster mutant lines used in this

study.
Mutant name Mutagen Gene affected Source/Reference
Oga *1 EMS Oga SDTP
Oga 22 EMS Oga SDTP
Oga " EMS Oga SDTP
Oga 179 EMS Oga SDTP
Oga 1021 EMS Oga SDTP
Oga 520 EMS Oga SDTP
Oga & EMS Oga SDTP
sxc'! EMS SXC Ingham, 1984
sxc?3 EMS SxC Ingham, 1984
sxc 4 EMS SxC Ingham, 1984
sxc?d EMS SXC Ingham, 1984
sxc® EMS SxC Myster and Peifer, 2003
sxc 2637 P-element-based gene disruption study  sxc Spradling et al., 1999

*SDTP refers to the Seattle Drosophila TILLING Project

Table AA2. A list of the Drosophila melanogaster stocks containing RNA.I
transgenes used in this study.

Stock Inserted Gene affected OFF Targets Source/Reference
number Chromosome

23-1 3 Oga 0 Kristina Pohl, 2011*
23-2 3 Oga 0 Kristina Pohl, 2011*
23-4 3 Oga 0 Kristina Pohl, 2011*
23-5 3 Oga 0 Kristina Pohl, 2011*
23-6 3 Oga 0 Kristina Pohl, 2011*
23-7 3 Oga 0 Kristina Pohl, 2011*
23-8 3 Oga 0 Kristina Pohl, 2011*
23-9 2 Oga 0 Kristina Pohl, 2011*
23-10 2 Oga 0 Kristina Pohl, 2011*
23-11 3 Oga 0 Kristina Pohl, 2011*
23-12 3 Oga 0 Kristina Pohl, 2011*
41822 2 Oga 0 Dietzl et al., 2007
41823 1 Oga 0 Dietzl et al., 2007
106670 2 Oga 1: CG10574 Dietzl et al., 2007
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Stock Inserted Gene affected OFF Targets Source/Reference
number Chromosome

2824-1-4M 2 Ogt Sinclair et al., 2009
2664-1-1M 2 Gfat1 Jackson, 2007**

*indicates that the data is unpublished
**indicates work completed in a graduate studies thesis

Trans- Construct Library CG Nearest Genes Synonyms ON OFF
formant D0 <.  Number Targets Targets
0 va va va wa

A
41822 10644 GD CG5871 0ga,0-GlcNAcase 1 0

Copyright (c) 2014 CSF Campus Science Support Facilities GmbH - All rights reserved - Impressum

s19 CAN  Viability Inserted Status
<. Repeats <~  Chromo- <.

A some
Ta
1 2 viable 2 avallable

Trans- Construct Library CcG Nearest Genes Synonyms ON OFF
formant 0 <.  Number Targets Targets
1D N va va N
ZAa
() 41823 10644 GD 0ga,0-GlcNAcase 1 0

Copyright (c) 2014 CSF Campus Science Support Facilities GmbH - All rights reserved - Impressum

s19 CAN Viability Inserted Status

<. Repeats A Chromo- <
A some
ZA
1 2 viable 1 avallable

Trans- Construct Library CG Nearest Genes Synonyms ON OFF
formant D0 <.~  Number Targets Targets
P wa wa wa va
ZAa
() 106670 100928 KK CG5871 0ga,0-GlcNAcase 1 1

Copyright (c) 2014 CSF Campus Science Support Facilities GmbH - All rights reserved - Impressum

s19 CAN Viability Inserted Status
<~ Repeats w~  Chromo- <.
A some
Ao
1 2 viable 2 avallable

OFF-TARGETS FOR TRANSFORMANT ID 106670

Transformant ID 106670
CG Number CG5871
Oga
Synonyms 0O-GlcNAcase
OFF-Targets CG Number 19-mer hits total 19-mers
CG10574 1 367

Copyright (c) 2014 CSF Campus Science Support Facilities GmbH - All rights reserved - Impressum

Figure AA1.VDRC Oga RNAI lines showing insertion chromosomes and predicted OFF-targets

(from the VDRC website).

63



Table AA3. A list of the transgenic Drosophila melanogaster lines containing a
cDNA copy of a particular gene for the purposes of targeted
overexpression used in this study.

Stock number Inserted Gene affected Source/Reference
chromosome

8302-3-1M 2 Oga Stefanelli, 2014
8302-3-2M 2 Oga Stefanelli, 2014
8302-3-3M 3 Oga Stefanelli, 2014
8302-4-1M 2 Oga Stefanelli, 2014
8302-4-2M 3 Oga Stefanelli, 2014
8302-4-3M 2 Oga Stefanelli, 2014
8302-4-4M 3 Oga Stefanelli, 2014
8302-4-5M 2 Oga Stefanelli, 2014
8302-4-6M 3 Oga Stefanelli, 2014
8302-4-7TM 3 Oga Stefanelli, 2014
8302-4-8M 2 Oga Stefanelli, 2014
8302-4-9M 3 Oga Stefanelli, 2014
8302-4-10F 2 Oga Stefanelli, 2014
3632-2-2M 3 Ogt Sinclair et al., 2009
4145-1-3M 3 Gfat1 Jackson, 2007

All of the lines were developed from cloned plasmid constructs that were sent to BestGene for injection into
w18 embryos.
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Table AA4. A list of various genotypes of Drosophila melanogaster lines used in

this study.
Genotype/Reference Inthis Stock  Chr Gene(s) Mutagen/ Symbol
study # affected Feature
Type
w*; P{lip2-GAL4.R}2 diLP2- 37516 2 dILP2 transgenic Scen\GAL4[lIp2.PR]
(Rulifson et al., 2002) GAL4 transposon
y'w*; P{tubP- tub- 5138 3 tubP in vitro Scen\GAL4[aTub84
GAL4} LL7/ TM3 Sb' GAL4 construct - B.PL]
(Lee & Luo, 1999) regulatory
fusion
w8 Df(3R)ED 10845, Df(3R) 9487 3 many chromosomal  Dmel\Df(3R)ED108
P{3'RS5+3.37ED10845/ ED108 deletion 45
TM6C, cu’ Sb? 45
(Ryder et al., 2007)
P{UAS-Dcr-2.D}1, w1118 UAS- 24646 2 Dcr-2 in vitro Dmel\Dcr-
(Dietzl et al., 2007) Dcr-2 construct - 2[Scer\UAS.cDa]
regulatory
fusion

All of the lines were obtained from Bloomington (Bloomington stock numbers listed) and have detailed
descriptions on FlyBase that include the information listed here (www.flybase.org). *Chr refers to the
chromosome the transgene was inserted into.
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Appendix B.

Protein sequence of Drosophila melanogaster OGA from
FlyBase

MADEAGSQADGKRQFICGVIEGFYGRPWTTEQRKDLFRKLKSMGMGSSPS
YMYAPKDDYKHRAYWRELYTVEEADHLSSLTAAAKEAGITFYYALSPGLD
MTYSSPKEIATLKRKLDOQVAQFGCEAYALLFDDIESELSKADKEVFQTFA
NAHVSVTNEIYTHLGSPRFLFCPTQYCASRAVPTVQESEYLNTLGSKLNN
EIDILWTGDKVISKNISLESIQEITEVLRRPPCIWDNLHANDYDQKRIFM
GPYSGRSPELIPHLRGVMTNPNCEFYGNFVAIHSLAFWSRCSLDSKVNSS
LSADIKLETENDDDLPAEFLSKNVYHPRLALKNAITEWLPEFFMKKEAWG
PITKPQPOVOMVMPITIPITIPSINTCMSLTTTTTTSTSSRTVPPTVNTTQL
OALADVCVVTSSLTPISNPVMNSLVSPTKVITNDDIINPIPTTAASNIEL
PKKIPISVVPVPIMETKSVEASVELALDNAVFDDNEIEPNSDSVKERLEL
EVNLEGKQEPVANLSVDTMLDDDSLSPLSGVVNEPMECSSSITSQVSPRE
EEAIKVVADDVLMESVNDVHSMHVESGTSSPISNAEMREETEAQSDRTND
NNTIEGEGITVDDLVLLCDLFYLPFEHGSRGHKLLVEFNWLKGNANVILQ
DRSAGGGGDAIKSDKPEVSEWHQRREQFDOQLCSAVVELLIKIANCPNKET
CHELYSYMWDISGALSLLNCYVKWLALGHFPONTSSYTEGSYTWFSKGWK
EAFMSGDQEPWVFRGGLIADLORLMPVDSGNDLFVYKLPEQPTANYYLLR
PYCNSDEQQVNDLCTRLYLOWRGELDGGRHIPFPLPANVPNIVADGLIGG
YLTLSPQLCIVAYDESNRITIGYSCAALDVNIFRRNLELCWYTELREKYSR
DICPLEGGEEVVQLVTSLVESYHDSSGNGALDQCPVEVSGSFPAVLISGT
LREAEERDSGITKRMLTVLLAALRANGCFGAHVRVPQODVAQVNFYSRIG

FVDVYREEATKCIYMGRRF
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Appendix C.

Drosophila melanogaster Oga CDS from FlyBase with qPCR
primers identified

Forward primer: {88l
Exon-exon boundary: pright green
Reverse primer: [Bifik

Oga CDS from FlyBase

>0ga-PA type=CDS;
loc=3R:join(17044944..17045178,17045231..17045990,17046052..17046276,17046339..17046828,170468
95..17046989,17047048..17047472,17047532..17048361); name=0ga-RA;
dbxref=FlyBase:FBpp0083452,FlyBase_Annotation_IDs:CG5871-
PA,REFSEQ:NP_650956,GB_protein:AAF55867,FlyMine:FBpp0083452,modMine:FBpp0083452;
MD5=54c5f4ba5b5d3638abe5eaad9a8ce1ae; length=3060; parent=FBgn0038870,FBtr0084050;
release=r5.57; species=Dmel;
ATGGCAGACGAAGCGGGCAGCCAAGCCGATGGCAAGCGGCAGTTTATCTGCGGCGTGATCGAGGGAT
TCTACGGCCGGCCGTGGACCACGGAGCAGCGCAAGGACCTGTTCCGCAAGCTGAAATCCATGGGCAT
GGGGTCCAGTCCTTCGTACATGTACGCACCAAAGGACGACTACAAGCACCGCGCCTACTGGCGAGAG
CTATACACCGTTGAGGAGGCGGATCACCTTTCCAGTCTCATTGCAGCGGCCAAGGAGGCGGGCATCA
CCTTTTACTACGCGTTATCGCCCGGACTGGACATGACCTACAGCAGCCCCAAGGAGATCGCAACGTTG
AAGCGCAAGCTGGACCAGGTTGCGCAGTTTGGGTGTGAGGCCTACGCCCTGCTCTTTGACGACATCG
AGTCGGAGCTCTCAAAGGCGGACAAGGAGGTCTTTCAGACGTTTGCTAACGCGCACGTGTCGGTGAC
CAACGAGATATACACGCATCTGGGCAGCCCCAGGTTTCTCTTCTGCCCCACCCAGTACTGTGCCTCGC
GAGCGGTGCCAACGGTCCAGGAATCGGAGTACCTCAATACCCTGGGCTCCAAGCTGAACAACGAGAT
CGATATTTTGTGGACGGGGGATAAGGTTATCTCCAAGAACATATCCCTTGAGTCGATTCAAGAGATTAC
CGAGGTGCTGCGCCGTCCGCCGTGCATCTGGGACAATCTTCATGCCAACGACTACGACCAGAAGCGA
ATCTTCATGGGACCGTACAGCGGTCGATCGCCGGAGCTTATTCCCCACCTGCGTGGTGTTATGACCAA
TCCCAACTGCGAATTCTATGGCAATTTTGTTGCCATCCATTCGCTGGCCTTCTGGTCGCGCTGCAGCCT
GGACTCGAAAGTGAACAGCTCGCTAAGTGCAGACATAAAACTGGAGACTGAAAACGATGATGACCTAC
CGGCGGAGTTTCTCTCTAAGAACGTTTACCACCCACGCTTGGCTCTCAAAAACGCTATAACGGAGTGG
CTACCGGAGTTCTTCATGAAAAAGGAGGCCTGGGGACCGATCACCAAGCCCCAGCCTCAAGTCCAAAT
GGTGATGCCCATTATTCCCATCATACCCTCCATAAATACCTGCATGAGTCTCACCACCACCACAACCAC
ATCGACGAGCTCCAGGACGGTTCCACCCACGGTCAACACCACTCAACTTCAAGCTCTGGCTGACGTTT
GCGTTGTTACCTCTTCCCTGACTCCTATCTCAAATCCAGTAATGAACTCCCTGGTCTCACCCACAAAAGT
GATCACGAACGATGACATCATCAATCCCATTCCGACCACAGCGGCCAGCAACATTGAACTACCCAAGA
AAATACCGATCTCCGTTGTCCCAGTGCCCATTATGGAGACAAAGAGTGTGGAGGCTTCCGTGGAACTG
GCTTTGGACAATGCGGTTTTCGATGACAATGAAATTGAGCCCAATAGTGATTCCGTGAAGGAGCGGCT
AGAGCTGGAGGTGAACCTAGAGGGGAAGCAGGAACCGGTGGCCAATCTTAGTGTGGACACAATGCTG
GACGATGACAGTCTTAGTCCCCTAAGTGGCGTAGTCAATGAGCCAATGGAGTGCAGCAGCAGTATCAC
ATCACAGGTCTCTCCAAGGGAGGAGGAGGCCATTAAAGTGGTGGCCGACGATGTTCTCATGGAGTCC
GTTAACGATGTGCATAGTATGCATGTGGAGAGTGGGACTTCGTCGCCGATCTCAAATGCGGAAATGCG
CGAGGAAACTGAAGCTCAGTCTGATAGGACTAACGATAATAATACCATCGAAGGCGAAGGAATAACCG
TTGACGATTTGGTTCTTCTCTGCGACCTGTTCTATCTGCCCTTCGAACATGGCAGTCGCGGCCACAAGC
TGCTCGTGGAATTCAACTGGCTGAAGGGCAACGCTAATGTGATACTGCAGGACCGGTCTGCCGGCGG

67



CGGAGGCGATGCAATTAAATCAGACAAGCCGGAGGTTAGCGAGTGGCACCAGCGTCGCGAGCAGTTC
GACCAACTCTGCAGTGCTGTAGTAGAGCTCCTAATTAAGATCGCCAATTGCCCGAACAAGGAGATTTGC
CACGAGCTGTACTCGTATATGTGGGACATCTCCGGCGCCCTATCTCTGCTCAATTGCTATGTTAAGTGG
CTGGCTCTCGGCCATTTCCCGCAAAATACGTCTTCCTACACAGAGGECACETACABATC
BEGCTGGAAGGAGGCGTTCATGTCTGGTGATCAGGAGCCGTGGGTCTTTAGAGGCGGCCTCATTGCC
GACCTGCAACGCCTGATGCCTGTGGACTCGGGCAACGACCTGTTCGTGTACAAGCTTCCGGAACAGC
CCACGGCCAACTACTATCTCTTGAGACCTTACTGCAATTCGGACEAACACCAAGTCAACEATIIGTE CA
CTCGCCTGTATTTGCAGTGGCGGGGAGAGCTGGACGGAGGCAGGCACATTCCGTTCCCGCTGCCGGC
GAATGTGCCAAACATTGTGGCGGATGGGCTGATCGGTGGATATCTCACCCTCAGTCCGCAACTGTGCA
TTGTGGCCTACGACGAGAGTAACCGTATCATTGGATATTCATGCGCCGCCCTGGATGTCAACATATTTC
GACGCAACCTGGAGCTGTGCTGGTACACGGAACTGCGTGAGAAGTACTCTAGAGATATTTGTCCACTG
GAGGGTGGCGAGGAGGTTGTACAGCTCGTCACCTCCCTTGTGGAGAGTTATCATGACAGCAGCGGTA
ACGGGGCTCTGGACCAGTGTCCCGTAGAGGTGAGCGGCTCCTTCCCTGCCGTGTTGATCTCCGGAAC
TTTGCGCGAAGCGGAGGAGCGCGACTCGGGAATAACCAAGCGGATGCTCACCGTACTTCTGGCCGCC
CTGCGTGCGAACGGCTGCTTTGGTGCTCACGTTCGCGTTCCGCAACAAGATGTCGCCCAGGTGAACTT
TTATTCCAGAATCGGTTTCGTGGATGTCTATCGCGAGGAGGCCACCAAGTGTATTTACATGGGTCGCC
GTTTCTAG

Legend:
Forward primer: {88l
Exon-exon boundary: pright green

Reverse primer: Bifik

Oga genomic DNA (decorated FASTA with gPCR primers highlighted (exon-exon boundary))
>3R:17044799,17048565
TCAGTATATCGATGTCTTGAGCTATCGATAGCACAAGGTGCAATTGTCCGAACCAAACGA
TATACAAATCCTGAGAAGAGAGGAGAAAAGAAAGACTTATTTGGTCCTCGCAAATTGCCA
CATCCGATTCCCCGGCCTACTAGAAATGGCAGACGAAGCGGGCAGCCAAGCCGATGGCAA
GCGGCAGTTTATCTGCGGCGTGATCGAGGGATTCTACGGCCGGCCGTGGACCACGGAGCA
GCGCAAGGACCTGTTCCGCAAGCTGAAATCCATGGGCATGGGGTCCAGTCCTTCGTACAT
GTACGCACCAAAGGACGACTACAAGCACCGCGCCTACTGGCGAGAGCTATACACCGTTGA
GGAGGCGGATCACCTTTCCAgtaaataacctttgaactcagctagtecttttgttaagtg
ccttccatgcagGTCTCATTGCAGCGGCCAAGGAGGCGGGCATCACCTTTTACTACGCGT
TATCGCCCGGACTGGACATGACCTACAGCAGCCCCAAGGAGATCGCAACGTTGAAGCGCA
AGCTGGACCAGGTTGCGCAGTTTGGGTGTGAGGCCTACGCCCTGCTCTTTGACGACATCG
AGTCGGAGCTCTCAAAGGCGGACAAGGAGGTCTTTCAGACGTTTGCTAACGCGCACGTGT
CGGTGACCAACGAGATATACACGCATCTGGGCAGCCCCAGGTTTCTCTTCTGCCCCACCC
AGTACTGTGCCTCGCGAGCGGTGCCAACGGTCCAGGAATCGGAGTACCTCAATACCCTGG
GCTCCAAGCTGAACAACGAGATCGATATTTTGTGGACGGGGGATAAGGTTATCTCCAAGA
ACATATCCCTTGAGTCGATTCAAGAGATTACCGAGGTGCTGCGCCGTCCGCCGTGCATCT
GGGACAATCTTCATGCCAACGACTACGACCAGAAGCGAATCTTCATGGGACCGTACAGCG
GTCGATCGCCGGAGCTTATTCCCCACCTGCGTGGTGTTATGACCAATCCCAACTGCGAAT
TCTATGGCAATTTTGTTGCCATCCATTCGCTGGCCTTCTGGTCGCGCTGCAGCCTGGACT
CGAAAGTGAACAGCTCGCTAAGTGCAGACATAAAACTGGAGACTGAAAACGATGATGACC
TACCGGCGGAGTTTCTCTCTAAGAACGTTTACCACCCACGCTTGGCTCTCAAgtgagtaa
aactaggtaaataacgcaagaaaagctaacgaatcatttaaatcatctttaagAAACGCT
ATAACGGAGTGGCTACCGGAGTTCTTCATGAAAAAGGAGGCCTGGGGACCGATCACCAAG
CCCCAGCCTCAAGTCCAAATGGTGATGCCCATTATTCCCATCATACCCTCCATAAATACC
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TGCATGAGTCTCACCACCACCACAACCACATCGACGAGCTCCAGGACGGTTCCACCCACG
GTCAACACCACTCAACTTCAAGCTCTGGCTGACGTTTGgtaacaagagtttaattttata
tataaacagctgtatatcaatatttatattttcattacagCGTTGTTACCTCTTCCCTGA
CTCCTATCTCAAATCCAGTAATGAACTCCCTGGTCTCACCCACAAAAGTGATCACGAACG
ATGACATCATCAATCCCATTCCGACCACAGCGGCCAGCAACATTGAACTACCCAAGAAAA
TACCGATCTCCGTTGTCCCAGTGCCCATTATGGAGACAAAGAGTGTGGAGGCTTCCGTGG
AACTGGCTTTGGACAATGCGGTTTTCGATGACAATGAAATTGAGCCCAATAGTGATTCCG
TGAAGGAGCGGCTAGAGCTGGAGGTGAACCTAGAGGGGAAGCAGGAACCGGTGGCCAATC
TTAGTGTGGACACAATGCTGGACGATGACAGTCTTAGTCCCCTAAGTGGCGTAGTCAATG
AGCCAATGGAGTGCAGCAGCAGTATCACATCACAGGTCTCTCCAAGGGAGGAGGAGGCCA
TTAAAGTGGTGGCCGACGATGTTCTCATGGAGTCCGTTAACGATGTGCATgtaagtatge
atctgtatgtatccggeatcteattacctcttegtttettgcttttcctcttttagAGTA
TGCATGTGGAGAGTGGGACTTCGTCGCCGATCTCAAATGCGGAAATGCGCGAGGAAACTG
AAGCTCAGTCTGATAGGACTAACGATAATAAgtatgtcttttgaattctccattttggag
tgagagtttgtaaagatttcccatctcagTACCATCGAAGGCGAAGGAATAACCGTTGAC
GATTTGGTTCTTCTCTGCGACCTGTTCTATCTGCCCTTCGAACATGGCAGTCGCGGCCAC
AAGCTGCTCGTGGAATTCAACTGGCTGAAGGGCAACGCTAATGTGATACTGCAGGACCGG
TCTGCCGGCGGCGGAGGCGATGCAATTAAATCAGACAAGCCGGAGGTTAGCGAGTGGCAC
CAGCGTCGCGAGCAGTTCGACCAACTCTGCAGTGCTGTAGTAGAGCTCCTAATTAAGATC
GCCAATTGCCCGAACAAGGAGATTTGCCACGAGCTGTACTCGTATATGTGGGACATCTCC
GGCGCCCTATCTCTGCTCAATTGCTATGTTAAGTGGCTGGCTCTCGGCCATTTCCCGCAA
AATACGTCTTCCTACACAGAGG-gtaagtgaaccaaccgatcgatattt
tagcgttgccctaatatacttaaaacgtgtcag GCTGGAAGGAGGCGT
TCATGTCTGGTGATCAGGAGCCGTGGGTCTTTAGAGGCGGCCTCATTGCCGACCTGCAAC
GCCTGATGCCTGTGGACTCGGGCAACGACCTGTTCGTGTACAAGCTTCCGGAACAGCCCA
CGGCCAACTACTATCTCTTGAGACCTTACTGCAATTCGG
BEI8CACTCGCCTGTATTTGCAGTGGCGGGGAGAGCTGGACGGAGGCAGGCACATTCCGT
TCCCGCTGCCGGCGAATGTGCCAAACATTGTGGCGGATGGGCTGATCGGTGGATATCTCA
CCCTCAGTCCGCAACTGTGCATTGTGGCCTACGACGAGAGTAACCGTATCATTGGATATT
CATGCGCCGCCCTGGATGTCAACATATTTCGACGCAACCTGGAGCTGTGCTGGTACACGG
AACTGCGTGAGAAGTACTCTAGAGATATTTGTCCACTGGAGGGTGGCGAGGAGGTTGTAC
AGCTCGTCACCTCCCTTGTGGAGAGTTATCATGACAGCAGCGGTAACGGGGCTCTGGACC
AGTGTCCCGTAGAGGTGAGCGGCTCCTTCCCTGCCGTGTTGATCTCCGGAACTTTGCGCG
AAGCGGAGGAGCGCGACTCGGGAATAACCAAGCGGATGCTCACCGTACTTCTGGCCGCCC
TGCGTGCGAACGGCTGCTTTGGTGCTCACGTTCGCGTTCCGCAACAAGATGTCGCCCAGG
TGAACTTTTATTCCAGAATCGGTTTCGTGGATGTCTATCGCGAGGAGGCCACCAAGTGTA
TTTACATGGGTCGCCGTTTCTAGCGTAGCTGGTTGCCACCTTCACTGCCTCCACTTTTAA
TGTTCCTTCATCTTTGGTATTCCGGCTAGCGGTGCTAGCTACTCACGTCATGTCCTCGTC
CTTTTTGTATTCCCTTGAGGTATAAAGTTTGTATAACTGACCAACCCTTCCAGCATTTAT
CGTAAGCATTGTTTTCTTACTGAGAAAAACAATAAAAATACCAATTT

Legend:
gene span:xxxx
RNA:XXXX

CDS:XXXX
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Appendix D.

OGA enzymatic activity assay

Materials and Methods:

OGA activity was measured in adult female flies, aged one day, in separate reactions for each of
the following eight genot)/pes: w'® w8 fed 200 ul of 10mM solution of NButGT as larvae,
Df(3R)ED10845/+, Oga®’’/Df(3R)ED10845, UAS-Dcr-2/+; UAS-Oga RNAi 23-5/[TM3Sb, UAS-
Dcr-2/+; UAS-Oga RNAi 23-5/tub-GAL4 driver, UAS-Dcr-2/+; UAS-Oga RNAi 106670/TM3Sb,
UAS-Dcr-2/+; UAS-Oga RNAi 106670/tub-GAL4. Protein lysates of each genotype were
prepared by grinding ten female flies in 100 ul PBS treated with a protease inhibitor tablet (Roche
Applied Science). The preparations were spun at 13000 rpm for 15 minutes at 4°C and the
supernatant collected will hereinafter be referred to as the protein lysate. 1:10 dilutions of the
recovered protein lysate were used to assay protein concentration via endpoint reading of a DC
assay (Bio-Rad) using SoftMax Pro microplate data software.

Scott Yuzwa and | designed an experiment to assay the enzymatic activity of OGA in the
abovementioned fly lines by exploiting the fluorogenic substrate 4-methylumbelliferyl N-acetyl-p-
D-glucosaminide (4MU-GIcNAc or MUG; Sigma); OGA is able to hydrolyze the compound, thus
causing the release of the fluorescent molecule 4-MU (4-Methylumbelliferone, also known as 7-
hydroxy-4-methylcoumarin), which can be measured using a fluorescence spectrophotometer to
deduce the rate of hydrolysis over time (Dorfmueller, Borodkin, Schimpl, & van Aalten, 2009; Ho
et al., 2010; Wells et al., 2002). All reactions were run in triplicate at 37 °C on a 96-well
microplate to calculate the rate of reaction of OGA from each protein lysate. The experimental
wells contained 0.98 mg protein, 15 ul 10mM GalNAc-thiazoline (a lysosomal p-hexosaminidase
inhibitor; generously provided by the Vocadlo lab), 7.5 ul 10mM 4MU-GIcNAc, and phosphate
buffered saline (PBS) to 150 ul total reaction volume (Table AD1). Two sets of control reactions
were preformed alongside the experimental wells; the first control contained 15 ul 10mM thiamet-
G (TG; OGA inhibitor provided by the Vocadlo lab), 0.98 mg protein, 7.5 ul 10mM 4MU-GIcNAc,
and PBS to 150 ul total reaction volume, and the second control contained only 0.98 mg protein,
7.5 ul 10 mM 4MU-GIcNAc substrate and PBS to 150 ul total reaction volume (Table AD1). A
Varian CARY Eclipse Fluorescence Spectrophotometer was used to record the change in
fluorescence over the course of the sixty-minute run. The software used to access the recorded
data was SoftMax Pro and the settings used were as follows: 20 millisecond intervals, speed of
10, 60 minute run time, 27 second read intervals, kinetic reaction, Ex 355/ Em485 filter pair.

The raw data from the fluorescence spectrophotometer is reported in relative fluorescence units
(RFUs); RFUs can be converted into reaction rates by plotting a standard graph of RFUs to
known concentrations of the leaving group of the reaction of OGA on 4MU-GIcNAc, which is 4-
MU (4-Methylumbelliferone, also known as 7-hydroxy-4-methylcoumarin) and then dividing that
number by mg of protein used in the reaction to get a rate measured in uM/min/mg protein
(Figure AD1).
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Table AD1. Reagents used in the experimental and control reactions of the OGA
enzymatic activity assay

Experimental Control A Control B
- GalNAc- .
Inhibitor 15ul thiazoline 15 ul Thiamet-G None
Protein lysate 0.98 mg Protein 0.98 mg Protein 0.98mg  Protein
Substrate 7.5 ul 4MU-GlIcNAc | 7.5 ul 4MU-GIcNAc | 7.5 ul 4MU-GIcNAc
To 150 wl To 150 wl To 150 wl
Buffer total PBS total PBS total PBS
volume volume volume

GalNAc-thiazoline, 4MU-GIcNAc (4-methylumbelliferyl N-acetyl-p-D-glucosaminide), and thiamet-G stock
solutions were 10mM. OGA activity assay experiment designed with help and tutelage from Scott Yuzwa.
All reactions were run in triplicate and the change in fluorescence detected by a Varian CARY Eclipse
Fluorescence Spectrophotometer.

B
[l

y =2.0513x + 0.3061

Fluorescence (RFU)
= - N N w w B
w o w o wv o wv o

o

0 5 10 15 20 25

Concentration of 4-Methylumbelliferone (uM)

Figure AD1. Standard graph for determining relative fluorescence units (RFUs)
measurement for known concentrations of 4-Methylumbelliferone
fluorescence to be able to calculate the rate of OGA activity.
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Results:
OGA enzymatic activity assay needs optimization to provide significant data

As previously mentioned, we found RNAI lines that knocked down Oga expression as well as one
nonsense mutation that putatively results in the production of a truncated version of OGA; we
were curious to see if there was OGA enzymatic activity in the surviving flies of the various
genotypes of interest. To determine if OGA was being formed and functioning with an enzymatic
activity comparable to the wild-type strain w'"® an OGA activity assay was designed with help
from Scott Yuzwa (Vocadlo lab). The average rate of OGA activity was measured by the
increase in fluorescence upon liberation of the fluorescent leaving group, 4-MU (4-
methylumbelliferone), over time. The rate of OGA activity in the lysosomal enzyme inhibitor
GalNac-thiazoline (Vocadlo, ungpublished results) treated w'"® sample was 26.4 uM/ min/ mg
protein (Figure 10). The w'""® control sample that did not contain any inhibitors showed an
increase in OGA activity, as did the control sample that was treated with an OGA inhibitor,
NButGT, but only at the larval stage (Figure 10). The only other two samples that showed an
increase in enzymatic activity were from the flies containing the UAS-Oga RNAi transgenes
driven ubiquitously with fub-GAL4 (Figure 10). The rest of the samples showed reaction rates
lower than the 26.4 uM/ min/ mg protein activity level of the w'""® control sample (Figure 10).
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Figure AD2. Enzymatic activity of OGA.

The enzymatic activity assay was performed in triplicate on protein lysate samples made from
one-day-old adult female flies. The reactions included 4-methylumbelliferyl N-acetyl-3-D-
glucosaminide (4MU-GIcNAc) as a substrate and were assayed for increasing
concentration of the fluorescent leaving group, 4-methylumbelliferone, over time via
detection by a Varian CARY Eclipse Fluorescence Spectrophotometer
*no GalNAc-thiazoline (lysosomal enzyme inhibitor)

** with Thiamet G (OGA inhibitor), but no GalNAc-thiazoline (lysosomal enzyme inhibitor)
*** 200 wl of 10mM solution of NButGT (OGA inhibitor) fed to larvae
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Discussion: OGA activity assay

The fly line with a nonsense mutation at amino acid position 761 of 1019, Ogam, putatively
codes for a truncated version of OGA,; if the last quarter of OGA is not synthesized then it is
possible that the protein is misfolding and being degraded, but it is also possible that the protein
is still functional as the predicted active site is in the N-terminus, well before the premature stop
codon. It could be that the truncated version of OGA functions as well as wild-type OGA,
however, without some sort of assay to look for the presence of OGA in the
Oga415/Df(3R)ED10845 flies, it is difficult to say. The enzymatic activity assay that was designed
to show if OGA activity was affected within the mutant flies looked promising, but the results
indicate that the assay is not optimal for fly tissue as is. UAS-Oga RNA/ 23-5 flies without the tub-
GAL4 driver had lower activity than the UAS-Oga RNAi 23-5/tub-GAL4 flies, and the same for
Oga RNAi line 106670 (Figure 10). | have shown that the RNAI line 23-5 reduces the Oga
transcript level to 29% of wild-type upon ubiquitous expression with fub-GAL4 and UAS-Dcr-2
included (Figure 4), therefore, the activity should be lower than the sister progeny containing the
transgene but no driver to initiate its expression. Perhaps the OGA activity assay does not work
in flies, or the techniques need to be optimized, as the results do not make logical sense at this
point.
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Appendix E.

Online sequence analysis of Drosophila melanogaster Oga
protein

Conserved domain search of Dmel OGA amino acid sequence, gi 74868464, against the NCBI
Conserved Domain Database (CDD) showing the conserved domain to be NAGidase
[pfam07555], beta-N-acetylglucosaminidase

http://www.ncbi.nIm.nih.gov/Structure/cdd/wrpsb.cgi
Pfam 07555 is a member of the superfamily cl06544

pfam07555: NAGidase, with user query added

beta-N-acetylglucosaminidase

This family has previously been described as a hyaluronidase. However, more recently it has been shown that this family has beta-N-
acetylglucosaminidase activity.
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I\ Marchler-Bauer A et al. (2009), "CDD: specific functional annotation with the Conserved Domain Database.”, Nucleic Acids Res.37(D)205-10.
I Marchler-Bauer A, Bryant SH (2004), "CD-Search: protein domain annotations on the fly.”, Nucleic Acids Res.32(W)327-331.
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2WB5_B 152 RGIVEGEYGTPWTHODRLDOIKEYGENKLNT YIYAPKDDPYHRE KWREPYPESEMORMOEL INASAENKY
query 17 CGVIEGFYGRPWITEQRKDLFRKLKSMGMGS. [3).YMYAPXDDYXKHERA YWRELYTVEEADELSSLIAAAKEAGI
gi 75380654 196 RGFIEGYYGNPWSVQDRADLMTYGGYYKLNA YFYAPKDDPXHRV QWRSLYTEDELKWIKQLADAGNASKC
gi 75397187 143 RGIIEGFYCIPWTHEMRLSLFSYMKDNOLNT FMYAPKDDELLRK KWRELYDAQELDKFKELLSAAEASNI
2XSA A 3 TGVIEGFYGRDWRRDERATVMDWIAAAGMNT YIYGPXDDVHVRA RWRVPYDAACLARLTELRDAAAARGM
gi 121962023 20 CGVVEGEYGRPWIPEQRKHLFXRQNQLGLTT YLYAPKDDIKHRS LWRELYNNEEMTYLRNLVESAKDNNYV
gi 82254121 20 SGVVEGEYGRPWSMEQRTELFXREQSWGLNT YLYAPKDDSKHRM PWRNLYTAEEAEQLTALIARAQOHEY
gi 74805241 17 CGVVEGFYGRPWITEQRKDLFRKLKQWGMDA YIYAPKDDYXHRA YWRELYTVEEADELTGLIARAHEQGI
gi 84497958 171 RGTIEGEYGOPWIQAERLDOLDEYGDVKANT YIYAPKDDPFHRE RWRDPYPADKLAELATLADKATANEYV
2VUN_A 151 RGVVEGEYGTPWSHOARLSQOLKEYGKNKMNT YIYGPKDDPYHSA. [1].NWRLPYPDKEAAQLOELVAVANENEV
2WB5_B 222 DFVFGISPGIDIR FD.[3).G.[1].EDFNHLITKAESLYDMGVRSFAIYWDDIQ DKSAAKHAQVLNRF
query 90 TFYYALSPGLDMT ¥s S.[1).KEIATLKRKLDQVAQFGCEAYALLFDDIE. [11).QTFANAHVSVINEI
gi 75380654 266 RFVYGIHPFPGND.[5].KD.[3].Y.[1].KDLVDLXSKLKQVIDQGVRQVAILADDEA NPGGELGLRLVNDI
gi 75397187 213 DFWYLISPGNDID 1T C.[1).EDIQVLLKKLEQLIELGVFQFGLLMDDID. [11].REPAFAHAYLVNRY
2XSA A 73 VFYVSLAPCLDVT ¥s D.[1).0DRAALLARVDQLARAGLRNLVLLFDDIP. [11].DSFAEAQADLSNMY
gi 121962023 90 NFVYAISPGKDIL ¥s S.[1).EEMDTLXNKLDQVRSVGCDSFAVLFDDIE. [11].TSFAHAQVHIANTI
gi 82254121 90 DFIYAISPGLDMT £s S.[1).REVSALXRKLEQVKQFGCRSFSLLFDDIE. [11].GSFAHAQVAVANAY
gi 74805241 87 NFYYALSPGLDIT ¥s S.[1).KEIGILKRKLDQVSQFGCKAFALLFDDIE. [11].QSFAHAQVSVTINEI
gi 84497958 241 NFTFALSPGNTVC ¥s S.[1).ADYAALTGKLQQMYDVGVRAFNIPLDDID. [18].GTAGKAQAYFLDRY
2VVUN_A 222 DFVWAIHPGODIK WN X EDRDLLLAKFEKMYQLGVRSFAVEFDDIS. [ 2].GTNPQKQAELLNYI
2WB5_B 285 .[1).EEFVKAK.[ 5).LITVPTEYDTGAMVS.[6].YTRIFA.[1].T.[1].DPSIEVMATGPGVV.[2]).EIPLSD
query 161 .[1).THLGSPR FLFCPTQYCASRAVP. [6].YLNTLG. [1].K.[1].NNEIDILWTGDKVI.[2].NISLES
gi 75380654 334 .[1).NWLENEV.[10).LPYVPYDYMGNGSGA EFTSLK.[1].A PENVOLVQTGGRIW. [1].EVTONF
gi 75397187 284 EEYLSTR.[ 5).LVICPTEYDNRHGSR YLATLS.[1].E.[1).PEQLPFFWIGPSTL. [2].SISTEE
2XSA_A 144 .[1).RELRGAG.[ 1].VVFCPTEYCGRMAGG.[6).YLORLG.[1].T.[1].DPAIDIFWIGPEIV.[2].EIVAAH
gi 121962023 161 .[1).KYLNTKT EMFCPTEYCESRAVP. [6].YLNTIG.[1].0Q.[1].AGDIHIMATGPRVI. [2].YLTVER
gi 82254121 161 .[1).QHLGEPH.[ 1].FLFCPTDYCAAFCSP.[6).YLOTLG.[1].0Q.[1].LPGMDVLWIGPKVYV.[2].KISVES
gi 74805241 158 .[1].NELNCPR FLFCPTEYCSSRAAP. [6].YLNTLG. [1].K.[1].VRAIDILWTGPKVI. [2].VLTVEC
gi 84497958 319 .[1).KEFIETH.[ 5).LOMVPTEYYNTTESA YKAALR T.[1].DDDIVVMWTGEGVV.[2].SVIVDQ
2VUN A 283 .[1].EKFAQVK.[ 5).LVMCPTEYNKSWSNP.[3].YLTTLG.[1].K.[1].NPSIQIMWTGDRVI.[1].DITRDG
2WB5_B 350 AQLISGIYDRNMAVWWNYPVTDY FKGKLALGCPMHG LDKGL NQ YVDFFTVNPMEHAELSKI
query 221 IQEITEVLRRPPCIWDNLEANDY DOKRIFMGPYSG RSPEL 1p HLRGVMTNPNCEFYGNEY
gi 75380654 396 SQTFKNNTGRSPYYWINWPCSDN SKSHLIMGGNDT. [1).LHPGV.[1].PT LIEGIMLNPMOQSEANKS
gi 75397187 342 LOEMASVYQRPMLIWDNIPVNDY.[2).DKELLFMSPYEN RTPNL. [1].KE.[2].QVTGVVSNPMAQLEASKF
2XSA_A 205 LAAVGEVLRRRPVIWDNFEANDY DIRRVFAGPLGG RSRDI Lp LVAGWITNPNNEAEANEP
gi 121962023 221 LARVGSVMRRKPLIWDNLEANDY DLKKIFMGPMMH RSVKI KE PTSGLLSNPNGRYEANEY
gi 82254121 222 IEEVSSVLRRAPVLWDNIHANDY DPQRLFLGPYKD RPTEL 18 RLRGVLTNPNCEFHPNEV
gi 74805241 218 IEEITEVLKRPPVIWDNLEANDY DOKRVFLGPYSG RSPEL 1p LLRGVVTNPNCEFHANSI
gi 84497958 377 ARKAATVFGGSTFLWDNYPVNDY.[2).TAGRLLLAPYDK REAGL GA YLAGIVSNPMNQARASKI
2VUN A 344 ISWINERIKRPAYIWWNFPVSDY VRDHLLLGPVYG NDTTI AK EMSGEVTNPMEHAESSKI
2WB5_B 410 SIHT AA. [3).WNMDNY DYDKAWNRA. [ 7).LAEDM KVEANHS 452

query 281 AIHS LA.[1).WSRCSL DSKVNSSLS.[ B8).NDDDL.[2).EFLSKNV 324

gi 75380654 458 ALFA VA.[3).WNIWKT.[2).QADKNWNDS.[13].ASAAL REISKHM 508

gi 75397187 407 TINS MA. [3).WNCERF DPLETWTSV. [12].YLTLT NAFPNHY 454

2XSA A 265 AIHT.[4).LA.[3).YAPERA.[2).AAVAAWQPR.[ 9).VPSDL VALLCDL 315

gi 121962023 281 PFHT LS. [1).WNAADR DLRESECCE. [ 18] .RNGVI LNIDCNT 332

gi 82254121 282 AVHT LA.[1).WCRAPT GGEQRDVEM. [ 1].EEEQD PCYSPOK 316

gi 74805241 278 AIQT LA.[1).WSKCSA DTKIASSLS.[14).EGDAP AFLSENV 325

gi 84497958 439 AIFG FA.[3).WNDTGY DAGRNWTQA. [10] . TAARAL RVEADLN 484

2VVUN_A 404 AIYS VA.[3).WNPAKY DTWQTWKDA. [ 7).AAEEL ECEAMHN 446

The above alignment shows protein sequences from the following organisms:

Clostridium perfringens
Clostridium paraputrificum
Enterococcus faecium

Oceanicola granulosus HTCC2516

Caenorhabditis elegans
Tetraodon nigroviridis
Anopheles gambiae str. PEST
Janibacter sp. HTCC2649

2WB5_B
gi 75380654

gi 75397187

2XSA_A

gi 121962023
gi 82254121

gi 74805241

gi 84497958
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InterPro protein sequence analysis & classification demonstrated that D. melanogaster Oga
protein sequence has a conserved N-terminal domain belonging to the glycoside hydrolase
superfamily and two C-terminal acyl-CoA N-acyltransferase domains.

http://www.ebi.ac.uk/interpro/sequencesearch/iprscan5-R20140311-015904-0307-69194198-oy
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Appendix F.

Oga transcript levels of Oga*'’/ Df(3R)ED10845 flies relative
to wild-type
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Figure AF1. gPCR data with three reference genes shows Oga transcript to be
reduced to 2% of wild-type expression in Oga*'®/ Df(3R)ED10845
flies.
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