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SYNOPSIS

SUMOylation in the Drosophila Innate immune response: Proteomics to
iImmune signaling

Name of the Student : MITHILA HANDU

Roll number ; 20083022

Name of the thesis advisor : Dr. Girish Ratnaparkh
Date of Registration : 18th August 2008

Indian Institute of Science Education and ResefitSER), Pune, India

INTRODUCTION

The innate immune response serves as the firsofidefense to combat a wide-range
of microbial pathogens in multi-cellular organismi$ie process involves the recognition of
specific pathogen associated molecular patternd/f®A by cellular receptors, which trigger
downstream effector responses (Akira et al., 2008psophila melanogaster, like most
invertebrates lacks most hallmarks of an adaptivaune response, having only the innate
components. Its genome codes for immune signaliaitpway proteins similar to those
involved in mammalian innate immunity (Ferrandonmakt 2007), thus serving as an ideal
model system to study innate immunitprosophila immune response can be broadly
classified into three categories mediated throudferdnt cell types. These include the
cellular responses mediated by the blood cellseandtytes, melanization and wound repair.
The humoral response includes the production oficee wange of anti-microbial peptides
(AMPs) primarily by the fat body and also the hegtes. Infection leads to the activation of
the Toll and Immune deficient (IMD) signaling cadea in a pathogen-specific manner,
which in turn leads to the translocation of NB-transcription factors Dorsal, DIF and Relish
into the nucleus. These NEB factors act as transcriptional activators foretske genes
(Anderson, 2000; De Gregorio et al., 2002; Hetrd Boffmann, 2009; Tanji et al., 2007).
The INK, JAK-STAT, and Ras/MAPK pathways also plaportant roles in modulating the
immune responses (Agaisse and Perrimon, 2004; &owr al., 2002; Chen et al., 2010;
Delaney et al., 2006; Ragab et al., 2011).
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Reversible post-translational modifications (PTM§)proteins through addition and
removal of molecular moieties prove essential tmgorabout rapid changes to external
stimuli, without affecting transcription, proteigrghesis and subsequent mRNA and protein
turnover. Recently, covalent modification of pratiby Small Ubiquitin-like MOdifier
(SUMO), has emerged as an important PTM mechanisnregulating transcription,
translation, cell cycle, DNA repair and other cklluprocesses (Geiss-Friedlander and
Melchior, 2007; Hay, 2005; Muller et al., 2001).eTbonjugation of SUMO to its target is a
reversible process carried out by E1 activatingyemez E2 conjugase and E3 ligases as in the
case of ubiquitin. SUMO proteases are involved dM® protein maturation and
deconjugation. The enzymes involved in the SUMQOgtapathway are distinct from that
used in ubiquitination and unlike ubiquitinationJ®Oylation does not directly lead to
proteasomal protein degradation. The attachme®UMO to target proteins usually occurs
at a consensus sitgKXE (where y is a hydrophobic residue, most often I, L or V)
(Rodriguez et al.,, 2001; Sampson et al., 2001),dvew other SUMOylated proteins have
been identified without this sequence and a fevigmme with this sequence do not show any
SUMOylation The presence 8JMO InteractionM otifs (SIMs) on proteins provides a non-
covalent binding site for SUMO binding (Kersched0Z; Zhu et al., 2008).

A number of proteins in the mammalian and fly immusignaling cascades are
regulated by PTM mechanisms like phosphorylatiod ahiquitination (Silverman et al.,
2000; Zhou et al., 2005). In comparison, very fedM®ylated proteins in these pathways
have been identified and their functions known. &eseDrosophila as a model system to
better understand the role of SUMO modificatiorregulating different aspects of immune
responses within the celDrosophila has a single SUMO isoform (Smt3), a single E2 @)bc
and multiple E3 ligases. An early evidence of tbke of SUMO inDrosophila immunity
came from a study by Govind and colleagues. ThewsH that in Ubc9 (SUMO conjugating
enzyme) mutants there is constitutive activationtted Toll/NF«B signaling leading to
formation of melatonic tumors and increase in pobidm of a few anti-microbial peptides
(Chiu et al., 2005). Also, SUMO modification of Bat, the NF<B transcription factor is
important for Toll dependent anti-microbial peptmt@duction (Bhaskar et al., 2002).

In this study, we characterize the involvement 0M® modification inDrosophila
innate immunity using both the fly and Schneid&t)(&lls. Through our study, we show that
the absence of SUMO affects the expression profidF-«xB induced anti-microbial peptide

response. We use stringent biochemical techniquesimbination with quantitative mass
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spectrometry to identify changes in the S2 celltgmme in response to LPS-mediated
immune challenge, enriching and identifying SUMOjogates. Bioinformatic analysis on a
confident set of differentially expressed 858 predeprovides further insights into the
prospective alterations in different cellular preses in response to immune challenge. We
have also identified SUMO modification of two targeoteins in the IMD pathway — Caspar

and Jra. We also present some initial data on C&plOylation.

In summary, our study not only confirms few of theeviously identified SUMO
targets but also provides the first quantitativet@omics data in response to immune
challenge irDrosophila melanogaster.

OBJECTIVES

We usedrosophila third instar larvae and S2 cells for our studyh&f immune response. S2
cells are polyclonal cell line derived from a heopatietic lineage and have been extensively
used as a model system to study innate immunity. Mk high-throughput proteomics
approach to identify changes in the SUMOylatiorntestaof proteins and pathways using
ITRAQ mass spectrometry. A detailed bioinformaticalgsis followed by biochemical
validations allows us to gain insight into the mamisms by which SUMO modification may

affectDrosophila innate immune responses.
The specific aims of the study were as follows:

1. To identify changes in expression profile of #mi-microbial peptides post infection
after SUMO depletion.

2. To identify known and unknown proteins with cpas in their SUMOylation states in

response to infection using quantitative mass speeitry.

3. To validate SUMO modification of proteins andtler identify the SUMO-lysine
acceptor sites for further analysis.

4, To molecularly characterize the role of SUMOgatof selected target proteins, in

order to understand their role in immune response.



RESULTS AND DISCUSSION

1. To identify changes in expression profile of theanti-microbial peptides post

infection in Drosophila after SUMO depletion

The production of AMPs in response to immune chgke is a hallmark in
Drosophila immune response. These AMPs have a distinct or-lapping anti-microbial
spectrum and different expression kinetics (Lerea#ind Hoffmann, 2007). IBrosophila
larva, fat body is the primary site for AMP prodoat however hemocytes also contribute to
AMP response within the organisirosophila S2 cells also produce anti-microbial peptides
in response to immune challenge triggered eithdipopolysaccharide (LPS), peptidogylcan
(PGN) or heat-killed bacteria. We have used AMPhdcaipt levels as a read-out to
understand the effects of SUMO knockdown using RNAINFkB induced expression of
AMPs.

Previous studies have shown thi2tosophila Ubc9 (SUMO conjugating enzyme)
mutant larvae show constitutive Drosomycin respanan in the absence of infection (Chiu
et al.,, 2005). Studies in S2 cells have also shtvat SUMO pathway components are
required for Cecropin A1 and Drosomycin inductidBhéskar et al., 2002). To more
thoroughly understand its effects in a model cilke Iresponsive to LPS treatment, we
examined AMP expression in SUMO-knockdown S2 cellbe changes in the time
dependent expression kinetics may suggest theofdB2JMO in various transcriptional and
post-transcriptional mechanisms that govern thbilgiaof the AMPs or its effect on the
interplay of the NF-kB pathways and their positimefative regulators.

We first checked for ability of S2 cells to produa®Ps in response to addition of
crude LPS for variable time periods. Once it wataldshed that these cells are well
responsive, dsRNA-mediated knockdown of SUMO wasrieth out efficiently to
approximately 95%. These cells were further inféstéth crude LPS and the response curve
for different AMPs was monitored over 24 hrs usgRRT-PCR. It was seen that the AMP
expression profile in SUMO knockdown conditiondetiéd from no RNAIi control condition.
A few AMPs showed an increase in their expressitilenothers showed a decrease or no
change. Decrease in global SUMOylation in knockda@anditions as shown in our results,
may be affecting a variety of interplaying facttosmaintain the AMP response and further
studies are required to decipher the exact meamangeverning such alterations.
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2. To identify known and unknown proteins with changesin their SUMOylation

states in response to infection using quantitativenass spectrometry

Very few immune related targets are identified ® rbodified by SUMO in both
Drosophila and mammals (Bhaskar et al., 2002; Desterro €1298; Gronholm et al., 2010).
We performed biochemical pulldowns followed by mapgctrometry to identify immune
responsive SUMOylated protein species within c&lle. aimed at comparing the protein lists
obtained from botlDrosophila larvae and S2 cells immune responsive SUMO progsom
We carried out tandem affinity purification usirgrdae expressing His-FLAG-SUMO-GG
under Daughterless-Gal4 driver (Da-Gal4) post 2dfrmfection. The larvae were pricked
with a mixture of gram negativBalmonella typhi and gram positiveMicrococcus luteus
bacteria to induce a potent systemic response. ldival lysate was used for Ni-NTA
purification in denaturing conditions followed bgnaturation and affinity pulldown using
anti-FLAG agarose beads to obtain only the SUM@yaproteins. The S2 cells we used
were stably transfected with FLAG-SUMO-GG and HAd9band we chose a 2.5 hr time
point after considering the AMP expression datat p®S induction for affinity purification
using anti-FLAG agarose in native conditions wittingent detergent and elution conditions.
This would help identify not only the SUMOylatedopgins but also the tightly interacting
proteins to obtain complexes that play a part ffetént immune response mechanisms. One
or more proteins in the complex might be SUMOyladed SUMOylation might be essential
for complex interactions. It was observed on imnhlotiing of the enriched proteins that
there is an increase in the levels of SUMOylatiotihw a cell post immune challenge. Thus,
we decided to undertake a quantitative mass speetrg approach — isobari€ags for

Relative andAbsoluteQuantitation (iTRAQ) to quantify the levels of thargied proteins.

Pulldown experiments from larval extracts followkeg mass spectrometry did not
yield reproducible results due to excessive nortifipeprotein pulldowns in the negative
controls. However, pulldown and mass spectrometpeements from S2 cells were carried
out in triplicates to obtain reliable results. ~08%n-redundent proteins with a high false
detection rate (FDR) of 1% were identified. A sggemt cut-off was further applied and only
proteins with iTRAQ ratios of <0.5 and >2.0 werensered to obtain a confident set of 858
proteins that showed significant changes in themiels post LPS treatment in S2 cells. Gene
ontology analysis of these 858 genes showed 5%eoptoteins to be involved in immune
response related functions while various othemtallfunctions are well represented in the

analysis, which implies that immune challenge ireduglobal changes in the cell in order to
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help it combat infection. Further DAVID and PANTHE&halysis were used to identify

various enriched pathways and cellular functions.

Comparison of the SUMOylation influenced immuneteome with the various genes
that are transcriptionally regulated post immunalleinge inDrosophila cell culture studies
show almost overlap suggesting distinct regulatiogéchanisms controlling immunity (De
Gregorio et al., 2001; Irving et al., 2001). Ousuking protein list shows many previously
identified SUMOylated proteins and also providewa Drosophila database of proteins that

are potentially SUMOylated in a variety of celluard developmental processes.

3. To validate SUMO modification of proteins and iéntify the SUMO-lysine
acceptor sites for further analysis

It is well known that a very small fraction of avgn protein is SUMOylated within
the cell. To show physical SUMOylation of individymoteins has thus always posed to be a
challenge in the field. To help increase the prdigtof detection of SUMO modified form
of target proteins we used both in-bacto SUMOytasgstem which enables high expression

of the protein and S2 cell overexpression taggedtrocts and Ulpl depletion.

The in-bacto system was a kind gift from the Coutep (Nie et al., 2009). This
system has the advantage that bacteria lacks SUMf®himery and hence SUMO
deconjugases and that the substrate proteins caexpeessed in large amounts with
detectable amount of SUMOylated species. We clanedimber of targets into a pGEX
vector to aid enrichment of the proteins using G3illdowns. We could successfully
demonstrate SUMOylation of a couple of targets313l-cdc42, and Jra to name a few. The
SUMOylation was confirmed in immunoblots by detestof SUMO-modified species about
+20kDa above the unmodified protein band. SUMO jgotemh softwares were used to
identify SUMO-acceptor lysine sites in these prmgeiA few of these proteins had the
consensus lysine residue, while others did not sth@aconsensus lysine residue consistent
with previous observations that the consensusdymssidue is not a pre-requisite for SUMO

modification (Geiss-Friedlander and Melchior, 2Q07)

We also used tagged protein constructs obtained P&GRC for validations in S2
cells. However, under the present set of conditibesig used, we have yet not been
successful in demonstrating SUMOylation of protem$2 cells. We are still in the process
of refining and standardizing our experiments tmdestrate SUMOylation.
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4, To molecularly characterize the role of SUMOylabn of Caspar and Jra, in

order to understand their role in the regulation ofthe immune response

Drosophila Caspar, homolog of mammalian Fas-associatingfdc(6AF1) has been
shown to negatively regulate IMD mediated immurspomise by affecting DREDD mediated
cleavage of Relish (Kim et al., 2006). In mammBKF1 is an important player in regulating
various processes along with immune response wittencell (Lee et al., 2012; Lee et al.,
2013; Park et al., 2004; Zhang et al., 2012). Hiegant forCaspar gene inDrosophila
showed a constitutive expression ifptericin AMP transcripts even in the absence of an
immune challenge whereas, overexpression of Calgaal to inactivation of the IMD
pathway leading to no AMP production (Kim et al00B). Drosophila Jra is a transcription
factor that is activated via the JNK pathway orhpgen attack and negatively regulates to
attenuate the activation of the IMD pathway (Kimakt 2007). It is the mammalian homolog
of cJun and is involved in a variety of cellulanpesses within the cell.

In-bacto validation showed that both Caspar angdteins are modified by SUMO.
SUMO prediction software (SUMOsp) showed strongsemsus sites for SUMOylation in
both Caspar and Jra. We used protein sequencaraignto identify the lysines that are
conserved among their orthologs in other organishiese lysine residues were initially
tested as putative sites for SUMO modificationsustitution mutations, we replaced lysine
residues with arginine residues. Mutation of lysi®d abolished the SUMO modified form
of the Caspar. Mution in lysine 190 seems to beptmary site of SUMOylation in Jra,

however it does not show complete loss of SUMOgtati

To characterize the role of Caspar in KB+esponse, we monitored Relish cleavage
in response to LPS treatment in S2 cells by overassing the wild type and mutant forms
of Caspar in S2 cells. We observe that there igference in the DREDD-mediated Relish
cleavage between wild type and SUMO-deficient fainCaspar. Studies are in progress to
understand how the cleavage is affected.

SUMOylation appears to be widespreadirosophila proteome, with specific roles
in immunity. Our study provides a basic framework identifying the various SUMO
enriched components involved in immunity, howeegtensive studies need to be done
further to get a better understanding of the inggrpf all the players in the immune response
pathway regulation by SUMO.
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CHAPTER 1

INTRODUCTION

1.1  Drosophila Innate Immunity

In its life cycle, different stages @rosophila, from embryo to adult, co-exist with
micro-organisms in their natural environment. Iridacvae, in particular, feed and grow on
decaying organic matter. Thus, for its survival #memal has developed robust methods for
pathogen recognition and uses a multitude of immeffector responses to combat
pathogenic bacteria, fungi, parasites and viruBessophila lacks adaptive immunity and
depends on sophisticated innate immune responsenamiems that are evolutionary
conserved with vertebrates, making it a good magstem to study innate immunity. The
study ofDrosophila immunity started with the first observation pubbigl by Hans Boman in
1972, where he proposed the presence of an in@ucian-specific immune response
mechanism (Boman et al., 1972). Over the yearspwsirgenetic and molecular studies in

Drosophila have helped understand these complex defense ggdhelaborately.

Drosophila immune system relies on responses that are bradagified into the
cellular response and humoral response. The imstdf defense against evading pathogens
includes external cuticle and epithelial barriegsit( trachea). Once the pathogens breach
these barriers and reach the hemocoel they enaouelelar defenses mediated by the
hemocyte/blood cells. These defenses include mtpttmelanization, encapsulation and
phagocytosis. The molecular patterns on the patieodgad to the activation of systemic
humoral response through multiple cell signalingceales and upregulates production of a
battery of anti-microbial peptides or lytic pepsdeainly by the fat body (Brennan and
Anderson, 2004; Hoffmann, 2003; Hultmark, 2003)etplay of all these robust mechanisms
makesDrosophila highly resistant to microbes. The differdbtosophila immune responses

are represented iigure 1-1



1.1.1 Cellular Response

In Drosophila, cellular responses against evading pathogensaaried out by free-
floating and sessile blood cells called hemocyresgnt in the hemolymph of the organism.
These hemocytes can be divided into following 3egyfased on their structural and
functional properties: plasmatocytes, lamellocyéesl crystal cells (Lanot et al., 2001).
Plasmatocytes comprise of more than 90% of thealanemocyte population. They are
involved in phagocytosis of microbial pathogens apdptotic cells via pathogen recognition
and internalization. Lamellocytes are large, flatherent cells and are responsible for
encapsulation of large pathogens like parasitoigpwaggs that cannot be phagocytosed
easily. They are not present in the embryo ortamhglanisms and are rarely seen in healthy
larvae. However, parasitoid wasp infection induoe differentiation of lamellocytes from
hemocyte precursors (Rizki and Rizki, 1984; Rugdsal.e2001; Sorrentino et al., 2002). The
third category of cells is the non-phagocytic cayskells that comprise about 5% of the total
larval hemocyte population. They carry prophenadtage (proPOs) crystals that are
realeased in the hemolymph upon activation, causielgnization of the pathogens (Rizki et
al., 1985; Soderhall and Cerenius, 1998).



Epithelial barriers Phagocytesis  Encapsulation

Clotting Melanization Antimicrobial proteins (systemic)

Figure 1-1: Overview of Drosophila Immune responses (Copyght PLoS Biology 2004, Govind
and Nehm)

Drosophila has both the cellular and humoral immune responBles. cellular responst
include phagocytosis (plasmatocytes), encapsulatfamellocytes and clotting ar
melanization (crystal cells). The humoral respomsmarily includes the production of -
microbial peptides from the fat bor

Phagocytosis

Phagocytosis by plasmatocytes is an immediate dfidieat way to eliminate
apoptotic cells and microbial infections (bactengast and viruses). The process
phagocytosis is evolutionary conserved among ewkiargrganisms. It involves recognitic
and binding of the pathogen to cell surface recept@hich triggers a cascade of eve
cytoskeleton rerganization, engulfment and internalization viasieke trafficking, anc
eventually destruction of the engulfed target withhagosomes. These prcses have been
extensively studied usinBrosophila embryonichemocyte derived cell line, Schneider (:
cell line and mbr2 cell line. These cells are highly phagocytic am easy system -
manipulate via dsRNA mediated knockdowClemens et al., 20Q' Schneider, 1972).
dsRNA mediated knockdown in S2 cells and otheristulav: shownthat there ai many

similarities in pathogen recognition and engulfn between flies and mamma



Phagocytosis is triggered by binding of a variefypathogens and modified self
ligands to scavenger receptor proteins. Severahede receptors have been identified and
distributed into different classes: 1) Class B scmer receptor proteins, Croquemort and
Peste (Philips et al., 2005; Stuart et al., 20869, Class C scavenger receptor protein, SR-CI
(Ramet et al., 2001); 2) EGF-like repeat contairWignrod family of proteins Draper, Eater
and Nimrod C1 (Kocks et al., 2005; Kurucz et abQ?); 3) the IgSF-domain protein Dscam
(Watson et al., 2005); and 4) PGRP family protéd@RP-LC and PGRP-SC1la (Garver et
al., 2006; Ramet et al., 2002). These receptorspatieogen specific. The binding of the
pathogen to the receptors is proposed to be aigledpbonization by thioester-containing
proteins (TEPs). TEPs are a family of six secrgbeoteins, structurally related to the
mammalian complement alpha2-macroglobulin familgt@ins. TEPVI or Mcr (macrophage-
complement related) bind and enhance phagocytdédisngi C. albicans while TEP Il and
TEP Ill bind and increase phagocytosiskofcoli and S. aureus respectively (Stroschein-
Stevenson et al., 2006).

Various studies have identified the synergistiesobf various pathways for efficient
pathogen internalization. These include actin resfind, vesicle-mediated endocytosis
involving clathrin and coat protein complexes (C@Rd COPIl) amongst other processes
(Agaisse et al., 2005; Cheng et al., 2005; StraseB&evenson et al., 2006; Stuart et al.,
2007). Finally, the internalized pathogen is deg&bwithin the phagosomes by a cocktail of
lysosomal enzymes, reactive oxygen species (RO}, oxide (NO), and intracellular anti-

microbial peptides.
Encapsulation

Encapsulation is a defense mechanism mediatednibgllzcytes in which the foreign
body is completely surrounded by these cells tallats it from the host tissues and
eventually destroyed. This defense mechanism haglajgd to protect the host from
parasitoid wasps that lay their eggs ibimosophila larvae. The detection and recognition of
the wasp eggs by plasmatocytes triggers a stilllpabaracterized signaling network which
results in the proliferation and activation of leydglat and adhesive lamellocytes from
lymphoid precursors (Rizki and Rizki, 1984; Sorneatet al., 2002). The egg is eventually
killed inside the capsule due to ROS productionioaic intermediates of the melanization

cascade. The molecular mechanisms involved irptlisess are largely unknown.



Melanization and Coagulation

Melanization is a rapid reaction which leads to dieenovo synthesis and deposition
of melanin at the site of cuticular injury or oretburface of an encapsulated parasitoid egg.
Crystal cells are called so, due to presence ofppenol oxidase (pro-PO) crystals that are
released on pathogenic mediated activation. Ommaselepro-PO is cleaved and converted to
an active form by a serine protease. An enzymatcgss eventually leads to the production
of melanin and toxic intermediates that may comtehto the killing of the microbes (Nappi
et al., 2009). The PO cascade must be strictlylageal to prevent excess melanization. This
inhibition is mediated by Serpin27A, a serine past inhibitor that prevents pro-PO
cleavage (De Gregorio et al., 2002). Apart fromstaly cells,Drosophila lamellocytes are
also involved in melanization. They show the preseof specific Pro-PO3 as compared to

pro-PO1 and 2 in crystal cells (Nam et al., 2008).

Cuticular wounding due to pathogen invasion is abgmaired by rapid clotting and
melanization mediated by crystal cells. The clotrfed at the site of injury is composed of
fibers trapping hemocytes and helps initiate wobedling (Bidla et al., 2005). Initial clot
formation has been demonstrated to be independenelanization, however melanization
may be important in hardening the clot and wourawle. Hemolectin, a large hemocyte-
specific protein is the most abundant protein ia thot (Lesch et al., 2007). Proteomic
studies have identified a variety of proteins toielved in clotting (Karlsson et al., 2004,
Scherfer et al., 2004). Fondue, a hemolymph prageimot involved in initial clot formation
but in cross-linking of the clot fibres (Scherfeérag, 2006), while transglutaminase (TG) aids

in connection between bacterial surfaces and cadtim(Wang et al., 2010).

1.1.2 Humoral response

In addition to the cellular responses, the pathsgamering the hemolymph trigger
the rapid and transient expression of small antrotiial peptides (AMPS), primarily from
the fat body. Hemocytes also contribute to the petidn of these AMPs. AMPs are present
at basal non-detectable levels in healthy indivisluend their expression is induced on
recognition of pathogen associated molecular pat€PAMPS) by pathogen recognition
receptors (PRRs). This triggers the activationaaf thajor signaling cascades; Toll and IMD
pathway. Both these pathways lead to the transtotaf NFkB (nuclear factoxB) Dorsal



(DI), DIF (dorsal-related immunity factor) and Rali(Rel) into the nucleus, thus controlling

the expression of immune-responsive peptides avteips.

Rel/ NFkB family of proteins are conserved frdbmosophila to humans. Rel/ NkB
homologs have also been found in lower organiskes inideria, Porifera and single celled
eukaryoteCapsaspora owczarzaki. However the Toll-like receptors (TLRs) were noaifid in
these single celled organisms. In the course ofuéwo, Rel/ NFKB genes are lost i.
elegans. Rel/ NFkB proteins across species are related through theepce of a highly
conserved DNA binding/ dimerization domain callde tRel homology domain (RHD)
which includes a NLS (nuclear localization sigretlthe N-terminalDrosophila Dorsal and
DIF are 70 kDa proteins and their RHD is ~45% idmitto mammalian proteins c-Rel, RelA
and RelB.Drosophila Relish is a 100 kDa protein and is similar to maham p105 and
p100. Dorsal and DIF factors are retained in thpgsm by binding to a 54 kDa protein
Cactus with ankyrin repeats, a homolog of mammadk&hfactor. However, the other NEB
protein Relish has a stretch of ankyrin repeatshat C-terminal which retains it in the
nucleus. The ankyrin repeats associate with the RH® mask the NLS to prevent it from

going into the nucleus in unstimulated cells.

The NFkB factors generally bind as homo or hetero dimertheir consensus sites in
the promoter/enhancer region of target genes. Jitost stretch of DNA is callekB site. In
Drosophila, studies show that DIF preferentially binds a segpe with three Gs followed by
4-5 AT-rich nucleotides [GGGAAA(A/T/G)(C/T)CC] whalRelish prefers 4 Gs followed by
a shorter AT-rich stretch [GGGGATT(T/C)(T/C)(T/C)A DIF/Relish heterodimer binding
sequence was identified as GGGA(A/T)TC(C/A)C (Bussal., 2007; Senger et al., 2004).
The type ofkB site present upstream an AMP gene thus deternisessponsiveness to the

Toll or IMD pathway.

Immune activation through NkB, leads to production and release of peptides with
anti-microbial activity directly into the hemolympfihe AMPs produced, are small cationic,
lytic peptides that are categorized into seven liamiThese include 4 Attacins, 4 Cecropins,
7 Drosomycins, 2 Diptericins, and one Drosocin, dnefn, and Metchnikowin (Imler and
Bulet, 2005). The AMPs have distinct or overlappargi-microbial spectrum and vary in
their expression kinetics. Drosomycin and Metchwikoare anti-fungal in nature (Fehlbaum

et al., 1994; Levashina et al., 1995). Defensirmprisnarily active against Gram-positive



bacteria (Dimarcq et al., 1994), whereas Dipteri€rosocin and Attacin are very effective
against Gram-negative bacteria (Asling et al., 1¥8et et al., 1993; Wicker et al., 1990).
Cecropins are have a broad range spectrum andhalienboth bacteria and fungi (Ekengren
and Hultmark, 1999; Kylsten et al., 1990; Samalgeli al., 1990). These AMPs are under
tight post-transcriptional regulation that alongttwiother factors might be involved in
determinining the stability and expression kineti€ghese peptides (Lauwers et al., 2009).

The exact mechanism of action of these AMPs ibrsiil fully understood.

Activation of target AMP genes by Rel/NdB is facilitated by multiple
transcriptional co-activators. GATA binding factomay be important for AMP upregulation
due to the presence of GATA sites in close proximitth Rel-binding sites upstream few of
the response genes. Another such site is the Deafling site found upstream few of the
AMP genes. It has been indicated that binding of ABE (Deformed epidermal
autoregulatory factorl) to these sites might affdée DIF/Dorsal mediated AMP gene
expression. Other co-activators include TRAP80 thderacts with DIF, to induce
transcription ofDbrosomycin and “POU” domain proteins that are potential ratuis of DIF
mediatedCecropinA expression. Akirins are potential regulators o tRelish mediated
Diptericin expression (Ganesan et al., 2011)

Toll Pathway

Toll pathway is an evolutionary conserved signalpaghway present in flies and
mammals. TheToll gene was initially identified in a genetic scretn be crucial in
Drosophila embryonic dorso-ventral patterning (Govind and warel, 1991). Other
components of the Toll signaling pathway were atsmtified through genetic screens for
maternal-effect mutants defective in embryonic dbventral. Later, in mid-1990s two
studies inDrosophila mbn-2 macrophage like cells and in adult flies destrated the role of
Toll signaling in fly immunity. In 1995, Roset#b al. first demonstrated the role of the Toll-1
receptor in pathogen-induced transcriptional atiwa of anti-microbial peptideCecAl
(Rosetto et al., 1995). Further in 1996, Lemadral. demonstrated that the Toll pathway
mutants were susceptible to certain fungi but hawinal resistance to bacteria, such as the
Gram-negativeE. coli (Lemaitre et al., 1996). These studies were follbwey the
identification and functional analysis of Toll sagimg in mammalian immunity leading to
considerable developments in the field of innatenumity. Apart from Toll-1 and Toll-7,

seven other Toll-like receptors (TLRs) have beeamniified in Drosophila and are till date
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shown to be involved in functions other than imntyinHowever, Toll-1 and Toll-7 are
involved in anti-bacterial and anti-viral immunespenses respectively (Nakamoto et al.,
2012).

The Toll pathway is activated in response to fungalGram positive bacterial
infections. In mammals, the Toll receptor diredbiynds to pathogens or pathogen-derived
compounds however, iDrosophila these are recognized and bind to pathogen recogniti
receptors (PRRs). The binding leads to producticective Spatzle ligand that interacts with
the Toll receptor to initiate a signaling cascatke in early development. The pathogen
recognition receptors are categorized into differdasses: peptidoglycan receptor protein-
SA (PGRP-SA), PGRP-SD and gram negative bindingeprd (GNBP1) which recognize
lysine-type peptidoglycan (PGN), a component ohgmositive bacterial membrane (Wang
et al., 2008; Wang et al., 2006). GNBP3 also rezmgnyeast (Mishima et al., 2009). On
recognition, the PRRs initiate a proteolytic cascathich leads to the cleavage of N-terminal
pro-domain converting inactive Spatzle into itsiactform by Spatzle processing enzyme
(SPE). Proteolysis by SPE leads to a conformatiahainge in Spatzle and exposes its
determinants required for binding with the Tolleptor. It has been proposed that binding is
achieved by two spatzle dimers, each interactinth waine of the two Toll receptors,
triggering a conformational change in the Toll tativate downstream signaling events
(Arnot et al., 2010; Jang et al., 2006; Ligoxygadisl., 2002; Weber et al., 2007).

There are multiple recognition - based serine psEecascades which lead to
activation of SPE, and thus the Toll pathway. Twatgase cascades leading to the activation
of Gram-positive—specific serine protease (Grase)imitiated by both fungi and Gram-
positive bacteria (Lysine-type peptidoglycan), whic turn activates another protease, spirit.
Upstream of Grass, a modular serine protease (Moplals an essential role in integrating
signals from the recognition molecules GNBP 3 amRP-SA to the Grass-SPE-Spatzle
cascade (Buchon et al., 2009). In addition, otle¥ime proteases, namely spheroide and
sphinx1/2, were identified in response to both fuargl Gram-positive bacteria (EI Chamy et
al., 2008; Kambris et al., 2006). A third proteaascade is mediated by Persephone, which is
proteolytically activated by the secreted fungaludince factor PR1 and Gram-positive

bacteria specific peptidoglycan (El Chamy et 2008).

The activated Toll receptor interacts with the ddapprotein MyD88 via its
intracellular TIR domains. MyD88 through its deaflomain (DD) recruits other DD-
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containing proteins Tube and Pelle kinase (Sunlet2802). The MyD88-Tube-Pelle
oligomeric complex by yet unknown mechanisms lemdphosphorylation of Cactus, the
Drosophila IkB protein. Phosphorylation of Cactus causes theassl of NR<B proteins
Dorsal and DIF that translocate into the nucleus iartiate the transcription of their target
genes. In the absence of Toll activation, Dorsa BilF are sequestered in the cytoplasm.
Thus, degradation of Cactus induced by its phogpéioon is important for activation of
Toll-dependenDrosomycin andMetchnikowin AMPs and other responsive geneég(re 1-

2). DIF and Dorsal seem to be redundant in theparse at the larval stage, whereas DIF is
sufficient to mediate Toll activation in adults (Meuelli et al., 1999; Rutschmann et al.,
2000).

Regulation of the Toll Pathway

Various regulators of the Toll pathway have beemidied through RNAIi screens
and other studies. Serpinl (Spnl), Pellino, defdrrepidermal auto-regulatory factor-1
(DEAF1) and G Protein-coupled receptor kinase 2rk@pare positive regulators of Toll
signaling. However, their mechanistic roles ardl sthknown (Fullaondo et al., 2011,
Haghayeghi et al., 2010; Kuttenkeuler et al., 20@tanne et al., 2010). A recent study
demonstrates the importance of Myopic (Mop) and dtiegpyte growth factor- regulated
protein tyrosine kinase (Hrs) mediated endocytasisToll receptor in Toll pathway

activation (Huang et al., 2010).

WntD is a negative regulator of the Toll pathwayd aepresses it by preventing
translocation of Dorsal into the nucleus (Gordoralet 2005). Necrotic (nec), a member of
the SERine Protease INhibitor (serpin) family ioter negative regulatoNec and WntD
mutants show constitutive activation of the Toltipgay and expression of Drosomycin. It is
believed that Nec might be regulating the Spatrbegssing protease pathway. Other serpins
have also been shown to regulate both Toll pathwag melanization responses in

Drosophila.
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Figure 1-2: Drosophila Toll pathway (Copyright npg 2007, Hoffman et. al)

This figure shows the activation of the Toll patlyey a series of molecular players leading
to translocation of Dorsal/ DIF into the nucleusdatmanscriptional upregulation of the

immune responsive gene. The recognition of pathaggsociated structures by pathogen
recognition receptors triggers the proteolytic chge of Spaztle into its active form. Spatzle
ligand binds to Toll receptor and causes it to dimee Further signaling leads to

phosphorylation of Cactus which targets it towautsquitin-mediated degradation. This

allows Dorsal/DIF which are otherwise retained I tcytoplasm by cactus to enter the
nucleus and cause upregulation of AMP and othgetagenes.
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Immune deficiency Pathway

Lemaitre et al. 1995 were the first to demonstthéepresence of a pathway alternate
to the Toll pathway in immune response. They shotatithe mutanitmd (Black cells) flies
had severely impaired production of most AMPs spanse to a mixed infection Iy coli
andM. luteus, however the anti-fungal AMBrosomycin remained inducible (Lemaitre et al.,
1995). Eventually, other components of the immuredicetncy (IMD) pathway were
discovered and shown to be activated in respon&A®-type (diaminopimelic acid) PGN.
DAP-type PGN can be found in Gram-negative bactandalso a few Gram-positive bacilli.
The recognition proteins in the IMD pathway inclutie trans-membrane protein PGRP-LC
and intracellular PGRP-LE. PGRP-LC encodes thresraltive splice variants, PGRP-LCa,
PGRP-LCx, and PGRP-LCy. The biological function RERP-LCy is yet unknown. All
these proteins have similar cytoplasmic and tragsibrane regions but differ in their PGRP
domains. PGRP-LCx binds polymeric DAP PGNs and PGRE binds monomeric PGN,
also called the tracheal cytotoxin (TCT). Struckurad biochemical studies suggest that
PGRP-LCa and PGRP-LCx bind TCT as heterodimers.FRRGR encodes a protein without
an obvious trans-membrane domain or signal sequeamtéocalizes to the cytoplasm where
it recognizes DAP PGN on intracellular pathogenshsasListeria. It is also suggested that,
through unknown mechanisms PGRP-LE is processedaedsed from the cells where it
interacts with the extracellular domain of PGRP-4@ recognizes extracellular DAP PGNs
like TCT (Akira et al., 2006; Ferrandon et al., Zp&leino and Silverman, 2014).

After the initial recognition of the bacterial cooments, dimerization or
multimerization of these receptors propagate tlgmadi via the cytoplasmic domain by
binding to IMD. IMD is a death domain-containingopin and homologous to the
mammalian receptor interacting protein (RIP1). IMideracts withDrosophila homolog of
the Fas-associated death domain (dFADD) via theéhddamain (DD). dFADD in turn
recruits a caspase called Death-related ced-3/Nkkiiprotein (DREDD) to the signaling
complex (Hu and Yang, 2000). Dredd is homologouthéomammalian caspase-8, and plays
a dual role in IMD pathway activation. First, Dredéaves IMD (Paquette et al., 2010) and
promotes its activation by exposing its interactsite for dIAP2, an E3 ubiquitin ligase.
Second, DREDD is required for cleavage of the tapson factor Relish (Meinander et al.,
2012; Stoven et al., 2003). dIAP2 along with E2quitin conjugating enzymes Uevla,
Bendless (Ubc13) and Effete (Ubc5) bring about IM@ly-ubiquitination. On K63 poly-

ubiquination, IMD recruits the Transforming growthctor p-activated protein kinase 1
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(TAK1)/ TAK1 binding protein 2 (TBP2) complex. Onactivated, TAB2/TAK1 likely
phosphorylates and activates th& Ikninase (IKK) complex. Th®rosophila IKK complex
consists of two subunits, the catalytic subunitechimmune response deficient 5 (IRD5 or
IKKB) and the regulatory subunit Kenny or IKKErturk-Hasdemir et al., 2009This
complex plays an important role in phosphorylatom activation of Relish which is further
cleaved. The endo-proteolytic cleavage of Religults in a 68 kDa N-terminal fragment
which includes the RHD and a 49 kDa C-terminal fin@gt containing the ankyrin repeat
domain. The N-terminal RHD, translocates into theleus and initiates the transcription of
its target genes, like AMPs etc. (Stoven et alQ30This cleavage of Relish requires the
presence of DREDD. dIAP2 brings about the K63 pliguitination of DREDD which is
required for its activation and probable role inedt cleavage of Relish (Meinander et al.,
2012) Figure 1-3

Regulation of the IMD pathway

The only known positive regulator of the IMD pathwia Akirin. It is proposed to be
working downstream of Relish pathway in modulatthg immune response however its

exact role is still unknown (Goto et al., 2008).
Negative regulation of IMD pathway occurs at vasiateps:

There are specific PGRPs which degrade PGN into-stiulatory fragments to block
immune activation. Further, PGRP-LF receptor compeatith PGRP-LC for dimerization,
the resulting dimer being inactive. PIRK is knovenremove PGRP-LC from the membrane
which blocks further relay of the pathway (Kleinbat., 2008). Various proteins affect the
ubiquitination status of other proteins involved the IMD pathway. These include
SKPA/SLMB/DCUL1, dUSP36, CYLD, POSH, DNR-1 (Gunteanm et al., 2009; Lee and
Ferrandon, 2011; Thevenon et al., 2009; Tsuda..e2@D5). Caspar negatively regulates the
IMD pathway by inhibiting Rel cleavage (Kim et aR006). The Ras/MAPK and JNK
pathways also play an important role in limiting tMD induced immune response (Ragab
et al., 2011) .
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Figure 1-3: The IMD pathway (Copyright npg 2007, Hdéfman et. al)

Activation of the IMD pathway by a series of molkguplayers leads to translocation of
Relish into the nucleus and transcriptional upragoih of the immune responsive genes.
Upon pathogen recognition by PGRPs, the intraaglldomain of the PGRP is associated
with IMD which further recruits and interacts witlther adaptor proteins. This association
eventually, leads to phosphorylation of Relishdaléd by its cleavage that is mediated
through DREDD. The N-terminal RHD domain of Relestters the nucleus to activate AMPs
and other target genes. The IMD pathway also fésdsthe JNK pathway which leads to
activation of immune responsive genes and eventwdo negatively regulates the IMD

pathway.
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JNK pathway

Apart from its usual function of regulating enviroantal stress and apoptosis, JNK
pathway plays a role in hemocyte activation (Basigbal., 2002; Silverman et al., 2003) and
wound healing (Bidla et al., 2007). The JNK pathveaynponents upstream of TAK1 are
Mishappen (msn) and Wengen, which bind osophila cytokine Eiger at the plasma
membrane. These proteins have not been associdtedhe humoral immune response. In
addition to stress, the JNK pathway can also heaet via the IMD pathway. The JNK arm
of the IMD pathway is activated by TAK1-mediatedraling to Hemipterous which further
phosphorylates basket (dJNK) and activates AP-ha$iing. Basket then activates the
Drosophila Jun and Fos homologs; Jun-related antigen (JraKagdk (Kay), which initiate
transcription of target genes (Sluss et al.,, 1996 targets of JNK pathway include the
negative regulator puckered, cytoskeleton remodeind hemocyte activation genes. In
addition, the JNK pathway is involved in upreguwatiof AMPs during the early response to
bacteria in adult flies (Delaney et al., 2006; Kakt al., 2005), although this is somewhat

controversial.

A putative ubiquitin E3 ligase Plenty of SH3 (Postgulates the signaling of both the
IMD and the JNK pathways (Tsuda et al., 2005), ibgdy regulating TAK1 stability and
targeting it for proteasomal degradation. In additithe IMD pathway negative regulator

dUSP36 also suppresses JNK signaling (Thevendn 089) in IMD-dependent manner.
JAK STAT Pathway

JAK-STAT pathway proves to be essential for normaanismal development. In
Drosophilathe ligand that activates the pathway is a secnetelécule unpaired (Upd). Upd
binds to the receptor domeless (dome) causingdirterize. On receptor dimerization, two
molecules oDrosophila Janus Kinase hopscotch (Hop), are recruited tadetlular domain
of dome where they trans-phosphorylate each othbBe phosphorylated Hop further
phosphorylates its associated receptor that nomite STAT92E. STAT92E recruited at the
receptor is also phosphorylated by Hop and formdinaerize that translocates into the
nucleus. On immune challenge, STAT92 activates arep Tot protein families in larval fat
body cells. JAK-STAT pathway is also important ellalar immunity where it is involved in
proliferation and differentiation of hemocytes upafection in larva and adult flies (Agaisse
and Perrimon, 2004; Shuai and Liu, 2003).
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1.2 SUMO modification
1.2.1 Post-translational modifications

Post-translation modifications involve covalenaakiment of small molecular adducts
to target proteins in a reversible manner. Theyesars a favorable regulatory system for
rapid cellular responses to various external atetmal factors due to their fast kinetics and
localized modification as opposed to regulationtranscriptional and translational level.
PTMs occur either by small chemical moieties, likdnosphorylation, acetylation,
glycosylation or small protein molecules like ubtquprotein modification which was first
discovered in 1975. Over time, a number of ubiqtlite protein modifiers (ULMs) have

been identified based on their similarity to ubtgqu{Herrmann et al., 2007).

ULMs do not share much sequence similarity withquiiin, however have a
common three dimensional structure, the ubiquitd.f Ubiquitin and ULMs have a
diglycine residue at their C-terminal end, whosdoayl group attaches to the lysine residue
on the substrate via a covalent isopeptide bond Thnjugation is aided by a series of
enzymes — activating, conjugating, and ligating yemzs, which are unique to each
modification. Modification by ULM, affect localizen, stability or interactions of substrates.
There are 10 different ULMs identified in mammalesnof which are also present in yeast.
Each of these ULMs interacts with different targedteins to regulate different cellular
processes within the cell (Cajee et al., 2012; Setmand Hochstrasser, 2003). These ULMs

are listed inTable 1-1

Table 1-1: Ubiquitin like modifiers

Ubiquitin- Names Ubiquitin Major function
like sequence
modifiers
homology
(%)
1 SUMO Small Ubiquitin like modifier 16-18 Transcription, cell cycle
(Smt3)
DNA repair, chromatin
modification
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2 NEDDS8 Neural Precursor Cell-Expressed 58 Regulation of mitosis,
(Rubl) Developmentally Downregulated-8 regulator of ubiquitin—
protein ligases ,
proteasomal degradatig
3 FUB1 Fau Ubiquitin like protein 37 Immune regulation
(MNSFB) | (monoclonal nonspecific suppressor
factor)
4 ISG15 Interferon stimulated gene-15 29, 27 Interferon response,
(UCRP) Immune regulation
(ubiquitin cross-reactive protein)| (2 domains)
5 APG12 Autophagy defective-12 17 Autophagy
6 URM1 Ubiquitin-Related Modifier-1 12 unclear
7 APGS8 Autophagy defective-8 10 Autophagy
(LC3)
8 FAT10 F-Adjacent Transcript-10 29,36 Proteasomal
degradation, apoptosis,
(2 domains) | interferon response
9 UBL5 Ubiquitin-Like Protein-5 25 MRNA splicing
(HUB1) (Homologous to Ubiquitin-1)
10 Ufml Ubiquitin Fold modifier-1 16 unclear
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1.2.2 SUMO

SUMO or Small Ubiquitin-like modifier is a 11 kDaolypeptide and shares
approximately 18% similarity with ubiquitin (Bayet al., 1998)Smt3 was first identified in
Saccharomyces cerevisiae as a suppressor of temperature sensitive mutatiancentromeric
protein MIF2 (Meluh and Koshland, 1995). RanGAP1swhe first mammalian protein
which was shown to be physically modified by SUMRYys affecting its localization within
the cell (Mahajan et al., 1997; Matunis et al., @%ubsequent studies have identified the
role of SUMO in a wide range of cellular process&s cell cycle, DNA repair and

transcription, etc from yeast to humans. (Zhao,7200

SUMO is well conserved among all eukaryotes. Thdcealilar eukaryote
S cerevisiae and lower invertebrates lik€, elegans andDrosophila melanogaster have only
one SUMO gene, whereas the higher eukaryotes like plantsvan@gbrates show multiple
SUMO paralogs (Geiss-Friedlander and Melchior, 20B6th humans and mice have atleast
three different SUMO isoforms SUMO1, SUMO2 and SUBIGUMO2 and SUMO3 share
~95% sequence similarity with each other and 0BI§% similarity with SUMO1. SUMO-4
isoform present in mammals cannot be processedubstrate conjugation in vivo. It is
believed that different SUMO isoforms have distinciles in the cell. SUMOL1 is
predominantly in the conjugated form with the cktwever, SUMO2/3 are mostly present in
the unconjugated free form which conjugates to gnosubstrates upon cellular stresses.
Plants also have different SUMO isoforms, a fewvbfch are specifically conjugated under

stress conditions.

Drosophila SUMO (Smt3) was first identified in 1998 followinghich a number of
studies identified other pathway components and fheative roles in the fly (Huang et al.,
1998; Talamillo et al., 2008). It shares higherussge homology with mammalian SUMO
2/3. Drosophila SUMO is present throughout development with patady high levels of
maternally contributed SUMO and its conjugationhpaty proteins in earlyDrosophila

embryos (Talamillo et al., 2008).

1.2.3 SUMO conjugation pathway

Modification by SUMO is a dynamic and reversibleogess (Hay, 2005). A very
small fraction of the substrate protein is SUMOgthtat any moment in the cell.

SUMOylation process is catalyzed by 3 enzymes 1aéilating enzyme, 2) E2 conjugating
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enzyme and 3) E3 ligating enzymes. SUMO is syntieelsin an immature form with a C-
terminal extension after a di-glycine residue. Tjis-form is post-translationally processed
to expose the di-glycine motif through the hydrelasctivity of SUMO protease, Sentrin
specific proteases (SENPs). The mature SUMO can then a thioester bond with the
catalytic cysteine of the E1 activating enzyme clex@BAEL/SAE2 in an ATP dependent
reaction (Desterro et al., 1999; Gong et al., 19@®nson et al., 1997). The activation step is
followed by conjugation of the activated SUMO tece tliE2-conjugating enzyme, Ubc9
through another thioester bond. Finally, SUMO an$ferred from Ubc9 to the lysine residue
of the substrate forming an isopeptide bond betw®eiMO and thes-amino group of a
lysine residue within the substrate (Desterro et #397; Johnson and Blobel, 1997). E3
ligases are not absolutely essential for this agatjon; however they might be important to
provide substrate specificity. This SUMO conjugatioan be reverted by isopeptidase
activity of the SUMO protease that hydrolyzes teepeptide bond, causing removal of
SUMO from its substrates (Geiss-Friedlander andchlet, 2007; Hay, 2001; Melchior,
2000) Figure 1-4).

The SUMOylation pathway has only one conjugatisngyme, Ubc9 (E2). It is
understood that E2 mediates conjugation througtibinto both the sustrate via their sumo
consensus motif and SUMO, via a thioester bonds Bhings both the SUMO and substrate
in close proximity aiding in SUMO modification ofi¢ target protein (Hay, 2005). In vitro
studies have shown that E3 ligases might not beitapt for efficient SUMO modification
of the substrate. However, in vivo Ubc9 mediateraction might not be sufficient for
substrate modification, thus depending on a cldsnnymes called E3 ligases. E3 ligases
help in accelerating the SUMO modification reacti®udies have identified four different
classes of E3 ligases : 1) Sp RING family includiBg/PIAS family members, 2)
nucleoporin Ran binding protein2 (RanBP2) or Nup8%&gure 1-5) , 3) polycomb group
protein 2 (Pc2), 4) TOPORs.

More recently, it has been shown that mammalian yaast Ubc9 which are more
than 80% identical are modified by SUMO at lysieand 153 respectively (Knipscheer et
al., 2008). Lysine 157 in yeast is another idesdifminor SUMO site (Ho et al., 2011). The
lysine 14 residue is homologous in both yeast aathmals, however, the reason for the
discrepency in the SUMO acceptor lysine is still nnderstood. This modification of Ubc9

helps generate an additional binding surface thabgnizes targets through their SUMO
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interacting motif (SIM) and brings them in clos@ximity to SUMO which increases SUM

modificatiors of proteins like in the case of tricription factor Sp10((Knipscheer et al.,
2008). Thus, th&UMOylatior of Ubc9 might prove to be an alternative to E3dmactivity.

However, this is not always truSUMOylationof Ubc9 leads to a decreaseSUMOylation

of RanGAP1 whereas shows no chain SUMOylationof HDAC4, TDG etc(Knipscheer et
al., 2008) E3 ligases like RanBP2, Pc2, TOPORs and PIASepratare alsimodified by

SUMO probably to aid in SUM(modification of substrate proteing/(lkinson and Henley

2010).
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Figure 1-4 SUMO conjugation pathway

The attachment of SUMO to its substrate oc by a sequence of enzymatic reactions
reversible manner. The immature form of SUMO isckrl by the SUMO protease to exp
the di-glycine at the @erminal end. The cleaved mature form of SUMO ferttransferre:
to the substrate via E1, E2 and Enzymes as described in the text. SUMO protease:
cleave the isopeptide bond releasing free SUMO ngalkie cycle reversibls
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A family of SUMO specific cysteine proteases idkati in different organisms is
involved in deconjugation of SUMO from its substiatThese proteins are Ulpl and Ulp2 in
yeast andDrosophila, and six sentrin specific proteases (SENPs) in main These
proteases have both isopeptidase activity reqioedreaking the isopeptide bond formed
between SUMO and the substrate specific lysine, @tdrminal hydrolase activity that is
needed for the maturation of SUMO proteins. ThesB8UMOylating enzymes vary in their
localization, substrate specificity and their aityiin maturation and isopeptide cleavage.
Many of the SUMO proteases have shown to be adsdciaith the nuclear periphery as
shown in yeastDrosophila, and mammals. IDrosophila, SUMO deconjugation function is
a more prominent role of Ulpl than SUMO maturatioipl is usually associated with the
nuclear pore complex, and is believed to deSUM@ytae modified proteins before they
enter the nucleus (Smith et al., 2004).

SUMO is usually attached to the target protein erssensugKXE site, wherey is a
large hydrophobic amino acid, K is lysine, X is aamyino acid and E is glutamic acid
(Rodriguez et al.,, 2001). The variations to the semsus site include phosphorylation
influenced SUMO motifs (PDSM) which include the SOMonsensus motif followed by a
phosphorylated serine and proline resid#&KXEXXpSP) and negatively charged amino
acid- dependent SUMO motifs (NDSMs). Both theseersions contribute additional
negative charge next to the SUMO consensus motitiwimay be facilitating SUMO
modification of the substrate. However, not all semsus sites are SUMOylated and
SUMOylation of some proteins occurs at alternateeptor sites (Geiss-Friedlander and
Melchior, 2007).

Various observations have shown that only a verglispnoportion of a given protein
is SUMOylated at a given time and this is suffitidor maximal effect on downstream
processes. This has been described as “The SUM@mahiand various explanations have
been provided for this phenomenon (Hay, 2005). SUNE3 also been shown to form
polySUMO chains in mammals and yeast at consenges present within the SUMO
protein. In budding yeast the consensus lysineSUMO are K11, K15 and K19 and in
mammals K11. SUMO3 does not show the presenceytansensus site but in vitro it is
capable of making polySUMO chains at non-consensoiss. Drosophila SUMO does not

show any consensus motifs and has not been shourdergo polySUMOylationHigure 1-
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6). In vitro studies hee shown sites other than the consensus sites leapaldorming
polySUMO chains.

Figure 1-5 : Crystal structure of SUMO conjugated to RANGAP1 by the E2 (Ubc9),
with Nup358 acting as an E3 ligas

The structure shows the interaction betweenmammalian proteins RANGAP1 (SUM
substrate) and Ubc9. It shc the cleft/tunnel in Ubc9 that holds theterminal GG tail o
SUMO for conjugation with the lysine side chainRANGAPL1 (Reverter and Lima, 20i).
It can be clearly seen that Ubc9 helpseraction between the substrate and SUMO to
about SUMO modification.The complex has Ubc9 (Grey), SUMO (Red), RANG/
(Green) and Nup358 (yellow). The figure was geteerafrom cw-ordinates of 1Z5S
procured from RCSB Protein Data Bank using PyMche PyMOL Molecular Graphic
System, Version 1.5.0.4 Schrédinger, L
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Figure 1-6: SUMO consensus sequenc

Human SUMO1/2 have a consensus K11 lysine accejtrwhich is conserved in ye:
Smt3p but not seen BUMO1 allowing the formation of polySUMO1/2 cha. Drosophila
dSmt3 does not show any consensus lysines. Yed8p3rmas consensus motif lysines at k
and K19, other than K15.

PolySUMO chains have been identified in mammals gedst. The inctional
importance of polgUMOylatior is currently under extensive study. In budding yea:
mutant defective in forming polySUMO chains is J&tand exhibits defects only
sporulation. PolySUMO chains are assumed to be fitapbin meiosis in both ast and
mammals. Another growing importance of polySUMO inkais that it directs the targ
protein towards ubiquitination and degradation wiitle help of special class of ubiqui
ligases (Ulrich, 2008).

SUMOylated proteins can bind to additional interagtpartners via novel n-
covalent attachments. This is aided by the presefSUMO interaction motif (SIV in
SUMO-recognizing protein Different SIM motifs havebeen identified till date. The Sl
motif primarily comprises of a hydrophobic corensisting of —4 aliphatic residues, ofte
juxtaposed to a negatively charged (acidic) clustelamino acids. These residues F
establish a domain that helps in elestatic interactions with SUMO. One such mi
includes aseries of hydrophobic residuemainly composed of valine and isoleucine an
acids surrounded by acidic and hydrophilic amino & (V/I-X-V/I-V/I)( Hecker et al., 20(
Song et al., 2004)This motif is present in several proteins alonighvactivating enzym:
complex (Uba2/ Sael) and the E3 ligases PIASX amdBR2. Sometimes, serine ¢
threonine residues are placed adjacent to the pjidlmc SIM domains. Phosphorylation
these residuehelps impart negative charge on the SIMs that theeract with the lysin
residues of SUMO. A number of SUMOylated substrai@ge been shown to contain SIN
suggesting its importance in mediatiSUMOylation bybringing SUMO and the substr
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together before the covalent binding. However, SWs also present in nhon-SUMOylated
substrates. This helps them interact with the SUM@lified proteins. This function might
be essential in forming active complexes to camy specific functions (Kerscher, 2007).
PolySUMOylation of substrates might help increabe SUMO-SIM interactions thus

proving useful in cellular functioning.

1.2.4 Interplay between SUMO and other post translationaimodifications

There have been instances of crosstalk betweegreliff PTMs that may be agonistic
or antagonistic to each other. Initially it was ibeéd that SUMO acts to block ubiquitin
function and prevents proteins from ubiquitin mésliaproteasomal degradation eg. PCNA
(proliferating cell nuclear antigen) has been foundbe modified by either SUMO or
ubiquitin at the same lysine residue, each leatbngelection of different pathways in DNA
replication stress (Papouli et al., 2005). Latsicdveries proved these two modifications to
sometimes act sequentially and in synergy with edbbr, as in the case of NEMO (&B-
essential modulator), a regulatory subunit of matanaKK. SUMOylation of NEMO is
required for its phosphorylation-dependent ubigaition within the nucleus. Ubiquitination
of NEMO further leads to its nuclear export andpkeiormation of an active IKK complex

required for signaling (Huang et al., 2003).

Recently, a class of proteins known as SUMO-tayatequitin E3 ligases (STUbLS)
was identified to interact with polySUMO chains,bgcting the polySUMOylated target
proteins to ubiquitin mediated degradation (Uzunevaal., 2007). The hallmark of these
STUDbLs is the presence of multiple SIMs for rectigni of polySUMOylated targets. This
changed the whole SUMO paradigm from competitonlmfuitin into enhancer of ubiquitin
chain formation and promoter of proteasomal dedradan some cases (Perry et al., 2008).
Some of the STUbLSs identified so far include Shts8Sheterodimer irS. cerevisiae while
RNF4 (ring finger protein 4) in mammals. The rotl#sSTUbLs have been shown in DNA
damage and arsenic-induced degradation of the PMLE(i,)2008).

There have been instances of cross-regulation leetwabiquitination and
SUMOylation where they modify the components of ttleer's conjugation pathway. For
instance, SUMOylation of E2-25K (E2 ubiquitin enza)mnhibits its ubiquitin conjugating
property and Parkin (ubiquitin E3 ligase) ubiquesaRanBP2 (SUMO E3 ligase) promoting
its degradation (Um and Chung, 2006). Certain pmetbave been identified to act as both
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ubiquitin and SUMO ligases under different condiso TOPORS (topoisomerase 1
interacting protein) have the ability to both SUM&g and ubiquitinate p53 (Rajendra et al.,
2004; Weger et al.,, 2005). It has N-terminal RIN@gér domain which helps recruit
ubiquitin E2 enzymes thus acting as ubiquitin legasd a central region that comprises of a
SIM and confers the SUMO ligase activity. Phosplaiign of TOPORSs at different serine
residues by different kinases activates it SUMQiguitin ligase property (Praefcke et al.,
2012).

SUMOylation and acetylation may occur on the sayseé residue of a protein and
act antagonistically to each other. A “SUMO-acestylitch” motif has been identified which
targets both SUMO and acetyl group to the subspaitein (Anckar and Sistonen, 2007).
This motif consists of a SUMO consensus motif fleshikby a C-terminal proline residue.
Phosphorylation has been shown to behave as a hswietween SUMOylation and
acetylation as in the case of transcription fadi&@F2A (myocyte-specific enhancer factor-
2A). Phosphorylation enhances SUMO modificatioME#F2A, and therefore promotes its
repressed state whereas dephosphorylation leada wwitch from SUMOylation to
acetylation. Certain HDACs which function in rembwé the acetyl group from substrates
also behave as SUMO E3 ligases. In addition, som&CEt are themselves SUMOylated
and some others enhance SUMOylation of their targest deacetylation (Wilkinson and
Henley, 2010). A recent study by Shih and colleago&s shown Ubc9 to be acetylated at
lysine 65. Ubc9 acetylation prevents its bindingstdostrates with a negatively charged
amino-acid dependent SUMOylation motif (NDSM) thokibiting SUMOylation of those

substrates as opposed to substrates with a noonsésus motif (Hsieh et al., 2013).

As mentioned earlier, PSDMs which include phosplatign of amino acid residues
around the basic consensus site facilitate SUMOifmaton of the protein as seen in HSF-1
(heat shock factor-1). There are number of kinases$ phosphatases which are directly
regulated by SUMO maodification. Various SUMO E3alsg activities are regulated via their
phosphorylation eg. RanBP2, PIASletc. SUMOL1 itke¥ been shown to be phosphorylated
and this is conserved throughout eukaryotes. Thetifonal relevance of this modification
has not been yet reported (Matic et al., 2008).

This complex interplay between different post ttatignal modifications provides a
way of fine-tuning the different cellular processAsso, with very few proteins involved in
the SUMO pathway additional modulation of the coajtion pathway components by other
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PTMs helps bringing about greater specificity inbswate selection and functional

consequences.

1.3 SUMO and immunity

Several studies have implicated the role of SUMGnmmunity. SUMO plays an
important role in regulating the mammalian TI/MB-pathway. MammaliarkB is modified
by either ubiquitin or SUMO-1 at lysine 21, thetéatpreventing the protein from ubiquitin-
mediated proteolysis (Desterro et al., 1998). Guaaression of SUMO-1 thus inhibitgB
mediated transcriptional activation of immune gemesesponse to pathogenic attack. In
Drosophila, the kB homolog Cactus has not shown to be SUMOylatedyet yeast two-
hybrid screen showed that thgrosophila Ubc9 homolog, Lesswright (Ilwr), physically
interacts with Cactus (Bhaskar et al., 2000).

In Drosophila, the SUMO conjugation machinery influences antnobial response,
phagocytosis and hemocyte proliferation. Dordadpsophila NF-«kB is SUMOylated at
lysine residue 382. IDrosophila S2 cells, over-expression of SUMO and Ubc9 shoared
increase in Dorsal translocation into the nucletenan the absence of an immune-challenge
leading to transcriptional upregulation of anti-roigial peptideCecropin Al(Bhaskar et al.,
2002). However, another study shows an increa3®linmediatedDrosomycin upregulation
in Ubc9 mutant larvae (Chiu et al., 2005). This discregaimcoutcomes likely reflects the
complex differences in the two biological systemthwespect to their immune responses.
The Ubc9 mutant larvae show over-proliferation of hemocyed the presence of melanotic
tumors in the hemolymph. These hemocytes showedased Dorsal transcription factor in
the nucleus suggesting thabc9 mutation activates NkB signaling (Chiu et al., 2005;
Huang et al., 2005). Recent study in adult fliesvadd thatUbc9 heterozygous mutants are
more susceptible to infection withcoli as compared to wild type control flies. This can b
attributed to their inability to clear the bactefiam their body (Fukuyama et al., 2013).
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Chapter 2

Aims of the thesis

A number of proteins in the mammalian and fly immusignaling cascades are
regulated by post-translational modifications I{eosphorylation and ubiquitination. Recent
work has indicated that components of the SUMO wathare involved in modulating
immune responses iDrosophila and mammals, however not much is understood abeut
proteins that are SUMOylated and the molecular meisms behind SUMO-mediated
regulation of these immune related proteins. Insiudy, we took a genome-wide approach
to understand the role of SUMOylation in regulatitige different defense strategies in
Drosophila innate immune response. We used cultudedsophila Schneider (S2) cells,
which have been well characterized to respond t& Mkhich induces a potent immune
response in these cells. It is known that thergigaificant conservation in the mammalian
and Drosophila innate immune response pathways, and hence thriigstudy we were
hoping to acquire some information regarding theM®Jmediated regulation of the

mammalian immune signaling.
The specific aims of the study were as follows:

1. To identify changes in gene expression of the auntrobial peptides during LPS
induction inDrosophila Schneider cells after SUMO depletion.

2. To identify known and unknown proteins with changetheir SUMOylation states in
response to infection using quantitative mass speeitry.

3. To validate a subset of targets discovered by dasine mass spectrometry as
SUMO targets.

4, To identify the SUMO-lysine acceptor sites of thetpins those are validated and
demonstrate that mutations of target lysines tonargs block SUMOylation.

5. To molecularly characterize the biological rolest#MOylation of the selected target

genes, in order to understand their role in theleggpn of the immune response
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Chapter 3

Drosophila SUMO modulates NFKB dependent anti-
microbial activation

3.1Summary

In this chapter, we have shown the affect of SUM@dkdown on AMP response in
Drosophila S2 cells. Knockdown of SUMO using RNAI was acheve about 90%. This
considerable reduction in the amount of SUMO |eadatriation in the response curves of the
AMPs post LPS induction as compared to control wyjge cells. This suggests that SUMO
modification regulates the Rel/NdB pathways at either single or multiple levels lterathe

pathway response.

3.2Introduction

In Drosophila larvae and adults, the humoral response includegptbduction of a
wide range of lytic peptides - AMPs from the fatligoThe transcriptional activation of these
AMPs occur preferentially in response to activatidreither the Toll or the IMD pathway by
bacteria or fungi (Lemaitre et al., 1997). The ak@nd duration of AMP production needs to
be tightly regulated to provide a rapid and tramisieesponse. Both, the activation of the
response and later a feedback loop to culminateebigonse are important to prevent spread
of pathogens in the body and to prevent inhibittdrmutualistic bacteria in the gut. The
transcriptional upregulation of these AMPs is pritlgagoverned by the nuclear transport and
binding of NFkB transcriptional factors to the NEB binding sites upstream to the AMP

gene in response to Toll or IMD pathway activation.

In flies, it has been shown that an immune chgleoy gram positive/ gram negative
bacteria, leads to specific temporal pattern ofvation of each signaling pathway (Boutros
et al.,, 2002). Owing to this, the expression of &MPs produced downstream of these
pathways is temporally distinct. AMPs are also knowo be influenced by post-
transcriptional modifications. For example, the hiyg expressedCecropinAl mRNA

produced in response to both bacterial and fungaktiions has a shorter half-life than the
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moderately expressediptericin mRNA that responds to gram-negative infection. Tikis

suggested to be regulated through AU rich elem@REs). The mRNA of most of the AMP

genes contain ARE which interacts with other faxtty affect the stability of the AMP

MRNA leading to differential kinetics of these pdps (Lauwers et al., 2009; Wei et al.,
2009).

Post-translational modifications like phosphoryatiand ubiquitination modulate the
immune pathway responses by modifying various ptagpé the pathway (Silverman et al.,
2000; Zhou et al., 2005). However, direct modificatof the AMPs through any of the post-
translational modifiers has not been determinédisite. Further, a class of modifiers, called
Ubiquitin-like modifiers (UBLs) regulate a varietyf processes within the cell including
mammalian androsophila immunity (Herrmann et al., 2007; Oudshoorn et2012). The
role of ubiquitin is established in bobrosophila and mammalian immunity. Ubiquitylation
of IkB leads to its degradation and release ofdBf-which enters the nucleus to up-regulate
transcription of target genes. K63 Polyubiquitioatof other payers in the pathway including
IMD, DREDD serves as a regulatory modification ameédiates interactions with other
proteins for proper downstream functioning. UBLSGILS5, FUB1 and FAT10 are expressed
in response to an interferon signaling in mammi@&15 plays a role in mammalian anti-
viral response and other inflammatory responsés18deficient mice succumb to influenza,
herpes and Sindbis viruses easily than wild typeemiSGylation of IRF3 prevents it from
ubiquitin mediated degradation thus sustainingagsvation (Jeon et al., 2010; Skaug and
Chen, 2010). FUB1/MNS3Fis a cytokine that can regulate mammalian immaspanse by
both inhibiting the proliferation of T and B celimd regulating cytokine secretion by T cells.
Further, MNSB inhibits the secretion of interleukin-4 (IL-4) tppne marrow-derived mast
cells and a cell line of type 2 helper T cellsaléo inhibits production of tumor necrosis
factor-alpha (TNE) in LPS-stimulated macrophages. These studies helyped characterize
the anti-inflammatory and anti-proliferative role6 MNSH3. Thus, mainly on leukocytes
(Herrmann et al., 2007). SUMO, another popular Ugls emerged as an important modifier
having implications in a number of cellular promsdike DNA damage, cell cycle,
chromatin modification and stress responses etmngnothers (Geiss-Friedlander and
Melchior, 2007; Tempe et al., 2008), proving asrderesting candidate for study in light of

immunity.

28



Studies involving the knockdown of SUMO and its jegation pathway components
in different organisms have shown SUMO to be esslefdr survival. Knockdown of the
single SUMO or Ubc9 gene inC.elegans leads to post gastrulation embryonic arrest and
multiple defects in larval development (Jones gt2802).Ubc9 and Smt3 deletion mutants
in S cerevisae are mostly lethal due to undivided nuclei and disfein chromosome
segregation (Dieckhoff et al., 2004). It was furtekkown thatJbc9-null mouse embryos die
at early post-implantation stage due to mitoticedef (Nacerddine et al., 2005). Recently, it
was shown that SUMO-1 knockout mice are viable withvisible phenotype thus proving
SUMO-1 to be dispensable in normal mouse developm8&WUMO-1 deficiency is
compensated for by SUMO2/3 within the cell (Zhabgle 2008).Drosophila Smt3 mutant
embryos show defects in various aspects of celediidie et al., 2009)Smt3 andlesswright
(Iwr)-Drosophila E2 enzyme nulls show embryonic or larval lethalityereas hypomorphs

show varied defects.

Despite developmental defects, SUMO has also bleewrsto influenceDrosophila
immune response. IBrosophila larvae,Ubc9 (SUMO conjugating enzyme) mutants show
an increase in hemocyte proliferation and constgubver-expression of AMPGecropin A
and Drosomycin (Chiu et al., 2005). An RNAI study performed in LR&ponsive S2 cells
showed a decrease B3 (SUMO) transcript within the cell substantiallyduees the

expression o€CecropinA andDrosomycin (Bhaskar et al., 2002).

Drosophila cell lines like Schneider (S2) cells or mbn2 celie derived from
hematopoetic lineages thus making them favorablstudy immunity. Several large-scale
RNAI based in-vitro screens have been performeadentify the molecular players important
in immune responses against a wide array of irdastpathogens likE.coli, S aureus, etc.
Many of these studies have helped identify novelegeas part or as regulators of the Toll
and IMD pathwaysDrosophila tissue culture cells are extensively used for RNRNA
interference) studies for the following reasons:EBRsy delivery of dsRNA into the cell.
Drosophila tissue culture cells can bind and internalize |dsBNA fragments present in the
culture medium, by scavenger-receptor mediated &tdsis, 2)Drosophila cells have an
intact RNA interference machinery. Thus they cleditie long dsRNA into 21-23bp
fragments which are small enough to minimize oféd effects, and 3) relatively easy in

synthesizing long dsRNA strands in-vitro in largecaints for multiple experiments.
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In spite of the extensive study on phagocytosis ARP production in S2 cells in
response to different bacterial challenges, therestbeen no reports which have looked at
these changes in a temporal manner. Knocking douM@ might have various effects on
AMP response including complete abrogation of #ponse or alteration in the degree of
response in a time-dependent manner which mightpkamroper clearing of the infection
and compromise the immunity of the organism. Witis aim, we chos®rosophila cell
culture model to obtain the temporal profile ofisgas AMPs in response to LPS treatment..
The levels of four peptides were checked over 2plast LPS stimulation and the analyzed

using quantitative real time PCR (qRT-PCR).

3.3 Materials and methods
3.3.1 Cell culture

We used 529SU cells for the knockdown experimethtiehvwas a kind gift from the
Courey Lab, UCLA. This is @&rosophila Schneider (S2) stable cell line expressing full
length FLAGsmt3(SUMO), HA-ubc9 under the control of a metallothionein promoter
(Bhaskar et al., 2002). These cells were maintaimedhe presence of (30g/ml)
hygromycin and the absence of antibioticsDirosophila Schneider cell medium (Sigma)
complemented with heat inactivated 10% fetal bowseeum (FBS; Gibco) at 25°C. For

large-scale experiments, hygromycin was not addéde medium.

3.3.2 LPS induction

529SU cells do not appear to need hormonal suppitstier activation and give a
robust and reproducible immune response as puldligBhaskar et al., 2002). Crude
Lipopolysaccharide (LPS; Sigma 0111:B4, Batch 12%&) was added to the culture
medium at a final concentration of @d@ml to induce a comprehensive immune response for

the stipulated time.

3.3.3 Targeted dsRNA synthesis

Targeted dsRNAs were generated with gene specifioegps using either S2 cell
derived cDNA or vector clones containing targetegernrhe primers were selected through
in-silico analysis to make dsRNA fragments with mmal or no off-target effects. Both

forward and reverse primers used for amplificatbbrthe gene specific fragment, contained

30



the T7 promoter binding sites: 5-TAATACGACTCACTATAGGAGA-3'. The resulting
PCR product was used as a template for in-vitrostaption to generate double-stranded
RNA (dsRNA) using the T7 Megascript RNA polymerdste (Ambion) according to the

manufacturer’s instructions.

Table 3-1: List of primers used for dsRNA synthesis

Gene dsRNA synthesis primer sequences 5-3’
Ulp1-F-rnai TAATACGACTCACTATAGGGAGAAGTCATGTTCCGGTCTGGTGCTCC
Ulp1-R-rnai TAATACGACTCACTATAGGGAGATTGTGCTTGAACCCCTACTGCCAC
Smt3-F-rnai TAATACGACTCACTATAGGGAGAGCCACCAGTCTGCTGCTG
Smt3-R-rnai TAATACGACTCACTATAGGGAGATGACGAAAAGAAGGGAGGTG

3.3.4 RNA knockdown experiment

For RNA interference assay, the cells were spld aflowed to grow to 40-50%
confluency. The old medium was then completely needoby washing with serum free
media. The cells were suspended in serum free nbedwhich 10 pg of relevant dsRNA/ml
was added and incubated for 2 hours. The serumnfiedia was then replaced by Serum
containing media and allowed to grow. After 72 tlone set of cells was treated with
10pg/ml of LPS for 2-24 hours while sterile wateasvadded to control cells. For
immunoblotting experiments, these cells were indueégh 500 mM CuS@ after 24 hrs of
adding dsRNA for 48 hrs.

3.3.5 RNA extraction, cDNA synthesis and quantitative RTPCR

Post infection, the cells were centrifuged, wash&tth 1X PBS (phosphate buffer
saline) and total RNA was isolated using TRIzolviiogen) following the manufacturer’s
instructions. After degrading any genomic DNA wi@Nase-free DNase (Promega), the
RNA was re-precipitated and subjected to revewsestription-PCR (RT-PCR) with poly dT
primers to obtain cDNA. g of the RNA was used per B0 cDNA reaction using MMLV
Reverse transcriptase (Promega) following manufactl instructions. gRT-PCR was

performed with Realplex EP mastercycler Real-Tin@@RPSystem (Eppendorf) in 2pl
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reactions containing SYBR Green Master Mix (Roche)l 300 nM forward and reverse
primers. PCR reaction included a 10 min denatunatiep at 95°C followed by 40 cycles of
15s denaturation at 95°C, 15s annealing at 60°€,eX@ension at 68°C and 20 min for the
melting curve measurement. This cDNA was used tecklfor the levels of AMPs and

SUMO pathway components normalizing it to Rp49 letegping control.

Table 3-2:List of primers used for gRT-PCR

Gene gRT-PCR Primer sequence 5’-3’
Rp49-F GACGCTTCAAGGGACAGTATC
Rp49-R AAACGCGGTTCTGCATGAG
Attacin AB-F GGCCCATGCCAATTTATTCA
Attacin AB-R CATTGCGCTGGAACTCGAA
CecropinA-F TCTTCGTTTTCGTCGCTCTC
CecropinA-R CTTGTTGAGCGATTCCCAGT
Defensin-F AGGTTCCTTAACCTCCAATC
Defensin-R CATGACCAGCATTGTTGTAG
Diptericin-F AGGTGTGGACCAGCGACAA
Diptericin-R TGCTGTCCATATCCTCCATTCA
Metchnikowin-F GCTACATCAGTGCTGGCAGA

Metchnikowin-R AATAAATTGGACCCGGTCT

Drosomycin-F CGTGAGAACCTTTTCCAATATGATG
Drosomycin-R TCCCAGGACCACCAGCAT
Drosocin-F GCACAATGAAGTTCACCATCGT
Drosocin-R CCACACCCATGGCAAAAAC
Smt3-utr-F AACCACAAAAGCAAAAACACAAC
Smt3-utr-R GTTATTTACGCACACAGACGC
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3.3.6 Protein isolation and Immunoblotting

The cells were collected after 48 hrs of Cy$@uction, washed with 1X PBS and
lysed in RIPA buffer (50 mM Tris pH 7.4, 1% NP-4D5% Na-deoxycholate, 0.1% SDS,
150 mM NaCl, 1mM EDTA and 0.01% Sodium azide), fiilgsupplemented with 40 mM N-
ethylmaleimide (NEM, Sigma) and Complete Proteasgbitor Cocktail (1 Tablet per 100
ml; Roche). The NEM added serves as a SUMO protadsbkitor. The suspension was
allowed to rest on ice for 20-30 min following whi@ was lysed in a bioruptor (Diagenode,
130W, 15min total time, 30sec on/off pulse). Thealg was then centrifuged at 25,0009 at
4°C for 45 min. The supernatant protein sampleectdd was quantitated using DC Protein
assay kit (Bio-Rad). 30y protein from each experimental and control set ailed in 1X
SDS Laemmli buffer and loaded onto 10% SDS-PAGE {bEe separated proteins were
transferred to PVDF membrane using semi-dry transiéfer (250 mM Tris, 1.5M glycine
with 5% methanol) at constant 350 mA for 1 h 30nvembrane was incubated in TBS
(Tris-buffered saline) with 0.1% Tween 20 (TBS-T)da5% NFDM for 1 hr. Primary
antibodies were diluted in TBS-T/5% milk at 1:10f@0 anti-rabbit FLAG (Sigma) for 1h
30min. The blots were washed with TBST and thembated with HRP-conjugated anti-
rabbit secondary antibody (Jackson Immunoreseatch)10,000 in TBS-T/5% milk for 1hr.
The blot was washed thoroughly with TBST and wasetiged using Millipore ECL on LAS
4000 Imager (Fujifilm).

3.4Results

3.4.1 Knockdown of SUMO pathway components affects the WO conjugated
protein profile in S2 cells

We used S2 cells stably transfected with FL&@3 (SUMO), HA-ubc9 (529SU
cells) under the control of a metallothionein preempto study the dynamics of SUMO
conjugation within the cell. These cells were teelatvith dsSRNA to deplete SUMO, Ubc9
and Ulpl by RNAI as opposed to control cells. PB3dthrs of dsRNA treatment, equal
concentrations of whole cell lysates from untreatatd treated cells were used for
immunoblotting and probed with anti-FLAG antibody ¢xamine the SUMO conjugated
protein profile within the cell. In untreated celleere is an array of SUMOylated proteins of
different molecular weights seen on the blot (lan€igure 3-1). In SUMO andUbc9 gene

knockdown conditions, this ladder almost disappedtis very few bands seen on the blot.
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This indicates that there is significant decreas¢he amounts of SUMO and Ubc9 which
disrupts SUMO modification of substrates within tbell (lane 2 and 3Figure 3-1).

However, knockdown of Ulpl seems to cause an iseréa the SUMO modified species
within the cell (lane 4Figure 3-1). Due to overexpression of the SUMO-GG mature pmpte
only the Ulpl deconjugation function is affectedtivese cells leading to accumulation of
SUMOylated substrates. These results are in comadrtpreviously published data which

confirm that the knockdowns are working in the giget of conditions (Smith et al., 2004).

3.4.2 Knockdown of SUMO affects the AMP expression profés

To study the effects of SUMO knockdown in immunspanse, dsRNA mediated
knockdown ofSUMO was carried out. The dsRNA treatment reduced d@ transcript to
~10% as determined using qRT-PCR. We monitoredstrgpts levels of AMP genes in
SUMO depleted S2 cells and control untreated cellegponse to crude LPS over a time
period of 24 hrsi.e 0 hr, 2 hrs, 6 hrs, 12 hrs 2dhrs Figure 3-2).

Attacinand Metchnikowin transcript levels are reduced in SUMOi conditios a
compared to wild type control without RNAI, howeytre response curve in both conditions
peak at the same time post LPS stimulation. ThercdMP Drosocin also shows changes in
its expression profile, with an increase in traiclevels in the absence of SUMO. The
Drosomycin response however, seems to be abolished almosplewmty in SUMO
knockdown conditions. Due to high standard deviatialues in the three biological
replicates, only one of the set is representedhénfigure, however the trends of activation

remain the same in each case.
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Rb Anti-FLAG

Figure 3-1: Knockdown of SUMO pathway components affec the SUMO substrate
profile in S2 cells.

A stable cell line (529SU), expressing FL-SUMO®® and HAUbc9 under a Coppt
inducible metallothionein promoter was used to egprtagged SUMO cycle components
control cells without any dsRNA treatment, FL-SUMO conjugates to a large number
proteins, generating a ‘SUMO’ ladder as seen inlot (lane 1). dsRNA interference
SUMO (Smt3i; lane 2) otJbcS (Ubc9i; lane 3) transcripts lead to a global deseemn
SUMOylation, while reduction oUlpl (Ulpli, Lane 4) leads to a global increase
SUMOylation as these cells express mature SI°C protin and hence affecting only t
Ulp1 deconjugation function.
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Figure 3-2: SUMO knockdown affects kinetics of ant-microbial peptides

Quantitative real Time PCR (gl-PCR) was used to measure the expression of de
peptide genes, in response to crude LPS infectiver a time period of 24 hours in Sn
depleted and control wild type cells. The graphvahtranscript levels of AMPs iwild type
(filled circles) and in SUMO knockdown (~90%; emptiycles) cells. The most drama
reduction is forDrosomycin (drs’ whose activation is almost completely suppresseckiis
post SUMO knockdown while transcripts levels anukkics of other IF-kB target genes are
moderately affected.
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3.5Discussion

SUMO (Smt3) gene encodes a protein that conjugatbsa variety of target proteins
affecting a number of cellular processes within ¢te#. Here, we demonstrate that SUMO
function is required to maintain the expressionekizs of the anti-microbial peptides in
Drosophila S2 cells. In response to SUMO knockdown a few AMRsup-regulated while a
few others are down-regulated post LPS-challene.r€ason for the differential regulation
of the AMP genes upon SUMO knockdown is uncleath& point. It may include the
possibility that the Toll and IMD pathway targetg alifferently modulated by SUMO thus
affecting the preferential activation of AMPs irspense to either pathway. Also, SUMO-
mediated control of other pathways like JAK-STATaMNK which are known modulators of
the NF-kB response pathways may lead to theseeghancies.

Thus, inorder to better understand the mechanigmatich SUMOylation affects
immune signaling, we need to identify substratethenimmune regulatory networks that are
SUMOylated or deSUMOylated in response to infectiofhis might give us an
understanding of how SUMOylation of different plegyen the network affect the response
individually and in concert with each other to fitume the system.
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Chapter 4

|dentification of SUMO modified targets through
guantitative mass spectrometry

4.1 Summary

In this chapter, we describdigt of proteins that show a change in their SUMOQOylation
states on immune activation bgude LPS. The list was generated using immuno-pulldowns
followed by quantitative mass spectrometry techejqiRAQ. The list provides a confident

set of 858 proteins which show changes in their 8yMtion states upon LPS addition.

4.2 Introduction

SUMO moadification helps in maintaining immune horsi@sis. Proteins in both
mammalian andDrosophila immune pathways have been shown to be modifie§ WO
leading to different functional consequencesBd was the first SUMO-modified protein
implicated in the NFB signaling pathway (Desterro et al., 1998). SUMdDigih prevents its
ubiquitination at the same lysine residue thus e@mémg ubiquitin mediated proteasomal
degradation. KBa thus continues to sequeshdf-kB in the cytoplasm, not allowing its
nuclear translocation and activation of the immuegponse genes. rosophila Dorsal
which is the NFkB transcription factor has been shown to be SUMfeglaat K382.
SUMOylation of Dorsal affects the AMP response i &lls (Bhaskar et al., 2002).
STAT92E, component of the JAK-STAT pathway whiclaiknown regulator of the immune
response has been shown to be SUMOylated, howbeemblecular consequence of the
modification is yet unknown (Gronholm et al., 2010hese studies have only targeted
specific components of the various immune resppasieways. It is important to undertake a
genome-wide unbiased approach using the new massremetry techniques to identify the
wide repertoire of proteins that are involved incighg an efficient immune response.
Various studies in different organisms includings&C. elegans, Drosophila, mammals and
Arabidopsis, have identified SUMO modified proteins using bqgthalitative and quantitative
mass spectrometry approaches (Denison et al., ZBOgbiowski et al., 2009; Kaminsky et
al., 2009; Kurepa et al., 2003; Tatham et al., 20bhischlegel et al., 2004). A number of
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studies in mammals have shown the importance of SUM heat stress and proteasomal
pathways while identifying the proteins that areMB modified in these states. These help
in identifying SUMOylated targets to further undargl the functional relevance of SUMO

modification of the proteins in varied contexts.

4.2.1 Mass Spectrometry as a tool for proteomics analysis

Proteomics is the large scale study of proteincivig applied to identify and analyze
the entire protein repertoire in a given biologisample. Mass spectrometry is an analytical
tool to measure the molecular mass of a samplevalt initially used to identify small
chemical moieties and peptides. However, afteriiention of the soft protein ionization
methods such as electrospray ionization (ESI) aattixaassisted laser desorption ionization
(MALDI) techniques which do not lead to fragmengatiof large protein molecules, mass
spectrometry tool is widely used for protein analysAlso, the completion of genome
sequencing of a number of organisms has contriktotéloe ease of MS-based proteomics by
providing protein databases against which the eémxmstal spectra can be matched to
identify proteins in an automated manner. Proteassnspectrometry using LC-MS/MS; a
combination of liquid chromatography (LC) and tamdemass spectrometry (MS) is

extensively used to study protein mixtures.

Most of the quantitative proteomic studies aim teg tomparison of a stressed or
disturbed status to an undisturbed reference safpk most common form of quantitative
proteomics was the use of dyes, radioactivity vorbphores after separating the proteins on
the gel using two-dimensional gel electrophore®i®E). This technique is tedious and does
not allow direct identification of proteins. Theopein band has to be excised from the gel
and further analyzed by mass spectrometry. Thimigae has limitations with respect to low
protein resolution obtained on 2-DE gels and undpresentation of proteins due to size and
pH. However with the advancement in instrumentatiod labeling techniques, quantitative

mass spectrometry is now a rapidly growing field.

Inherently LC-MS/MS based proteomics is not quatitie because of different
physical and chemical nature of the tryptic peigeduced. Peptides from the same protein
may differ in charge state, peptide length, amioa aomposition, or post-translational
modifications resulting in great differences in iba intensities for the peptides. Thus, for

accurate quantitation using ion intensities, thetides to be compared between different
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samples should have the same peptide mass-to-ctaige (m/z) that were acquired under
the same general conditions during LC-MS/MS expenits. To aid accurate determination
of quantitative information with MS two differentethods are currently in use: 1) label free
and 2) stable isotopic labeling approach. Stabdope labeling methods ensures that the
peptide labeled with stable isotopes does notiffe¢heir chemical properties and hence the
two peptides behave identically during chromatogyamnd further mass spectrometry
analysis. The labeling methods include isotope doaléinity tags (ICAT), stable isotope

labeling by amino acids in cell culture (SILAC) arsbtope tags for relative and absolute
guantification (iTRAQ) which are the most commoniged techniques. The isotope tag is
introduced either metabolically i.e., in vivo orechically or enzymatically i.e., in vitro. The

basic outline for all isotopic label based quatittainvolves the incorporation of the stable
isotope labels into the samples to be comparedviatig which these samples are combined
and subjected to separation and analysis by masstrgmetry. Combining the samples

throughout the experimental procedure makes suak ttte samples to be compared are
always together and exposed to identical conditidiés helps minimize sample variation.

Each technique has its advantages and limitatiodstlze choice of approach would depend

on the experimental setup.

ICAT was the first isotope labeling technique depeld by S. Gyget al. (2000)

(Gyqgi et al., 1999). The tag used contains an ioetzemide group which reacts with reduced
cysteine residues, a bridge that contains thepsotarbon or hydrogen atoms for differential
labeling and a biotin group which allows the sgeadgolation of cysteine containing peptides
onto a streptavidin column. This approach ensunes all tryptic cleavage peptides of a
protein carry at least one labeled amino acid. Phatein is identified based on the

fragmentation spectrum of either of the labeledtides while relative quantification is

performed by comparing the intensities of the ipetolusters of differently labeled peptides
in MS spectra. ICAT labeling has been used extehsior a number of studies, however the
major limitations of the system include: 1) thedhihg is cysteine specific and only 80-90%
of the proteins in the complete proteome have gystdence there is incomplete proteome
coverage; 2) only a pair-wise comparison of prosgimples is possible with no multiplexing

allowed; 3) non-specific binding to streptavidintma

The first demonstration of in-vivo labeling using_AC was provided by Mann and
colleagues (Ong et al., 2002). In this techniqleelied essential amino acids are added to
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amino acid deficient cell culture media. Overtintlee cells grown in this media have the
labeled amino acids incorporated into their proteorrotein identification and relative
guantification is carried out as in the case of TA the MS spectra. The major advantage of
this technique is that there is minimal sample malaition. Since the incorporation of the
tags is uniform in both control and experimentds sthe two sets can be mixed for sample
preparation and other chromatography and mass @salyhis technique is suitable to
measure relatively small changes in protein leaeld study post translational modifications.
However, multiplexing in this technique is diffitwdue to increase in sample complexity on
using multiple isotopes. Also this technique is enéeasible in cell lines and difficult in

whole tissues from organisms (Bantscheff et al0;72@ng et al., 2002).

4.2.2 iTRAQ

Isobaric tags for relative and absolute quantitatior RAQ) method is based on
chemically labeling the peptides with isobaric taljse method was developed by Retal.
(2004) and allows for simultaneous relative quadtfon of upto eight different samples in a

single run (Ross et al., 2004).

ITRAQ labels have a total isobaric mass of 145 Bé @nsist of a reporter group and
an amine-reactive group (NHS ester derivative)kiliag a balancing group (carbonyl group).
The introduction of the iITRAQ reagent occurs at teeel of tryptic peptides. While
comparing different samples, identical peptideshwite different isobaric labels having the
same physico-chemical properties co-elute in tmeesaction on chromatography and are
selected for fragmentation as a single precursongia single peak in MS scan. After further
fragmentation, different mass tags separate, lielgasporter ions. The intensity ratio of the
different reporter ions in the MS/MS spectrum erabielative quantification of the peptide
across the different samples (Boehm et al., 200fulBe and Usadel, 2010). In their original
form the iITRAQ reagents consist of a set of fouagents which release reporter ions of
masses 114, 115, 116 and 117 Da. The proteins ofewiisates are reduced, alkylated,
tryptically digested and these peptides are labelgh the iTRAQ reagents. The resulting
peptides are mixed in equal amounts following whilkby undergo separation by strong
cation exchange chromatography (SCX) and reverssgKlPLC. This fractionation helps
remove any free iTRAQ reagents and reduces thelsasomplexity. The separated fractions
are subsequently analyzed by tandem mass spectyo(M$/MS). The iTRAQ ratios are

usually compressed under-represented values ofathéal levels of the proteins in the
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sample, typically reporting fold changes
2009).

of lesanthwo orders of magnitude (Ow et al.,
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Figure 4-1: iTRAQ method work flow (Copyright of npg 2007, Aebersoldt al.)

4-plex iTRAQ labeling can be used to multiplex falifferent samples. Different protein
samples are digested with trypsin and then labeligd the iTRAQ labels named iTRAQ
114, 115, 116 and 117 depending on its reporteritie labeled peptides are then pooled
subjected to LC-MS/MS analysis for protein idewttion and to determine their relative

amounts (Gingras et al., 2007).
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iITRAQ method of labeling is more efficient than ITAvith respect to coverage as it
reacts with primary amines which are present ipwdteins. Thus, a protein can be identified
and quantified with more confidence using data frowitiple peptides of the same protein
often with multiple values per distinct peptideRAQ data is however, shown to be prone to
variation which can be tackled at different levietsn sample preparation and processing to

analysis of the data obtained from mass analysis.

4.2.3 Identification of Ub and UBL acceptor lysines usingnass spectrometry

Proteomic approaches are now being applied to ifgepeptides modified by
ubiquitin (Ub) and UBLs. Following ubiquitinationf @ protein, the modified lysine is not
subjected to tryptic digestion. The resulting Unjogated peptide is modified at that lysine
residue with a -GG remnant which shifts the mashefpeptide by 114 Da. This predictable
mass shift of the precursor ion allows an easyadtiete of ubiquitinated peptides. However,
apart from ubiquitin other UBLs like NEDD8 and IS&&hare the same Gly-Gly mass shift
making it difficult to differentiate between the difications. To combat this problem,
researchers have tagged Ub to enrich only the UHifrad proteins using biochemical

pulldowns followed by mass analysis.

Mapping of SUMOylation sites poses additional aadjes for detection with mass
spectrometry due to the sequence of SUMO. Trypgjastion of SUMO modified proteins
results in a longer peptide remnant conjugatetheadrget which is not the case in ubiquitin
where the trypsin cleavage site is close to ther€ilue. This tryptic peptide is large and
produces many fragment ions during MS/MS fragm@matmaking the identification
difficult by conventional automated database seagchngines. For this SUMO protein with
a trypsin cleavage site close to the modified kydias been engineered and is being used to
identify the SUMO acceptor sites.

Another common problem in identifying UBLs is thidweir abundance in a given
biological sample is very low probably due to rapidnover rates within the cell or rapid
deconjugation during cell lysis. This can be avdide a certain extent by using generic
protease inhibitors and SUMO protease inhibitor NBWAethylmaleimide) during sample

processing.

Due to the complications and limitations in masscsmetry-based proteomics of

Ub/UBLs, sample purification and enrichment seentéocritical steps to obtain consistent
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and desirable results. To increase the abundanamodlified proteins it has become a
common practice to overexpress Ub/UBLs using naieganous tags which allow efficient

enrichment of the modified sample. However, furtimathodological advances are required
to improve the applicability of mass spectrometryyb/UBL modifications.

In our study we used the iTRAQ technique to idgntjuantitative changes in
response to LPS induced immune challenge in S2.d8IRAQ was chosen due to ease in
multiplexing and availability of the facility anéagents. As discussed above, we used wild
type SUMO protein over expressed with FLAG-tagriorease SUMOylation of the target
proteins and mediate easy purification of the tdgg®teins. The pulldowns were carried out
in native conditions with the presence of NEM tamiper de-SUMOylation and FLAG

peptide was used for elution to increase spegifimiteluted proteins.

4.3 Materials and methods
4.3.1 Cell culture and LPS treatment

529SU cells expressing FLAG-SUMO as described tti@e 3.2.1 were used for
affinity pulldowns. After characterization of thé®’E mediated AMP response kinetics over
24 hrs, we chose the 2.5 hr time point for quatgaproteomic analysis. LPS used was as

described in section 3.2.2.

4.3.2 FLAG affinity purification of SUMO conjugates

The starting point for the proteomic experiments w800 ml of 529SU cells, at a cell
density of ~1 X 10 cells/ ml, in thirty, 300 crhculture flasks. The cells were split into three
600 ml aliquots (10 flasks each), with 2 flasksuoeld with 0.5 mM CuSgpand the third
serving as master contrdtigure 4-2). Three days after the split (and induction; delhsity
~1 X 10), half of the induced flasks (10 Flasks) were mtelated with sterile water, while
another 10 (induced) Flasks were treated with IugPS for a period of 2.5 hours. The
cells were collected from the flasks near the ehdhe incubation period, centrifuged at
1000g, washed with 1XPBS, lysed with RIPA buffed (8M Tris pH 7.4, 1% NP-40, 0.5%
Na-deoxycholate, 0.1% SDS, 150 mM NaCl, 1 mM ED T 8.01% Sodium azide), freshly
supplemented with 40 mM N-ethylmaleimide (NEM, Sa&mand Complete Protease
Inhibitor Cocktail (1 Tablet per 100 ml; Roche),aely at 2.5 hrs. The entire 1800 ml set

experiment was repeated thrice for analysis.
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The suspension was further lysed in a bioruptoagbnode, 130W, 15 min total time,
30 sec on/off pulse) and the lysate was centrifuge@5,000g at 4°C for 45 min. The
supernatant was pre-cleared using protein G sephd@E Healthcare) for 1hr at 4°C. Equal
concentrations of the pre-cleared lysates from hé&8-induced, and un-induced cells were
nutated with RIPA buffer equilibrated with anti-FIGAagarose (1 ml) at 4°C overnight. The
next day, the beads were separated from the lysatentrifugation, washed 3 times with
TBST (50 mM Tris, pH 7.4, 150 mM NaCl and 1% Trit§n100) followed by 2 washes in
TBS. The bound proteins were eluted from the basisg 10 bead volumes of FLAG
peptide (Sigma) at a concentration of 20¢/ml for 4 hrs. The eluted proteins were
concentrated using amicon concentrator (Millipow)portion of the eluted proteins were
separated by SDS-PAGE followed by Western-Blot ysislusing Rb anti-FLAG antibody
(Sigma) and silver staining. The remaining protelote was dialyzed against 100 mM
NH4HCO; to remove any TBS and lyophilized for further iTRAnalysis.

4.3.3 Immunoblotting and silver staining of immunoprecipitated samples

The amount of protein in the samples from affipptyldowns was quantitated using
Lowry reagent (Bio-Rad). 2Qg from each experimental and control set was stgmaen a
10% SDS-PAGE gel followed by western blotting asadided in section 3.2.6. For silver
staining the SDS-PAGE gels were fixed in 5:4:1 bfabl: water: acetic acid. After washing
the fixed gels with distilled water (D/W), they wesensitized in 0.02% sodium thiosulphate.
The gel was further washed briefly with D/W and kep0.2% (w/v) silver nitrate solution
for 30 min. The gel was thoroughly washed with Déwd developed using sodium carbonate
with sodium thiosulphate and formaldehyde until dsamvere seen clearly following which

the reaction was stopped using 6% acetic acid.

4.3.4 iTRAQ labeling and strong cation exchange chromatagphy (SCX)
fractionation (Figure 4-2)

Three biological replicates of each set (un-inducedter control, induced untreated,
induced LPS treated) were processed in the Masstr®peetry Facility at the Institute of
Bioinformatics, Bangalore. For each set, the lybpdil samples were re-suspended in water
and protein was quantitated using Bradford tesuaEgoncentrations of the proteins was
taken from each experimental set after confirmatuth silver staining and treated withu2
of reducing agent [tris (2-carboxyethyl) phosph(i€EP)] at 60°C for 1 h and alkylated
with cysteine blocking reagent, methyl methanethifopate (MMTS) for 10 min at room
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temperature. The samples were digested overnight seiquencing grade trypsin (Promega,
Madison, WI) (1:20) at 37°C. Peptides from mastentml, induced-LPS-untreated and
induced-LPS-treated experimental sets were labelddiTRAQ reagents that would yield
reporter ions of m/z 114, 115 and 116, respectivélgbeled peptides from all three
conditions were pooled and fractionated by stroaipn exchange chromatography on Poly
SULFOETHYL A column (PolyLC, Columbia, MD) (100*21hm, 5 um particles with 300
A pores) using a linear gradient of 5% - 40% Soiv@r(350 mM KCI in 10 mM KHPQ,,
20% acetonitrile, pH 2.8). Fractionated samplesewallected, desalted using stage tips
vacuum dried and stored at 80 until LC-MS/MS analysis. The uninduced mastentoal,
containing mock immune-precipitated samples, agebgal, did not contain enough protein

(1% or less of the main experiment) and was nad @sefurther analysis.

4.3.5 LC-MS/MS

LC-MS/MS of iITRAQ-labeled peptides was carried aut an LTQ-OrbitrapVelos
mass spectrometer (Thermo Electron, Bremen, Germiatgrfaced with Agilent’'s 1100
series nanoflow liquid chromatography system (Agil&@echnologies, Santa Clara, CA).
Peptides from each fraction were enriched and whshea trap column (75 pm x 2 cm, 5
um, 120A, Magic Gz AQ Michrom Bioresources), at a flow rate of 3 pbmand then
resolved on an analytical column (75 um x 10 cnuns 120A, Magic & AQ Michrom
Bioresources) at a flow rate of 300 nl/min usingin@ar gradient of 5% - 40% solvent B
(90% acetonitrile in 0.1% formic acid) over a péraf 65 min. The total run time per sample
was 85 min. The resolved peptides from analyticalumn were delivered to mass
spectrometer through an emitter tip (8 um, New €tbje, Woburn, MA). LC-MS/MS data
was acquired in a data dependent manner in FT-FdemdS spectra were acquired with a
window of m/z 350 to 1800. Twenty most abundant precursor ioesewselected for
fragmentation from each MS scan. Data was acqutédS resolution of 60,000 (m/z 400)
and MS/MS resolution of 15,000. Precursor ion fragtation was carried out using higher
energy collision (HCD) mode with normalized collisi energy of 41%. Monoisotopic
precursor selection was enabled and the precunsssrthat were selected for fragmentation

was dynamically excluded for 50 sec.

4.3.6 MS data analysis

The MS data was analyzed using the Proteome Diseov&oftware (Thermo
Scientific, version 1.3.0.339). The data was seatchgainst Flybase (FB2010 04 Dmel
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Release 5.27) database containing 43,900 protgimesees along with known contamina
using SEQUEST search algorithm. The parameters fosathta analysis included trypsin
a protease (allowed one missed cleavagRAQ labeling at Nterminus and lysine residue
and cysteine moftication by methyl methane thiosulfonate (MMTS) ased modifications
and oxidation of methionine as a variamodification The precursor and product ion m
error tolerance were fixed 20 ppm and 0.1 Da respectively. The precursor ravageset a
500 to 8,000 Da. The peptide and protein data weteacted using high peptide confider
(1% FDR) and top one peptide rank filters. Relaab@ndance of proteins across conditi
was deterrmed by Proteome Discoverer baseddifference in the peak intensity of repot
ions in the MS/MS spectra of each peptide that whinately used for quantitatir
corresponding proteirDifferentially regulated proteins were identified as havi#2 or <0.5
fold change, calculateloly dividing the LPS induced score for each protsirthe ur-induced
value For downstream analysis, such as for buildingramtion networks, all the protei

identifiedin at least two of the three data set with r>2 or <0.5was use(
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Figure 4-2: Schematic representation of the protocol followeddr ITRAQ analysis
529SU cells were without Cu$, induction was used as a master control to deteriry
non-sspecific pulldowns, whereas cells induced with C4but with or without LPS treatme
were the experimental sets. Post 2.5 hrs of LP8ctiwh, the cells were lysed and 1
supernatant was inbated with FLAG beads. Proteins eluted from the 6LBeads wer
subject to trypsin digestion and labeling by iTRA€agents of same mass. Tryptic dig
from various samples were pooled, separated intctiftms by cation exchan
chromatography and eadtaction was analyzed by I-MS/MS. This protocol was used
collect data for three biological replicat
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4.4 Results
4.4.1 LPS challenge leads to increase in global SUMOylain in Drosophila S2 cells

S2 cells stably transfected with FLAG13 (SUMO), HA-ubc9 (529SU cells) under
the control of a metallothionein promoter have bpesviously shown to be responsive to
LPS challenge by Bhaskat al. We used these cells in 3 different conditions:Mgster
negative control without FLAG-SUMO expression arRRi.induction, 2) LPS un-induced set
expressing FLAG-SUMO and, 3) LPS induced set exmgsFLAG-SUMO. The LPS
induction was given for 2.5 hrs after which thels@lere collected, lysed, affinity purified
using anti-FLAG affinity beads and the eluatesrafieAG peptide elution were subjected to
both silver staining and immunoblotting. The 2.5 time point was chosen based on AMP
expression analysis. The master control shows litino protein in sliver stainingigure 4-

3, Lane 1) and does not show reactivity with theRRIAG antibody indicating that there is
negligible pull-down of non-FLAG tagged proteins the anti-FLAG agarose beads under
our experimental conditions. The lanes with FLAGMBD induction have characteristic
SUMOylated species laddered on the gel. The ceflated with LPS seem to show an
increase in global SUMOylationkigure 4-3, Lane 3) more prevalent for proteins > 200 kD.
This may be either due to polySUMOylation of a nembr target proteins or increased

SUMOylation of a specific set of high molecular gl proteins.

4.4.2 iTRAQ analysis to determine LPS induced changes ithe SUMO proteome

The immune-purified samples from the three expemialesets discussed above were
given for mass analysis as showable 4-1 The experimental protocol is shownHigure
4-2. For iTRAQ analysis 80y of protein from each set was pooled and proceksetC
MS/MS based iTRAQ analysis. A total of 1820 unigueteins were identified using a cutoff
of 95% probabilility in the correct identificatiari peptides Figure 4-4). Of these 681 (37%)
were common to all three sets and 1112 (or 61%)momto atleast 2 sets. The LPS treated
versus control set iTRAQ ratios vary from 0.1 to A is well documented, the ratios
measured by the iTRAQ experiment are compressedp(Kgal., 2010) and are a relative
measure rather than the actual fold values of SUBsli@y. To obtain a confident set of
proteins showing changes in response to LPS, we bansidered proteins present in two or
more biological replicates with iTRAQ ratios <0.8da>2.0 as significant hits. This list of
858 proteins comprises the LPS-induced SUMO proteeamd has been used for further

analysis.
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Figure 4-3: Affinity purification of SUMOylated proteins
529SUcells lysates, post LPS treatment wused for affinity puriicatior using mouse anti-
FLAG agarose (Sigma). 3@ of the total, affinity purified FLAG elua wasseparated using
SDS-PAGEand subjected to silver staining and immunoblottibgne 1has the affinity
purified, uninduced master conti sample, showing very minimal nspecific pull down
while lanes2 & 3 are affinity purification of induced cells thi (lane 3) and without (lane
LPS. There is an increase in the intensity of tlghdr molcular weight SUM(-purified
proteins in response to LPS treatm

Table 4-1 Raw material for the three biological replicate &periments

Volume of culture
(~1C%cells/ml)

Concentration of purified protein

uninfected infected
SET1 2 X 60C ml 90 g 120pg
SET2 2 X 60C ml 130pg 200pg
SET3 2 X 100 ml 2059 380ug
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SET1 N SET2 - 817
SET2 N SET3 - 754
SET1 N SET3 - 900

Figure 4-4: Venn diagram depicting the triplicate ITRAQ numbers.

ITRAQ analysis was carried out on three biologicaplicates, with each replicate
containing a ontrol (no LPS) and an experiment (+LPS). Thedltata sets identified 14,
1004, andL151 proteins with approximately 40% overlap betwakthree sts.
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Figure 4-5:iTRAQ ratios of representative proteins

The above graph shows a few resentative proteins that shosv range c¢ increased
SUMOylation states post LPS treatment. These rafi@®&®JMOylatd proteins in LPSreated
versus untreated sets feéif from O to 5 fold. To obtain a confident setprbteins we hav
considered proteins with fold change values <Odb=ghpresent in all three s¢

50



4.5 Discussion

We used affinity pulldowns to enrich SUMO modifipdoteins in response to LPS
challenge in S2 cells followed by quantitative masalysis to obtain a better understanding
of the various pathways and complexes that mighuhéer SUMOylation regulation in
immune response. The pulldowns were carried outstimgent buffer and detergent
conditions to minimize non-specific interactions ilh maintaining strong complex
interactions in native conditions. This gives amenstanding of the complexes which might
be regulated by SUMOylated proteins and may be rtapbin immune response pathways.
Also there are only upregulated proteins identifiedhese conditions post LPS treatment
which might be because of global increase in SUM@yh post LPS treatment and the
downregulated SUMO-substrates might be in very sqantities to be detected by iTRAQ
analysis. We applied stringent peptide detectiehrigues to identify proteins and cut-offs
to limit the total number of 1820 proteins to a fident set of 858 proteins, leading to false

negatives.

The elimination of the pathogen from the organisotuos either by hemocyte
mediated phagocytosis or production of AMPs. Thagalcytic response includes processes
like internalization of the pathogen through vesiglediated endocytosis, actin cytoskeletal
reorganization to aid phagocytic movement of thedwytes etc. The production of AMPs
occurs through activation of two major pathwaysH/Né--xB and the IMD/NF«B pathways
due to translocation of the three MB-molecules, Dorsal (DI), Dorsal like immune factor
(DIF) and Relish (Rel) into the nucleus. In addiiothese two major pathways are
interconnected at various levels and also subgecegulation by other signal transduction
pathways. Studies have demonstrated that Ras/MARIK, and JAK-STAT pathways are
responsible for negative regulation of the ’Epathways or work independently to activate
certain effector responses like apoptosis, stressponses and increased hemocyte
proliferation. Thus the total proteins identifiddrdugh mass spectrometry analysis may not
be directly involved in an immune response but ime® global changes within the cell
triggered in response to pathogen attack includihgnges in general transcription and
translation machinery in the cell, cell cycle chasigapart from the immune responsive
changes discussed above. A thorough analysis olighwill give us a better insight into

these changes and is discussed in the next chapter.
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Chapter 5

Analysis of theDrosophila S2 Cell proteome

5.1 Summary

In this chapter, we have done an extensive anabygise protein list provided by the
ITRAQ experiments to help identify cellular processpathways or domains enriched in our
study. We also compared our list with the publistizasophila protein interactome to
identify the probable SUMOylation aided complexiemments. We further compared our
protein list with previously published list of SUM{ated proteins from different organisms

and see a considerable overlap between them.

5.2 Introduction
5.2.1 Enrichment of SUMOylated proteins and their analyss in various organisms

Multiple proteomic studies have been carried outlemtify SUMOyled substrates in
different organisms in a wild type state or othéygological conditions making use of
biochemical techniques along with sophisticatedsrggectrometry tools. These large scale
experiments have helped identify SUMOylated pratdm budding yeast (Denison et al.,
2005; Hannich et al., 2005; Panse et al., 2004a&kdégosta et al., 2005; Wohlschlegel et al.,
2004; Wykoff and O'Shea, 2005; Zhou et al., 200@)man (Galisson et al.,, 2011,
Golebiowski et al., 2009; Rosas-Acosta et al., 2008ham et al., 2011; Vertegaal et al.,
2006; Vertegaal et al., 2004], elegans (Kaminsky et al., 2009), andDrosophila (Nie et al.,
2009) among others. These proteome-wide studiasdaa great insights into functional role
of SUMO and SUMOylation proteins. However, very feimhese studies have been able to
identify exact SUMOylation sites due to difficulim mass spectrometry approaches to

correctly identify the acceptor lysine residues.

Thus, in-silico identification of SUMO substratestiw their respective sites is
important to understand the mechanisms of SUMQytatelated regulations. These
prediction softwares use published data to cre@erithms which help detect SUMO

acceptor lysine sites in proteins for functionadlgais.
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5.2.2 SUMO prediction software

The majority of the SUMOylation sites follow a census motif withy-K-X-E (y is
a hydrophobic amino acid). However, the accumulgtxperimental data shows that a
number of SUMOylated proteins do not have the stehdmotif and include various
modifications of the standard consensus or conlpletéerent motifs. These unexpected
features introduce the difficulties into the SUM@ybn proteome analysis making the field

of SUMO proteomics a great challenge.

There are a couple of in-silico SUMO site predicatisoftwares like SUMOsp,
SUMOpilot, etc. These prediction softwares use exprtal datasets for analysis with either
one or a combination of parameters including secgienformation for motif prediction,
secondary structures, and evolutionary conservabopredict SUMO acceptor lysines in
proteins. Newer prediction models are also trymgdnsider the physico-chemical properties
of the protein including hydrophobicity, burialitisoelectric point, hydrophilicity, polarity,
bulkiness, and molecular weight of residues asetin@ight affect accessibility of SUMO and
SUMO pathway components to lysine acceptor sitdhénsubstrate protein. Based on these
parameters and thorough statistical evaluationsetiseftwares provide prediction scores to
the predicted lysines which might be the site oM&UJmodification (Xue et al., 2006).

5.2.3 Gene Ontology databases

With increasing number of high-throughput proteongikperiments being done
regularly it is important to develop tools to halpalyze the data and help give it functional
relevance. Many databases, which are publicallylaa today, include KEGG, Panther,
Ensembl, Swiss-Prot, and DAVID.

Gene ontology (GO) provides a common base of chenmaation of genes and
proteins from different organisms into defined sk mainly based on biological process,
cellular component and molecular function. Thisrapph not only helps annotate genes and
proteins in an organism to GO terms at varying lewé details but also provides a basis for
comparison across species which might help in figdiew genes and functions. Certain
databases also provide tools to analyze the datavianalize it in an enrichment analysis or
help in building gene networks. In summary, GO wsial predicts how a gene product may

function within the cell.
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There are a number of bioinformatic tools to anali@rge datasets for gene ontology
with a number of statistical tests. Protein analysiough Evolutionary Relationships
(PANTHER) classification system is one such toolme through the biological data
associated with genes and gene products for tleirrate classification from experimental
datasets and build phylogenetic trees which hetpapglate information from a few other
model organisms (Mi et al., 2013; Thomas et al.Q30 It also describes biochemical
pathway maps and conserved protein domain arcaresgt while being linked to a rich
source of biological annotation. Database for Aatioh, Visualization and Integrated
Discovery (DAVID) is another such bioinformaticstalaase (Huang da et al., 2009a, b).
Both these tools are user-friendly and open sourowever, compared with DAVID,
PANTHER has a few advantages. First, PANTHER irgtgy more updated GO curation
data to build its network. Second, PANTHER enablesrs to analyze genome data from a
larger number of organisms than DAVID. Third, the/lmgenetic trees in PANTHER protein

library makes it easier to make more accurate @thprediction.

5.2.4 Drosophila protein interactome

An extensive study on protein-protein interactioras published by Guruharshial.
in 2011. In this study, protein interactors of mgab000 FLAG-HA epitope tagged
Drosophila proteins were identified using a combination ofaffiity purification and mass
spectrometry analysis in S2Rell line. Using cell lines makes it easy to essréagged
proteins and carry out extensive affinity purificats on a large scale. Stringent statistical
analysis of this data helped define a complex né¢wof individual protein-protein
interactions. This led to the generation @rasophila proteininteractionmap (DPiM)
encompassing 556 protein complexes. In addition vadidating previously known
interactions, it helped define potential novel mensbfor several important protein
complexes and assign functional links to 586 pmet&iding genes lacking previous

experimental annotation (Guruharsha et al., 2011).

5.2.5 Visualization through Cytoscape

One of the most popular softwares to visualize deli@ionships like overlap and exclusion
between data sets is Cytoscape. It is an open esbiomformatics software platform
for visualizing molecular interaction networks aimiegrating with gene expression profiles
and other state data (Shannon et al., 2003).
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5.3 Materials and methods
5.3.1 GO analysis using DAVID and PANTHER

To investigate the affect of LPS treatment on déife biological processes in 529SU
cells, enrichment analysis was performed by compgardata using the DAVID
Bioinformatics resources 6.7 and PANTHER Classiiicasystem 7.2. The GO analysis was
performed on the 858 list of differentially expredsproteins in LPS induced versus un-
induced control usingDrosophila melanogaster gene database as the reference list.

Statistically overrepresented GO categories wetediand then selected for further analysis.

The DAVID gene ontology analysis was carried ouhgisan ease score of 0.1 and
Benjamini correction. The statistical overrepreagah test of PANTHER was used to
identify pathways and domains significantly enrighia our dataset using the Bonferroni
correction. The DAVID and PANTHER sites used foalgmis are listed below:

http://david.abcc.ncifcrf.gov/home.jsp
http://www.pantherdb.org/

5.3.2 Cytoscape analysis

The SUMO proteomic list was compared to the DP®Uuruharsha et al., 2011))
using a DPIM input file generated by the authorgp{@ementary material, Gurusharstia
al. 2011). TheDrosophila interactome was displayed using the open sourdefbrmatics

software platform Cytoscape (Cline et. al., 2007).

5.3.3 SUMO site prediction

SUMO acceptor lysine and SBM prediction The SUM@wyla site prediction was
carried out using SUMOsp ver2.0 and SUMOPfaanalysis program provided by Abgent,
and the SUMO binding site prediction was carrietiuming GPS-SBM 1.0.

The prediction software sites are listed below:
http://sumosp.biocuckoo.org
http://www.abgent.com/sumoplot
http://sbm.biocuckoo.org
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5.4 Results
5.4.1 Gene Ontology analysis of the LPS-modified SUMO pteome

Gene ontology analysis of the 858 list using DABinformatics resource shows
5% of the proteins to be involved in immune resgonslated functions. Various other
cellular functions like translation, actin cytostell organization, cell redox homeostasis
among others are well represented in the analyggie 5-1). This suggests that immune

challenge induces global changes within a cellrdeoto help it combat infection.

5.4.2 Analyzing the SUMO Proteome

Of the proteins we have identified, 102 proteine aommon with the published
SUMO proteome (a list of 150 proteins) from 0-3 hobDrosophila embryos and
approximately 12% of the proteins in our list agpresented in SUMO proteomes from other

organisms.

On analyzing the fold changes it was observed tthexe is no significant change in
the levels of SUMO itself in response to LPS treatm However, the list indicates
enrichment of the SUMO conjugation machinery congms including Uba2 a subunit of the
activating enzyme, Ubc9 and some of Br@sophila ligases like Su(Var)2-10 etc. This kind
of enrichment is also observed in previous stusie@sammalian cells and Arabidopsis under

stress conditions.

The list of 858 proteins was analyzed using ontipen source programs as described
in Materials & Methods. The aim was to mine thé 1@ insights into the SUMO enriched
proteome. The primary analysis looks at enrichnoérgroteins in the list as compared to a
dataset of alDrosophila proteins. Fold enrichment (log of fractional difece observed vs
expected) indicated iRigure 5-2 that many biological processes had componentswbed
regulated by SUMO. tRNA synthetases were showrethighly enriched along with vesicle
mediated transport processes including endocytasis exocytosis, nuclear transport and
redox homeostasis among others by PANTHER enrichm@&abase tool. iITRAQ ratios of
few of the identified proteins in tRNA synthetase®l vesicle mediated transport are shown

in Figure 5-3

DAVID analysis was used to identify protein domaamsl pathways that are enriched
in our list. The enriched protein domains may iatkca common protein fold as a target for
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the SUMOylation machinery or may lead us to a pnotl®emain family that is more prone to
SUMOylation as compared to othersDnosophila and subsequently in eukaryotes. Our data
predicts that amongst others, WD40 domain contgirpnoteins, thioredoxin folds and
members of the ATPase AAA+ family are possible e¢gsgin eukaryotes. A number of
enzymatic/metabolic pathways involved in translatémd degradation are also substantially
enriched Figure 5-4). Certain KEGG pathways that are enriched in isteare represented in

Figure 5-5.

5.4.3 Global changes in SUMOylation — The SUMO interactora

A significant proportion of the proteins in ourtlimay be SUMOylated. However, we
performed the pulldown in native conditions to ntain very strong protein-protein
interactions and hence complexes involved in imm@sponses. SUMOylation can act by
regulating the interactions of the substrate pnotath other macromolecules. SUMOylation
of a substrate can create a binding site and/orukatel conformation leading to the
enhancement or decrease in binding affinity. SUM@raction motif's (SIM’s) have been
discovered pointing to a significant role for SUNMtOenhancing (or reducing) protein-protein
interactions, especially in relation to large pnoteomplexes. Many previously published
studies have proposed that multiple proteins carSb&Oylated in a single functional

complex.

In order to analyze our list in terms of global tein interactions, we turned to a
recent comprehensive study on protein-protein autgons in S2 cells, the same system we
used for our studies (Guruharsha et al., 2011 eSaur list represents a subset of proteins in
S2 cells that is biased towards SUMOylation or SUMt@raction, we mapped our set of 858
proteins, (1/80of the proteins the DPiM network), onto the DPiMvaerk. The comparison is
not absolute as the methods used to generate téragdtors involved are different, but the
analysis leads to interesting findings. First, mafhyhe major clusters/complexes shown in
the wild-type, DPIM are missing in the SUMO-intei@oe Eigure 5-6A). This is a striking
observation, especially considering the predictiiba) roles for SUMO as a mediator of

protein-protein interaction.

A finer analysis for protein complexes within theskisters indicates that well
represented complexes such as the Mediator ComfIBRE/Syntaxin complexes and

Arp/Arc protein complexes are underrepresented un SUMO proteome. Other known
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complexes, such as the tango complex as also tHA #ynthetase (MARS) complexes are

however well represente#ifjure 5-6B, Table 5-).

Since tRNA synthetases have been shown to be edriahd represented in various different
analyses, it would be interesting to study if a f@wall of the tRNA syntethases are SUMO
modified. Since immune response leads to an inereeSUMOylation of tRNA synthetases,
they may be involved only in global upregulationtrdnslation machinery or might have

other moon-lighting roles in immunity.

5.4.4 The Immune SUMO proteome

The Immune SUMO Proteome should be a subset dgjltieal SUMO proteome. An
extensive literature survey identified 115 protefnem our list of 1820 proteins, which could
be implicated, directly or indirectly to the immumnesponseTable 5-2 lists a few these
proteins, their molecular function and their cutrknown SUMOylation status. Many of the
proteins discovered in our proteomic screen havéeen shown to be SUMOylated, though
many have putative SUMOylation motifs and/or SUMRQeracting motifs.Figure 5-5
represents a subset (twenty five) of these gentgstheir IiTRAQ ratios. Proteins that have
already been demonstrated to be SUMOylated, is fhiieany other model organism, have
been marked with arrowheads. Previous studies lstnasvn physical SUMOylation of
Drosophila Dorsal and STAT92E (Bhaskar et al., 2002; Gronhatmal., 2010) and

mammalian orthologs gfa andkay (Bossis et al., 2005).

5.4.5 Comparison of Immune SUMO proteome with publishedimmune transcriptome

The most dramatic effect of the initiation of infiec is the transcriptional
upregulation or down regulation of about 400 gedeining the immune transcriptome (De
Gregorio et al., 2001; Johansson et al., 2005)s Tégulation is a result of the activation of
the two major immunity pathways, the Toll/NB- and the IMD/NF«B pathways. Since
PTMs are postulated to be immediate and dynamicking on faster time scales to the
slower transcriptional response, they should bengisfrom the transcriptome especially at
the early time points. A comparison of the two dsdts, the SUMO Immune Proteome, with
the Immune Transcriptome indicates a 1% overlapnewhen we take the entire SUMO
proteome, rather than the SUMO immune proteome c¢otwsideration. This result clearly
underscores the differences between regulationSUiMOylation, and resultant changes in

the transcriptome. The lack of overlap highlighte tdistinct spatiotemporal roles for
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substrate proteins that are [-translationally modified in signalingFigure 5-7 shows

iTRAQ ratios a fewepresentative proteins involved in immur

= CellCycle

E Cell redox homeostasis

¥ Proteolysis

= Chromosome organization

H Actin cytoskeleton organization
¥ Translation

H Programmed coll death

¥ Stress response

Immune response
¥ Phagocytosis } 5%

250

® Chromatin remodeling

1.20 1.60 230

Post transcriptional regulation of gene expression

RNA processing

Nucleo-cytoplasmic transport

Goneration of precursor metabolites and energy

Purine biosynthesis

Cthers

Figure 5-1 Gene Ontology analysi

A confident set of 858 proteins were selected WIitRAQ ratios <0.5 and >2.0 for furth
analysis. Gene Ontology analywas performed using David Bioinformatics resourCiee
proteins identified are classified into various dtional groups with the maximu
representation in cell cycle and translation. 5%tha# total proteins identified could
directly related to a funigin in the immune response including the regulatibthe signaling
pathways and phagocytosis.
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Cellular functions
PANTHER analysis

*

p<0.01

w
1

Lﬁg of fractional difference
(observed vs. expected

Figure 5-2 Cellular process enrichment using PANTHEF

Fold enrichmenhormalized to a standaDrosophila data set, for teinfunction for few of
the processes with a p<0.05. tRNA amino acylat®ohighly enriched in our dataset clos
followed by nuclear transport, protein folding anedox homeostasis. The PANTHE
resource was used to calculate the ie values.

60



1 LPS/control protein ratio
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Figure 5-3: Representative proteins in enriched fuational groups
LPS/control iTRAQ ratios of representative protewmfsthe two enriched classes: tRNA
synthetases and vesicle mediated transport.
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Figure 5-4: Protein domain analysis using DAVILC
Number of proteins in the pa-list that show significant enrichment, normalizenl &

standardDrosophila data set, for protein domains as iyzed by the DAVID bioinformatic
resource.
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KEGG Pathways
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Figure 5-5 Protein domain analysis using DAVILC

Number of proteins in the pa-list that show significant enrichment, normalizenl &
standardDrosophila data set, for KEGG pathways as analyzed by the AMbinformatics
resource.
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m

MARS complex MCM (2-7) complex

Figure 5-6: SUMO interactome and SUMO proteom:

A. Cytoscape representation of a molecular interactietworks for Schneider cell
based on data from Guruharsha et. al, 2011. The€fign the left represents
interaction map of 4500 proteins (DPIM), as discedeby a large scale affini
purificationexperiment

B. A combined SUMO enriched proteome of 858 proteieshave generated, mapy
onto the DPIM map. Many complexes such as the HestAcetyl Transferas
Complex (I), Mediator Complex (Il), the SNARE/Syxita Cluster (lll) and the
Arp/Arc complex(IV) are unde-represented in the SUMO enriched netw:
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Figure 5-7: SUMO Immune proteome

ITRAQ ratios for a subset of immune related pratemour part-list.
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Table 5-1:

Examples of Protein Complexes in t

he SU®I proteome

Complex Proteins listed in SUMO Proteome | Not identified in SUMO proteome
(number of
members)
RNA Rrp6, Dis3, Rrp42, Rrp4, RRp4pSki6, Mtr3, Csl4 (3)
processing-| Rrp46 (6)
Exosome
(RNase
Complex;
9)
SNAP- Snap, Nsf2 (2) Syx16, usnp,Syx1A, Slh, Usel,
SNARE gammasSnap, Slh, membrin,
Complex Snap25,Sec22, Syx8, Snap24, Syx5,
CG1599, Ykte, CG2023, Syx13,
(31) Syx4, Koko, Syx18, Vtil,Syb, Syx,
Betl,CG6208, Rme-8, AttD, Syx1[,
n-syb (29)
Proteosome Rpnl2, Uch-L3, Pros54, Rpn9, Rpn'CG11885, CG2036, Prosbeta4R2,
Complex | CG13349, Prosbheta2, ProsalphaProsbeta2R1, pomp, ProsalphagT,
Rpn5, Mov34, Pros45, Prosbeta!Prosbeta4dR1, Prosbetal, pros28,
(50) Pros29, Pros35, Rpn3, RpnlPros25, Prosalphal, rpr, CG12321,
Pros26.4, Prosbeta3, Prosbeta7, RpiICG2046, CG13319, GNBP2,
Rpt3, Rpn6, Tbp-1, Rpnl, CG17331CG11885, CG3812, CG9588 (19)
Pros26, Prosalpha5b, Rpt4, REG, Ufd1-
like, Rptl (31)
Escrt RAB11, RAB7, TSG101, VPS4,RAB5, HRS, VPS23, VPS37, VPS36,
Complexes| RAB35, RAB8, RAB4, VPS28 (8) VPS25, VPS20, VPS60,VPS46,
(22) VPS24, VPS2, VTAL, SNF7 (13)
Ribosomal | Sta, RpS2, RpS3, RpS3A, Rp3RpS5a, RpS5b, RpS1l0a, RpSlda,
Protein | RpS6, RpS7, RpS8, RpS9, RpS10RpS15, RpS15ADb, RpS19p,
Complex | RpS11, RpS12, RpS13, RpS14IRpSoho23b, RpS27a, RpS28a, Rp$S30
(Small RpS15Aa, RpS16, RpS17, RpS1i(11)
Subunit) | RpS19a, RpS20, Rps21, RpS23,

6

6



(40)

RpS24, RpS25,
RpS28b, RpS29 (29)

RpS26, RpS!

7,

Mitochondri
al
Ribosomal
Protein
Complex
(Large
Subunit)
(47)

mRpL2, mRpL17, mRpL19, mRpL4
4)

1ImMRpL1,mMRpL3,mMRpL4,mMRpLI,mMRp

L10,
MmRpL13,mRpL14

mRpL11,mRpL12

MRpL15mRpL16, MRpL18
mRpL20, mRpL21, mMRpL22
MRpL23,mRpL24, MRpL27
MRpL28, MRpL30, MRpL32
MRpL33, MmRpL34, MRpL35
MRpL36, MRpL37, MRpL38
mRpL39, mRpL40, MRpL42
MmRpL43, mRpL44, MRpL45
mRpL46, mRpL47/RIcl

MRpL48,mMRpL49,mRpL50,mMRpL51
MRpL52, mMRpL53,mRpL54, mRpL5
(43)
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Table 5-2: Representative immunity related hits fron the iIiTRAQ data set, sorted
alphabetically

Protein Molecular Lysine Predicted Previously
function residues SUMO Binding | demonstrated to be
predicted to | Motifs (SBMs)* SUMOylated
be
SUMOylated”
Involved in -
signaling and

14-3-3¢ protein transport - -

Endonuclease -

involved in
siRNA mediated
AGO2 silencing 1048, 1193 -

Jun N-termina -
Basket kinase 316 -

Involved in anti- -
microbial 211-214, 324-
Caspar response 436, 551 327

GTP binding -
Cdc42 protein - -

Transport proteirn -

involved in

Colt phagocytosis 69 -
Adaptor protein -
in Sevenless

Dos signaling 781 -

SH3/SH2 adaptor -

protein in
sevenless
Drk signaling - 178-181
Epsilon- | Vesicular 297-300, 826- -
Cop transport protein | 36, 359, 547 829
Hel89B ATP-dependent 879-882 -
84, 341, 596,
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DNA helicase| 600, 606, 624,
activity 964
Involved in

Hrs endocytosis 263, 747 -
Involved in signal
transduction  of
immune response

IMD - -
JNK transcription 29, 190, 214,

Jra factor 248 -
JNK transcription

Kay factor 533 -
Anti-microbial

Listericin | peptide - -
Nuclear Transport

Mbo factor 240, 557 -
Nuclear transport

Ntf-2 factor - -

p38b MAP kinase - -
Involved in

Psidin phagocytosis 236, 909 -
vascular
endothelial
growth factor

Pvf2 receptor 282 -
Transmembrane
receptor protein 67, 129, 883,

Pvr tyrosine kinase 944 277-280
Rab family
GTPase required
in endocytic

Rabll recycling - -
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5.5 Discussion

Protein SUMOylation is an essential cellular preceonserved from yeast to
mammals and plays an important role in the regudatif intracellular trafficking, cell cycle,
DNA repair and replication, cell signaling and sge@esponses. In our study, we performed
high-throughput proteomics to identify LPS induc8WMOylated substrates and their
interactions irDrosophila S2 cells. On further analysis our study helpserate the fact that
SUMO modification is important in regulating diversellular processes as seen in our gene
ontology analyses. The enrichment of translatiatinacytokeleton remodeling and vesicle
mediated transport might not seem directly relggextesses to combat pathogens, however
each of these processes might be important in bi@sponses in the cell like translation
upregulation for rapid or excess production of aerteffector proteins, actin cytoskeletal
remodeling and vesicle mediated transport for imakzation of pathogens via phagocytic
responses by the cell. All these processes beigglated by SUMO in totality bring about

effective immune responsiveness.

A recent study by Ezekowitz and colleagues hasigeolvan extensive list of protein-
protein interactions associated widinosophila phagosomes (Stuart et al., 2007). Latex-bead-
containing phagosomes were isolated from S2 cellsdéntify the proteins involved in
formation of the phagosome by tandem mass spectrpraealysis. A total of 617 proteins
were identified and roles of 214 of them were fartbonfirmed through RNAI based studies.
Comparison of our list with the 617 list of proteishows an overlap of 128 proteins. These
include a number a coat proteins (alpha COP, [6&@ and delta COP), Rabs (Rabl, Rab7,
Rab8, Rab10 and Rabll), actin regulator proteids3(X, Actin57B, Actin5C and Ter94)
and chaperonin-containing T complex proteins (T-CECT5, CCT gamma, CG7033 and

CG8231) among other vesicle trafficking regulators.

Another study to identify components and regulatofsthe IMD pathway was
performed by Hoffman and colleagues. They usedad@@ed proteins of the IMD pathway to
identify novel interactors in heat-killed. coli stimulatedDrosophila S2 cells using mass
spectrometry analysis. The study identified 36%gns and their corresponding 219 genes
representing the “IMD interactome” (Fukuyama et 2013). 122 proteins from our list are
represented in their study. These include previoig#ntified proteins like KAY (Kayak),
PVR (PDGF- and VEGF-receptor related), MASK (muéignkyrin repeats single KH

domain), OST48 (Oligosaccharyl transferase 48kIF;Ze (eukaryotic translation Initiation
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Factor 2), and AGO2 (Argonaute 2) etc. Their studies idedinovel proteins cindr and
RPS3 (Ribosomal protein 2) which have been imgitah immune responses in mammals
with as yet unidentified roles in the context@fosophila immunity. They also identified
proteins Pontin and Reptin which associated wittorctatin remodelling complexes. They
are constitutively associated with the IKK compbind their RNAI mediated knockdown in
S2 cells lead to a significant reduction in KB-reporter activity on stimulation with heat-
killed E. cali. All these new proteins identified as part of tMD interactome show high
prediction lysine sites for SUMO modification arehg as interesting targets to be studied in
the light of immunity.

Small nuclear Ribonuclear proteins (sSnRNPs) forpraein complex with RNA to
form a spliceosome which is involved in processaigpre-mRNA. This entire complex
consists of 7 Sm proteins (SmD1, SmD2, SmD3, Smi&G Snd SmF), all of which are
present in list and are within top 50 of the LP&tcal iTRAQ ratios. Almost all the tRNA
synthetases are also represented in our list vigih fatios detected for a few of them. Both
these protein complexes are essential in protanstkation which probably is affected
drastically during immune response, however, it ydae interesting to validate their roles in
regulating the humoral or cellular responses withancell, if any.

Enrichment analyses showed a number of protein amria be over-represented in
our list. Studies are required to link presenceth#fse enriched domains to increase in
probability of SUMO modification of these proteiasd thus will provide an interesting
insight into SUMO modification.

Keeping into account this extensive analysis, isviarther important to validate
SUMOylation of interesting protein candidates whasdes have been determined in
immunity or other biological processes for furtifenctional studies. This is discussed in the

next chapter and Appendix II.
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Chapter 6

Validation of immune related targets discovered irthe
ITRAQ screen

6.1 Summary

In this chapter, we perform validation studies épidt SUMOylation of a few out of
the 858 proteins in bacteria and S2 cells. Badtgahdations showed 6 out of 10 proteins
tested to be SUMOylated. However, in S2 cells veeyat to standardize conditions to detect
SUMOylation.

6.2 Introduction

The SUMOylation process is extremely dynamic antlalbreal SUMO substrates
will be SUMOylated in vivo simultaneously. Only amall fraction of the substrate,
about<1%, is SUMOylated in vivo at any given tirkkence to identify SUMOylated proteins
through mass spectrometry analysis and further sthaw physical SUMOylation in-vivo

continues to be a challenge in the field.

Previous studies have made use of in-vitro SUM@ytattool to demonstrate
SUMOylation of the protein of interest. This incksd purifying enzymes of the SUMO
conjugation machinery and the target protein seplgrand then adding them together in a
reaction aided with ATP to trigger SUMOylation. Ratly, an in-bacto SUMOylation
system was developed by Courey and colleaguese ®acteria lack the SUMO machinery,
a plasmid construct with Higagged SUMO, activating enzymes SAE1/SAE2 and Ubc9
used to overexpress components of the SUMO maghindracteria (Nie et al., 2009). When
these are expressed along with a protein of intettes protein gets SUMOylated. Since it is
possible to express huge amounts of protein udiegbacterial expression system, the
chances of obtaining the SUMOylated form of thetgroincreases. This system might
however not work in conditions where certain otineodifications present only in-vivo

conditions would determine SUMOylation of the targetein.
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To increase the likelihood of SUMOylation of a m@iot in-vivo, usually the protein is
overexpressed with an affinity tag which would he&lpenrichment of the protein and its
modified form. Studies have also overexpressed Sldd@gugation pathway components in
cultured cells to increase SUMOylation of the prot&Ve used both bacteria and S2 cells to

detect SUMOylation of target proteins under varytogditions.

6.3 Materials and Methods
6.3.1 Cloning

Ten genes were cloned into pGEX-4T1 vector for dxaait expression. 14-3c3and cdc42

were cloned into pGEX-4T1 at BamHI and Sall resiit sites. Homologous recombination
based cloning was used to clone the remaining ge®mscific CDS were PCR amplified
from cDNA obtained from S2 cell RNA or BDGP goldlleation. Positive clones were
confirmed using colony PCR and further sequencédt: 3equencing result matches with

Flybase cDNA sequence for both the constructs.

Table 6-1: List of primers used for cloning in pGEX4T1

Sr. Primers Sequence 5’- 3’
No

1. | pGEXFP GCGGCCGCATCGTGACTGACTGACGA

2. | pGEXRP GAATTCCGGGGATCCACGCGGAACCAG

3. |14-3-FFP GATGGATCCATGACTGAGCGCGAGAACA

4. | 14-3-F RP | CTTGTCGACTTACGACACGTCCTGATCCTC

5. | cdc42 FP GATGGATCCATGCAAACCATCAAGTGCGT

6. | Cdc42 RP CTTGTCGACTTATAAGAATTTGCACTTCCTTTTC

7. | Rolled FP CTGGTTCCGCGTGGATCCCCGGAATTCATGGAGGAATTTAATTCGAG
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CGGATC

D

8. | Rolled RP TCGTCAGTCAGTCACGATGCGGCCGCTTAAGGCGCATTGTCTGGTTG
TCG

9. | Basket FP CTGGTTCCGCGTGGATCCCCGGAATTCATGACGACAGCTCAGCACCH
ACA

10. | Basket RP | TCGTCAGTCAGTCACGATGCGGCCGCCTACCGCGTTCTATTATTTGT
ATTGTG

11. | mbo FP CTGGTTCCGCGTGGATCCCCGGAATTCATGTCGCTCACCGATGTCTT
GGAAT

12. | mbo RP TCGTCAGTCAGTCACGATGCGGCCGCTTAGATGCCAACGATTTTATT
AATGCGC

13. | Rab11 CTGGTTCCGCGTGGATCCCCGGAATTCATGGGTGCAAGAGAAGACG
AGTACGA

14. | Rab11 TCGTCAGTCAGTCACGATGCGGCCGCTCACTGACAGCACTGTTTGC(C
CAC

15. | p38b FP CTGGTTCCGCGTGGATCCCCGGAATTCATGTCGCGCAAAATGGCCAA
ATTC

16. | p38b RP TCGTCAGTCAGTCACGATGCGGCCGCTTACTGCTCTTTGGGCAGGA(
CTCAG

17. | cpa FP CTGGTTCCGCGTGGATCCCCGGAATTCATGGAGCAGACACCGATCA(
CGATG

18. | cpa RP TCGTCAGTCAGTCACGATGCGGCCGCTTATTGCGTCTTCAGTTCCTT
CCAA

19. | BCop FP CTGGTTCCGCGTGGATCCCCGGAATTCATGACGTCGCAAGTGCCGT
CTACACG

20. | BCop RP TCGTCAGTCAGTCACGATGCGGCCGCCTAGGCCGCCTGCACCGACT|
CTTC

21. | Snap FP CTGGTTCCGCGTGGATCCCCGGAATTCATGGGTGACAACGAACAGA
AGGCGC

22. | Snap RP TCGTCAGTCAGTCACGATGCGGCCGCTTATCGCAGATCGGGATCCTCE

GTCC

N

D

Q)

[P}

G
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6.3.2 Bacterial expression to check for SUMOylation and GT pulldowns

The proteins were expressed and purified by u&ngoli BL21 (DE3) strain. For
detecting SUMOylation of the proteins, the pGEX-4ddhstructs were co-transformed with
either FMOCC or YM*C yector. The Q vectors are a kind gift from the yu_ab. These
vectors help express all the components of the SUMhinery; SAE1, SAE2, Ubc9, and
His-tagged SUMG% SUMO"®, sufficient to carry out SUMO modification of peins in-
bacto (Nie et al., 2009). A single, transformed|aged colony of E. coli BL 21 (DE3) was
inoculated in 1 ml LB medium and grown overnighB&° C with vigorous shaking (200-
250 rpm). 0.5 ml inoculum was added to 50ml LB brand allowed to reach 0.8 O.D.600.
Protein expression was induced by adding 1mM igop¢D-thiogalactoside (IPTG) growing
the cells at 37°C for 3 hours. The cells were lysgdonication in lysis buffer (50 mM Tris
(pH 7.5), 20 mM B-mercaptoethanol (BME), 500 mM NaCl, 0.1% Triton1B0) with
protease inhibitor cocktail (Roche). The cultureswien centrifuged at 15000 rpm for 30

min at 4° C and the supernatant containing solpféein was used for further purification.

The supernantant was incubated with 208f glutathione beads overnight at 4°C on
an end-to-end shaker. The beads were further wasitedysis buffer 5 times to remove
contaminants and then boiled at 95°C for 15min ¥ SDS Laemmli buffer. The beads
were then centrifuged at 15000rpm at 4°C for 15amd elute was collected.

6.3.3 S2 cell transfections

Good quality DNA preparations were made using Qiagedi kit to carry out
transfections. Cells were split and grown to 50-668ffluency. Transfections were then
carried out in 12 well plates using TransIT-2028nsfection reagent (Mirus Bio LLC)
following manufacturer’s protocol. Qug of each construct was added per ml of cells. &hes
cells were later induced with 500 mM Cusand kept for 48 hrs post which the cells were
collected, washed with 1X PBS and boiled in 1X SSmmli buffer.

6.3.4 SDS PAGE and Immunoblotting

Bacterial protein samples as well as S2 cell lysatere separated on a 10% SDS-
PAGE gel followed by western blotting as describedection 3.2.6. The blots were probed
with anti- His mouse antibody (Santacruz) in 1:1@W@tion for 2 hrs and with anti- GST
mouse antibody (Santacruz) in 1:5000 dilution fohrlfor in-bacto SUMOylation. Anti-
FLAG rabbit antibody (Sigma) was used in 1:100tidin.
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6.4 Results and Discussion
6.4.1 Validation of target proteins using in-bacto SUMOyAhtion

The S2 cell SUMO proteome consists of a large nuraberoteins. In order to gain
confidence on the ability of the screen to idengignuine SUMO substrates, we need to
prove that the list contains a large proportionSafMOylated targets. Literature from the
SUMOylation field clearly indicates that a very shyaroportion of the total substrate is
SUMOylated at any given time, indicating that a SOWated species may not be detected
by our methods, even after enrichment of substrate.

We attempt to validate the targets showrFigure 6-1 In order to maximize our
chances for demonstrating SUMO modification, wedugein-bacto system (See Materials
& Methods) developed by the Courey Lab (Nie et aD09). Bacteria lack a SUMO
deconjugase and hence this system has the advamitageserving SUMOylated species.
Bacteriaal overexpression system also helps toyseadilligram amounts allowing detection
of the SUMOylated species Utilization af-bacto SUMOylation enhances our ability to
demonstrate physical SUMOylation, however does gudrantee it. We tested fifteen
proteins and demonstrated SUMOylationof seven efpifoteins, namely 14-3-3, cdc42, Jra,
p38b, caspar, rabll & rollad-bacto. Representative examples are pictureéfigure 6-1
Bands for protein expression are seen in the a@fi-@estern blots, along with faint bands at
+20kD indicating a possible SUMOylated species e presence of the SUMOylated
species could be confirmed by the presence of d lnarthe anti-6X-His western at the
expected molecular weight. SUMOylation was possihléhe presence of mature SUMO
(SUMO-GG) but not when a defective version of SUBMO-AGG) was used.

6.4.2 Validation of target proteins using S2 cells

Both S2 and 529SU cells were used to detect SUMiDwlaf target proteins within
the cell. HA-FLAG tagged constructs were obtaineaimf Drosophila DGRC collection.
These constructs were expressed in S2 cells or b2%8s (over-expressing the SUMO
machinery) to help detect SUMO modified forms of thrget protein. The different proteins
tested are listed ifable 6-2 To aid in detecting SUMO modified forms of theygad
protein different approaches were used: 1) FLAG imeipulldowns to enrich SUMOylated
species, 2) Ulpl knockdown to reduce deSUMOylatibthe target protein, 3) Knockdown
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of endogenous protein using UTR specific dsRNAs™ould allow SUMO to modify only
the tagged construct to enrich it SUMOylation.

However, we are still to standardize ideal condsgiaunder which SUMO modified
forms of the target proteins would be detectedew fepresentative validation conditions are
discussed below iRigures 6-2, 6-3, 6-4 and 6-3Ne did not observe SUMO modified bands

in any of the conditions used.

77



+- 4+ - +- - + = + - 4= 4+ - SUMO-GG
-+ -+ -+ - ¢ -+ -+ -4+ - + SUMO-AGG
250 = - '
150= -

-
Rb Anti-GST M Anti-His
B.
mbo cpa
+ - + - SUMO-GG
- + - + SUMO-AGG
250 — -
150 — —
10— 0 W
75— -
50 — - 8 g

Rb Anti-GST

Figure 6-1 Bacterial validations of target proteins

The system used for validation is th-bacto ‘Q’ system (Nie et. al., 2010). Proteind&
validated are c@xpressed as GST fusions in bacteria along with i§-SUMO-GG (or
6XHis-SUMOAGG), E1 and Ezenzymes. SUMOylated proteins can be identified Hiy
presence of a weak, higher molecular weight bafBdk[2 or more) that cro-reacts with the
Anti-His antibody. A) 14-33¢, cdc42, jra and p38bhew a SUMO modified band in ti
SUMO-GG lane as compareo the SUMOAGG lane, hence confirming that these prot
are indeed SUMOylated. Bnbo and cpiproteins danot show any SUMO modified form .
seen in the AntlGST westerns. The A-His westerns for these were blank and did not s
any bands for SUMO mafted proteins
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Figure 6-2: S2 validationsto show SUMOylation of target proteins by overexprssior

S2 cells were transfected with tagged ORF constrwith HA and FLAG tag. These ce
were further lysed in 1X SDS Laemmli Buffer andnsgerred onto a PVDF membrane.
proteins are expressed at correct molecular sip@geVver, none of the proteins show
additional SUMO modified form as seen using rabhii-FLAG antibody
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Figure 6-3 S2 validations to show SUMOylation of target proteins using Ulpl

knockdown

Further, S2 cells were transfected with tagged O&Bag with FLAC-SUMO construct.
These constructs were expressed lIs post 72hrs of Ulpl dsRNA treatment to knockdo
SUMO and reduce deSUMOylation of proteins withie ttell. Ove-expression of SUM(
might enhance the SUMOylation of substrate. Thesks care further lysed and tl
supernatant is used to carry out imto-pulldowns using mouse arii-AG agarose (Sigma
These beads were boiled in 1X SDS Laemmli Buffer thie supernatant was transferred ¢
a PVDF membrane. The proteins are pi-down as seen in rabbit affLAG immunoblots

with no SUMO modified formsf the proteins detected.
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Figure 6-4: Validationsto show SUMOylation of terget proteins in 529SU cell

529SU cells were transfected with tagged ORFsdrease their likelihood of SUMOylatic
due to theoverexpression of SUMO pathway components (SUMOUWineD). These cells a
further lysed and the supernatant is used to cartyimmuncpulldowns using mouse a-
FLAG agarose (Sigma). These beads were boiled inSDS Laemmli Buffer and tr
supernatant as transferred onto a PVDF membrane. The protempudlec-down as seen in
rabbit antiFLAG immunoblots with no SUMO maodific forms of the proteindetected.
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Ulp1 and gene specific dsRNA

FLAG-SUMO + + + + + +
Tagged construct Q%l'
100 —
75 —
50 =
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25 -

Figure 6-5: S2 cell validationto show SUMOylation of targetproteins using Ulpl and
gene specific knockdowns

Further, S2 cells were transfected with tagged O&Bag with FLAC-SUMO construct.
These constructs were expressed in cells pc hrs of Ulpl and gene specific UTR dsRI
treatment to kndaown SUMO to reduce deSUMOylation of proteins witthe cell and t
knockdown endogenous protein to increase the pwhdand detection of tagged constru
These cells are further lysed and the supernatanséd to carry out immu-pulldowns
using mouse antrLAG agarose (Sigma). These beads were boiled inSD€ Laemml
Buffer and the supernatant was transferred ontd BHFPmembrane. The proteins are pu-

down as seen in rabbit aFLAG immunoblots with no SUMO modific forms of the
proteins detected.
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Table 6-2: List of proteins tested to depict SUMOwtion in S2 cells and 529SU cells

Sr. Name Function
No.
1. cpa Actin filament organization
2. dos Regulation of Ras pathway
3. mbo Nuclear export factor and has roles in immunity
4, Ntf2 Nuclear transport protein
5. STAT92E Transcription factor in JAK-SAT pathway
6. drk Component of Ras pathway
7. Rolled Drosophila ERK and component of the MAPK pathway
8. TRAM Phagocytosis
9. TM9SF4 Phagocytosis
10. caspar Regulation of IMD pathway
11. | SmD3 MRNA splicing
12. Aosl SUMO pathway activating enzyme
13. | CtBP Transcription co-factor involved in a number of ggeses
14. | CG6084 Unknown
15. | CG3939 Unknown
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16. gkr58E-1 RNA binding protein

17. | lwr SUMO conjugating enzyme

18. lola !mplicgted in a lot of processes including axondgunice,
immunity

19. RpS6 Ribosomal protein

20. Rm62 MRNA splicing and implicated in immunity

21. RpS19 Ribosomal protein

22. | snRNP-U1-70K | mRNA splicing

23. | mms19 unknown

24. Chdé4 Probable actin binding function

25. CG1171 Involved in neuropeptide signaling pathway

26. | CG13349 Involved in proteasome mediated degradation

27. p38b Component of MAPK pathway and involved in immunity

28. |jra Component of the JNK pathway and negative regulatqg
IMD pathway

29. | coro Involved primarily in actin cytoskeleton remodetjin

30. cindr Involved primarily in actin cytoskeleton remodetjin

31. msp300 Actin filament organization

32. | cortactin Involved primarily in actin cytoskeleton remodetjin

=
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Chapter 7

Does SUMO regulate Imd Signaling?

7.1 Summary

In this chapter, we show that Caspar and jra —thegeegulators of the IMD pathway was
modified by SUMO. Lysine 551 is identified as theNsO site for Caspar, and lysine 190 is
one of the SUMO acceptor sites for Jra. We made-expression constructs for Caspar

mutant and wild type to look for its affect on Rélicleavage post LPS treatment.

7.2 Introduction

The IMD pathway is one of the two major pathwaysoimed in immune response in
Drosophila. The pathway upon activation leads to phosphaoplabnd eventual endo-
proteolytic cleavage of Relish mediated by DREDDeTN-terminal 68 kDa fragment of
Relish enters the nucleus to up-regulate AMP ahérotarget genes. On LPS treatment in
mbn2 cells, full length Relish and its cleaved mamts show a distinct kinetics over time.
The 110 kDa Relish band disappears within 30s&d>& treatment and is detectable after 45
min. The levels of the 68 kDa and 49 kDa bands dé&swease and then increase over time as

more full length Relish is formed due to transédpal upregulation (Stoven et al., 2000).

Full length Relish consists of an N-terminal RHDOdaD-terminal PEST domain and
ankyrin repeats. It has been shown by Stoven €R20&l3) that deletion of the PEST domain
enhances nuclear localization of Relish and taggete expression. This is also seen on
deletion of a serine rich stretch in Relish N-terali Hence, these to domains have been
proposed to regulate the nuclear translocationedisR and the mechanisms for this are still
unknown (Stoven et al., 2003).

7.2.1 Negative regulators of the IMD pathway

The IMD pathway is regulated at the level of pattogecognition activated by the
enzyme-catalyzed degradation of PGN into small&usiis by amidases. Members of the
PGRP family, namely PGRP-LB, PGRP-SB1, PGRP-SBRPSC1, and PGRP-SC2 have
amidase activity and differ in their specificitis PGN. PGRP-SC1/2 has been shown to be
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able to degrade both DAP-and Lys-type peptidoglycatile PGRP-LB appears to

specifically degrade DAP-type peptidoglycan. PGRPKL. a trans-membrane protein which
blocks IMD pathway by a mechanism other than deggrad of PGN (Kleino and Silverman,

2014; Lemaitre and Hoffmann, 2007). PIMS and Ru@®RK), identified as negative

regulators of IMD pathway are proposed to affect athway by interfering with the

interaction between PGRP-LC with IMD or endocytasfishe PGRP-LC receptor (Kleino et
al., 2008).

Ras/MAPK signaling cascade is also a negative agubf the IMD pathway. Over-
expression of components of the Ras/MAPK pathwaipits IMD mediated upregulation of
immune response genes. Ectopic activation of thR/RMPK pathway led to Pirk mediated

down-regulation of the immune pathway (Ragab e®éi11).

Two proteins: the Defense repressor 1 (Dnrl), aasp@r affect the IMD pathway by
modulating the DREDD caspase activity. Dnrl is &lRIfinger domain protein which has
been proposed to down-regulate IMD pathway by segging DREDD caspase activity. It
physically interacts with DREDD with the actual rhaaism of DREDD activity inhibition is
not yet understood (Guntermann et al., 2009). Gaspaomolog of human Fas associated
factor 1 (FAF1) was identified in a screenDufosophila mutants for hyper-activated immune
responses. Caspar inhibits the DREDD dependentadeaof Relish leading to constitutive
expression oDiptericin in Caspar mutant flies (Kim et al., 2006).

A number of proteins involved in the ubiquitin prosome system have been shown
to be important regulators of the IMD pathway. Huotivated IMD which is polyubiquinated
by dIAP2 is de-ubiquitnated by ubiquitin-specificofease dUSP36 or Scrawny thus
suppressing the IMD pathway (Thevenon et al., 2009kndromatosis (CYLD), another de-
ubiquitinating enzyme has been shown to interath ienny and negatively regulate the
IMD pathway (Tsichritzis et al., 2007). The compotseof the Skpl/Cullin/F-box protein
(SCF) complex -E3 ubiquitin ligases are importamduoiators of the IMD pathway. RNAI
silencing of skpA or slimb was shown to increase ldvels of both full-length and cleaved
Relish suggesting that the SCF complex might regulae stability of Relish and thereby
modulate the IMD pathway activity (Khush et al.02

The transcription factors of the JNK and JAK/STAgnaling pathways, AP-1 and
STAT92E, have been implicated in curtailing theduation of AMPs on activation of the
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IMD pathway. It is suggested that in response totinoous immune signaling, levels of
dAP1 and Stat92E also increase and these proteokiviorm a repressor complex with a
Drosophila High mobility group (HMG) protein called Dorsal ggh protein 1 (Dspl). The
complex would replace Relish at the promoter okdfir genes and recruit a histone
deacetylase to the complex to inhibit transcriptidrthe target genes (Kim et al., 2007; Kim
et al., 2005). Recently zinc finger homeodomaiZBH1) and Akirin, both nuclear proteins
were also identified as negative regulator of ® Ipathway (Valanne et al., 201Figure

7-1).
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Figure 7-1 Negative regulators ofIMD pathway signaling (adapted from S. Valanneet

al., 2012)
The above picture depicts the canonical IMD pathwag itsvarious negative regulato

which include a few PGRPs, Ubiquitin pathway asstecl proteins, Transcription factc
AP-1 and STAT92E among others marked with red bo; see text for detail
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7.2.2 Caspar and its role in immunity

Drosophila Caspar is a homolog of mammalian Fas-associatictgrfd (FAF1). It is
an evolutionarily conserved protein. It was ideatfin a genetic screen carried out by Kim
et al. (2006) to identify the suppressors of heosophila immune pathway. In this study,
they demonstrated that loss of Caspar leads tatitdng expression of the IMD pathway
AMP, Diptericin even in the absence of an immune challenge. Timese flies showed
improved resistance to bacterial infection. Casyas identified as a negative regulator of the
IMD pathway and it blocked the nuclear translocatmf the NFkB transcription factor
probably by interfering with its DREDD-mediated @lage (Kim et al., 2006).

FAF1 in mammals and other organisms shows the pcesef two ubiquitin
homologous domains: Ubiquitin associated (UAS) donaand Ubiquitin-like regulatory X
(UBX) domain The C-terminal UBX domain is shown itderact with valosin containing
protein (Cdc48/VCP) which is involved in variousopesses like protein degradation ,
chaperone activity, etc. A few organisms have ddaiteonal Ubiquitin associated domain
(UBA) which helps it bind to ubiquitinated targetofeins and regulate their proteolysis.
FAF1 interacts with a lot of proteins and is imptied in a wide variety of cellular functions

apart from apoptosis and cell death.

Like in Drosophila, FAF1 acts as a negative regulator of thekfpathway induced
by TNF-a, lipopolysaccharide or interleukif3l FAF1 overexpression was shown to inhibit
translocation of RelA into the nucleus and alsopsegs the IKK activation to affect
downstream activation of immune response geneghieves so by cytoplasmic retention of
Rel65 and interrupting the IKK complex assembly pWysically interacting with
IKK B (Mapk €T aA., 2007).

7.2.3 Jun related antigen (Jra) and its role in immunity

Drosophila Jra is a homolog of mammalian cJun. It is an ewmbary conserved
transcription factor. It is activated via phospHatipn by either JNK (Jun kinase) or in some
cases MAPK (Mitogen activated protein kinase) delpemn on the signal of activation. In
Drosophila, Jra forms a dimer with Kayak (homolog of mammali&os) to form an active
AP-1 (activator protein 1) factor which is involved a variety of processes within the cell
like cell proliferation, different types of cell férentiation, cell migration, apoptosis and

immunity.
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The Jnk pathway is activated downstream of immuntieation and is involved in the
production of cytokines and cytoskeletal remodelireeded in phagocytosis. It has been
shown that knockdown ddrosophilaJnk or AP1 factor (Jra) leads to overexpressiothef
Attacin. Various Relish dependent genes show AP1 bindieg spstream their promoter in
close proximity to the Relish binding site. FurtharHMG (high mobility group) protein
Dspl was found to be the core element which briemgepressor complex together with
HDAC (histone deacetylase), AP1 and STAT92E caliedrepressosome. This repressosome
complex is recruited to the promoter region whepauses the Relish target genes to contract
via HDAC function thus down-regulating target gesression (Kim et al., 2007; Kim et
al., 2005). Similarly, interaction between cJunflAhd STAT proteins in mammals has been

shown to regulate NkB dependent immune responses.

7.3 Materials and methods
7.3.1 Cloning

Caspar and Jra were cloned into pGEX-4T1 vectobémterial expression and into
pRM vector for S2 cell expression using homologmeombination based cloninGaspar
and Jra were PCR amplified from cDNA obtained from S2 de@NA. This fragment had
homologous sites at the two ends which overlapp#d RCR amplified vector. Both the
vector and insert fragments were transformed iotopetent cells to obtain clones. Positive
clones were confirmed using colony PCR and furttegquenced. The sequencing result
matches with Flybase cDNA sequence for both thestcocats. Further, single lysine mutant
constructs were made for Caspar and Jra using msitanspecific primers and homologous
recombination. The mutations in Caspar included K6%nd K436R. The mutations in Jra

included K190R, K214R and K248R. All mutations weomfirmed using sequencing.

Table 7-1: List of primers used for cloning and muagenesis

Sr. Primers Sequence 5'-3’

No.

1. Caspar FP CTGGTTCCGCGTGGATCCCCGGAATTCATGTCAGAGAACAA
GGACGAGGCCTTG
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Caspar RP

TCGTCAGTCAGTCACGATGCGGCCGCTCATCGCTCCTCCAC
GATGACCGT

a7

3. Jra FP CTGGTTCCGCGTGGATCCCCGGAATTCATGAAAACCCCCGT
TTCCGCTGCTG

4. Jra RP TCGTCAGTCAGTCACGATGCGGCCGCTTATTGGTCTGTCGA
GTTCGGCGGCA

5. pGEX FP GCGGCCGCATCGTGACTGACTGACGA

6. pGEX RP GAATTCCGGGGATCCACGCGGAACCAG

CasK436R FP

GTATAATGCTCTCATGTCTCATCAGTTGATCACAG

CasK436R RP

CTGTGATCAACTGATGAGACATGAGAGCATTATAC

Cask551R FP

TGCCCGTGATCAGGTGAGGGCAGAGCAGGACATGG

10.

CasK551R RP

CCATGTCCTGCTCTGCCCTCACCTGATCACGGGCA

11.

JraK190R FP

TTCTCGGTGATTAGGGACGAGCCCGTCA

12. JraK190R RP TTGACGGGCTCGTCCCTAATCACCGAGA

13. JraK214R FP CAGGAGAAGATCAGGCTGGAGCGCAAGA

14. Jrak214R RP TCTTGCGCTCCAGCCTGATCTTCTCCTG

15. JraK248R FP GTGAAGGTACTTAGGGGCGAGAACGTCG

16. JraK248R RP CGACGTTCTCGCCCCTAAGTACCTTCAC

17. pRM FP GGATCCTCTAGAGTCGACCTGC

18. pRM his RP GTGATGGTGATGATGCATGGTACCGAGCTCGAATTCCCTT

19. Cas his FP TGCATCATCACCATCACCATGGAGGCGGAGGCGGAATGTC
AGAGAACAAGGACGA

20. Cas his RP GCAGGTCGACTCTAGAGGATCCTCATCGCTCCTCCAGGATG

ACCGT

7.3.2 Bacterial expression to check for SUMOylation and GT pulldowns

The proteins were expressed and purified by u&ngoli BL21 (DES3) strain. For

detecting SUMOylation of the proteins, the pGEX-4ddhstructs were co-transformed with
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either FYMOCC or Q°YMOAC yector. The Q vectors are a kind gift from the @gu_ab. These
vectors help express all the components of the SUind@hinery,SAE1, SAE2, Ubc9, and
His-tagged SUMG® SUMO"®, sufficient to carry out SUMO modification of peis in-
bacto (Nie et al., 2009). A single, transformed]ated colony of E. coli BL 21 (DE3) was
inoculated in 1 ml LB medium and grown overnight3&° C with vigorous shaking (200-
250 rpm). 0.5 ml inoculum was added to 50ml LB brahd allowed to reach 0.8 O.D.600.
Protein expression was induced by adding 1 mM ogsD-thiogalactoside (IPTG)
growing the cells at 37°C for 3 hours. The cellseMgsed by sonication in lysis buffer (50
mM Tris (pH 7.5), 20 mM B-mercaptoethanol (BME), 500 mM NacCl, 0.1% TritonlX0)
with protease inhibitor cocktail (Roche). The cudtwas then centrifuged at 15000 rpm for
30 min at 4° C and the supernatant containing $®lyotein was used for further

purification.

The supernantant was incubated with #08f glutathione beads overnight at 4°C on
an end-to-end shaker. The beads were further wasitedysis buffer 5 times to remove
contaminants and then boiled at 95°C for 15min vii¥h SDS Laemmli buffer. The beads

were then centrifuged at 15000rpm at 4°C for 15amd elute was collected.

7.3.3 Immunoblotting

The GST pulled down proteins from>¢¥'9¢® and FYM*®co-transformations were
separated on a 10% SDS-PAGE gel followed by wedbotiing as described in section
3.2.6. The blots were probed with anti- His mousbady (Santacruz) in 1:1000 dilution for
2 hrs to detect SUMO and with anti- GST mouse adyl(Santacruz) in 1:5000 dilution for
1 hr to detect expressed Caspar or Jra proteins.

7.3.4 Determination of SUMO acceptor lysine residues usmnin-silico prediction
softwares

The SUMOylation site prediction was carried out ngsi SUMOsp ver2.0
(http://sumosp.biocuckoo.org), and the SUMO bindsitg prediction was carried out using
GPS-SBM 1.0 (http://sbm.biocuckoo.org).

7.3.5 Multiple Sequence alignment

The Caspar and Jra protein sequences from differgainisms Drosophila, H. sapiens, M.

musculus, C. elegans andR. norvegicus using NCBI resource. ClustalW?2 tool with standard
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parameters was used to carry out multiple sequaligment of all the orthologs of Caspar

and Jra in these organisms. (http://www.ebi.ac.o&l3/msa/clustalw?2/)

7.3.6 S2 cell transfections and LPS induction

DNA preparations were made using Qiagen midiprejmarakit to carry out
transfections. Cells were split and grown to 50-668ffluency. Transfections were then
carried out in 12 well plates using TransIT-2028nsfection reagent (Mirus Bio LLC)
following manufacturer’s protocol. Qug of each construct was added per ml of cells. &hes
cells were later induced with 500 mM Cusand kept for 48 hrs post which the cells were

treated with 1Qg LPS/ml cells for Relish cleavage experiment.

7.4 Results and discussion
7.4.1 Lysine 551 is the SUMO acceptor site in Caspar

Caspar protein expressed in the presence of Stivbowed both GST tagged
caspar band and another slowly migrating band wisiche (His}-SUMO modified Caspar
(Figure 7-2, Lane 1). This SUMO modified band is absent whaspar is expressed with
SUMO"® (Figure 7-2, Lane 2). The SUMO modified bands can be seerhénanti-His
western of the GST pulled down Caspar with SUii@nd is absent in SUMS.

SUMO prediction software (SUMOsp) showed two stroognsensus sites for
SUMOylation; K436 and K551Fgure 7-3 A). Of these two residues, K551 is conserved
amongDrosophila and its homologs in humans, zebrafish, and nkigufe 7-3 B). Both
these lysines were mutated to arginine to disrupdifitation by SUMO, if any. As
compared to control, the K551R mutant showed [6sSWMO modified form of the protein
whereas the other K436R mutant did not show logb@fSUMO modified Caspar bands as
shown inFigure 7-4.

7.4.2 Caspar SUMO deficient mutant show alterations in Rish cleavage

In Drosophila hemocyte-like mbn-2 cell line on immune challength LPS there is
rapid endo-proteolytic cleavage of full-length séli The full-length band of Relish
disappears almost completely within 30 seconds R% lireatment whereas the Rel-49 and

Rel-68 cleaved bands are clearly visible. The Rélidl length protein reappears only after a
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lag of 45 min. In this period the Relish gene @nscriptionally upregulated. The Rel-68 and
Rell-49 products decrease overtime post 30 sed¢renelase after 45min when the Relish full

length protein reappears (Stoven et al., 2000).

We tried to repeat this relish kinetic experimesing LPS-stimulated S2 cells using
anti-Relish antibody (DSHB). However, the antibodid not work very well with
immunobloting. We thus obtained a FLAG-Relish-RGStthstruct from M. Ramet’s lab
which was originally made by Hultmark and colleag¢8toven et al., 2003). Relish was N-
terminally tagged with Relish which made it easeewisualize on immunoblots. Thus using
anti-FLAG antibody we could see that Full lengthiste levels decrease on LPS treatment

and reappear after a lag of 45 min in S2 cells.

Since Caspar is known to affect Relish cleavage, tested the affect of
overexpressing caspar wildtype along with the ca§i#MO-deficient mutant K551R. On
comparing the cleavage of Flag-tagged Relish inkthekground of caspar wildtype and
mutant over-expression there appears to be aeliféerin the cleavage kinetidsdure 7-5).
However these experiments need to be repeated alaihgother functional studies to

conclude the role of caspar SUMOylation in ReliEagage regulation.

7.4.3 Lysine 190 is one of the SUMO acceptor site in Jra

Jra protein expressed in the presence of SUMOG@&edhdoth GST tagged Jra band
and another three other slowly migrating band winctine (His)6-SUMO modified Jra. This
SUMO modified band is absent when Jra is expresgdd SUMOAG (Figure 7-6). The
SUMO modified bands can be seen in the anti-Higevef the GST pulled down Jra with
SUMOGG and is absent with SUMG.

SUMO prediction software (SUMOsp) showed three rgjraconsensus sites for
SUMOylation; K29, K190 and K214 and K24Bigure 7-7). Of these residues, K190, K214
and K248 are conserved amobBgosophila and its homologs in humans, C. elegans, and
mice (Figure 7-8). All three lysines were mutated to arginine to wlr modification by
SUMO, if any. As compared to control, the K190R amitshowed loss of 2 of the three
SUMO modified form of the protein whereas the othmirtants did not show loss of the
SUMO modified Jra bands as shownFigure 7-9. The lysine 190 identified as the SUMO
acceptor site is homologous to the previously phigld lysine 229 in mammals. Further

lysines need to be mutated to completely abolismMS&Mation of Jra.
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Anti-GST western

Anti-His western

Figure 7-2 Caspar is SUMOylated ir-bacto

Caspar is expressed with a GST tag in bacter-tranformed with E1, E2 enzymes &
6XHis-SUMO-GG (lanel) or 6XHi-SUMO-AGG (lane 2) in beteria. The SUMOylate
form of Caspar is seen as higher molecular weight bandeimtit-GST western in lane 1
compared to lane 2. This band also can be seermy wsit-his antibody and confirm

SUMOylation.
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A Position Peptide Score Type
5 SENKDEA 2.897 Non-consensu
436 QLMKHES 1.45 Y-K-X-E
484 RNIKLDK 2.691 Non-consensu
551 DQVKAEQ 3.261 Y-K-X-E
572 DAAKRQK 2.926 Non-consensu
B.

M. musculus
R. Norvegicus
H. Sapiens

D. Mel

C. elegans

M. musculus
R. Norvegicus
H. Sapiens

D. Mel

C. elegans

M. musculus
R. Norvegicus
H. Sapiens

D. Mel

C. elegans

439
439
440

A 480
L 401

486
486
487
530

JSEY 448

M 532
EM 532
EM 533
oL 580
E 493

Figure 7-3 SUMO lysine acceptor site prediction for Caspe

A) The table lists outhe predicted SUMO acceptor lysine sites usingSb®1Osp ir-silico

prediction software. There are consensus sitegta6and K55:

B) Amino acid sequence aliment of Caspar homologs from Hfdrent organism usin
clustalW2 to determine the conservesine residues of the predicted SUMO conse
acceptor lysine. Of the two consensus residuesqteeldby SUMOsp lysine 551 is consen

across all organisms.
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Anti-GST western Anti-His western

Figure 7-4: K551 is the SUMO acceptor site in Caspa

Caspar WT, Caspar K436R (mutant) and Caspar K55dtRafit) are co-transformed with
E1l, E2 and 6XHis-SUMO-GG in bacteria. On GST pulNdp the SUMOylated form of
Caspar is lost in the K551R mutant hence provirag K651 is the SUMOylation site in

Capsar.
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Flag Relish Flag Relish Flag Relish
+ pRM GFP + casp WT + casp mut

TimepostlPS 0 10 30 0 10 30 0 10 30

- - WA
anti-flag

[e————— we:
anti-tubulin
' - — WB
anti-his

Figure 7-5: SUMOylation of caspar regulates Relish Cleavage post LPS treaémt

S2 cells were transfected with-terminally tagged Relish along with either vectontol

pRM GFP, Caspar wildtype construct and Caspar K5&iRant construct. Without ar

caspar overexpression, Relish full length increasesn 10 min to 30 min post LF

treatment. However, there is a cldifference in the Relish cleavage kinetics betweer

wild type and control. The tubulin western showattthere was equal concentration

protein loaded in each well. The his western showes-expression of wilttype and mutant
caspar.
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SUMO-GG + - + _
SUMO-AGG - + - +
100 — 100 —
L
-
75 — 75—
50 — 50 —
_—— —-———
Anti-GST western Anti-His western

Figure 7-6: In-vitro SUMOylation of Jra

Jra is expressed with a GST tag in bacter-tranformed with E1, E2 enzymes and 6X-
SUMO-GG (lanel) or 6XHI-SUMO-AGG (lane 2) in bacteai The SUMOylated forms «
Jra are seen as higher molecular weight bandsiant-GST western in lane 1 as compa
to lane 2. These bands can also be seen usir-His antibody and confirms SUMOylatic

Position Peptide Score Type
29 SENKDEA 2.897 Y-K-X-E
190 QLMKHES 1.45 Y-K-X-E
214 RNIKLDK 2.691 Y-K-X-E
248 DQVKAEQ 3.261 Y-K-X-E
269 DAAKRQK 2.926 Non-consensu

Figure 7-7: SUMO lysine acceptor site prediction for Jr:
The table lists out theredicted SUMO acceptor lysine sites using the SWM®@-silico
prediction software. There are consensus site28f K190, K214 and K24
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M. Musculus —===MTAKMETTFYDDALN---ASFLQSESGAYGYSNPK-ILKQSMTLNL 42
R. Norvegicus -——-MTAKMETTFYDDALN---ASFLQSESGAYGYSNPK-ILKQSMTLNL 42
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R.Norvegicus  VTSARQEVSGAGMVADAVASVAGAGGGEGGYSASLHSERPEVYANLSNENEG 179
H.Sapiens  VISALQEVNGLE SVAGGSGSGGFSASLHSERPPVYANLSNENEG 179
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M.Musculus  £goQTVEEMPGETPELSPIDMESQERTXAER
R.Norvegicus  £E2(TVEEMPGETEELSPIOMESQERIMAE
H.Sapiens  EECQTVEEMPGETPPLSPIDMESQERIMAE

D. mel DEP--———VNQASSPTVNPIDMEAQEKIKLERKRQRNRVAASK
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M. Musculus IARLEEKVKTLEAQNSELASTANMLREQVAQLEKQKVMNHVNSGCQLMLTQ 329
R. Norvegicus KVETLKAQNSELASTANMLREQVAQLKQKVMNHVNSGCQLMLTQ 32
H. Sapiens KVEKTLEKAQNSELASTANMLREQVAQLKQKVMNHVNSGCQIMLTQ 32
D. mel ISKLEDRVEVLKGENVDLASIVKNLKDHVAHVKQQVMEHIARGCTVPENS 286
q::i-&::-& 4—-&.:, :4—&6 -t :::-&-:&&:i& i :4-& .

Figure 7-8: Protein sequence alignment fc Jra

This figure shows thenaino acid sequence alignment of Jra homologs different
organisms using clustalW:Only afew SUMO acceptor residues are conserved in (
orthologs Of the four consensus residues predicted by SUM@8nes190, 214 and 248 ¢
conserved acrosdl organisms
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Jra K190R JraK214R Jra K248R

SUMO-GG + - + - + -
SUMO-AGG -  + -4 -+
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75

50

i
100 —
et — —
75 = - E— WB:
Anti-his
50 —

Figure 7-9: K190 is the primary SUMO acceptor site in Jre

Jra mutants K190R, K214R and K248R ar-transformed with E1, E2 and 6XI-SUMO-
GG in bacteria. On GST pulldown, two bands peing to the SUMOylated form of Jra
lost in the K190R mutant, which are otherwise reddi in the other mutant. Lysine 1
seems to one of the primary sites of SUMOylatianJfa
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Chapter 8

Discussion & future perspectives

The recognition of the pathogen by the host throughous pathogen receptors
triggers a cascade of inter-dependent eventsehdslto phagocytosis and production of anti-
microbial peptides and melanization. The phagoagsponse includes various processes like
internalization of the pathogen through vesicle-msdi endocytosis, actin cytoskeleton
reorganization to aid phagocytic movement of thedeytes. The activation of the two major
pathways, the Toll/NkB and the IMD/NF«B pathways results in translocation of the three
NF-xB molecules, Dorsal (DL), Dorsal like immune fac{@F) and Relish (REL) into the
nucleus thus up-regulating the transcription ofox#s defense and repair genes. In addition,
these two major pathways are interconnected abwsilievels and also subject to regulation
by other signal transduction pathways as also ipesénd negative feedback. Studies have
demonstrated that Ras/MAPK, JNK and JAK-STAT patysvare responsible for negative
regulation of the NReB pathways or work independently to activate cartaffector
responses like apoptotic response, stress resamusecreased hemocyte proliferation. As
demonstrated in this study, as well as earlierisgjdhe decrease BUMO and subsequent
decrease in SUMOylation levels, modulates the tewd defense genes. There is also
increased cell proliferation in the haemopoietiéige in absence of SUMO. The net effect
on the immune response is in all probability aegnated effect of changes of SUMOylation
levels of individual molecules involved in the @ifént aspects of immune/healing regulation.
At this point, we are far away from a mechanisticderstanding of the effect of
SUMOylation on immunity.

Our approach of performing the pulldowns in natbamditions helps us obtain not
only the SUMOylated proteins involved in immunepasse but also the complexes enriched
in the process. Study of these complexes and Its iroimmunity would help build a
comprehensive mechanistic function of SUMOylatiorthe immune response. Comparison
of our data set with published data of humoral aetlular immune response regulators
shows a considerable overlap. This, along with di#®scape analysis which provides an
overlap of our list with the DPIM network gives wsore belief that SUMO is indeed

involved in regulating specific processes in immuaeponses. A number of proteins as
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discussed in earlier chapters serve as interesingts to study SUMO mediated immune
regulation at the level of translation, vesicle mestl transport, chromatin remodeling

complexes among the other obvious targets dir@otlyived in NFKB signaling.

We further show that IMD regulators are modified®lyMO. These proteins namely
Caspar and Jra regulate the IMD pathway at diftdearels. Caspar acts as a block for Relish
cleavage and downstream signaling, whereas Jretiiated in response to IMD signaling
and acts as a pause signal for IMD pathway. SUMG@ification of these proteins may affect
both their functioning in a synergistic manner ontradictory to each other. The SUMO
acceptor lysine residues have been identified fath dhese proteins however, in depth
characterization of the mutants is required to ustded their interactions with other proteins

in the pathway and subsequent affect on their imeriunction.

Figure 8-1 indicates, in a pictorial fashion the proteins wnoto be SUMOylated in
the immune signaling pathways. Each protein thah dae cycled through the
SUMOylation/deSUMOylation cycle becomes a potentégjulatory step for the control of
innate immune signaling. A SUMOylation event mayrkvtowards increasing or decreasing
the signal, modulating the net immune responsep@tiaogen. If we can generate quantitative
data for each and every SUMO substrate in the matbwlepicted, we would be able to build
an intergrated, quantitative model for predictihg teffect of SUMOylation of individual
(SUMOylated) parts on the whole system. The modalccbe used to predict changes in the
immune response on perturbation of multiple noées. (the SUMOylated sites) and used to
further improve the model. A refined model, aftatemsive testing via cycles of prediction
and experiments would be close to the actual régylanodel for SUMOylationin the innate

immune response.

In summary, our study provides a list of possibleeM®ylated proteins in
Drosophila. These proteins represent ~5% of the geneBriosophila. The hits do not
overlap significantly with the immune transcriptgmeonfirming independent roles for
dynamic, post-translational modifications in thelyatages of the immune response. This
list is a first step in understanding roles for SOMation of individual proteins and their
effect on the innate immune response. SUMOylatlars tappears to be widespread in the
Drosophila proteome, with specific roles in immunity.
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Regulates JNK pathway
and hemocyte phagocytosis

Negatively regulates Imd Pathway
Induces hemocyte proliferation

Figure 8-1: SUMO and Signaling pathways irDrosophila innate immunity

SUMOylated proteins can be critical regulation p®im signaling cascades/ networks. Many
important signal transduction pathways in immumippear to have at least one control point
for SUMO mediated regulation. Proteins colored lbnied have been demonstrated to be
SUMOylated in this and earlier studies, while thosgrey are listed in our lisbut are yet to
be validated.
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APPENDIX |

Affinity purification of SUMOylated conjugates from

Drosophila larvae in denaturing conditions

In this chapter, we describe an attempt to identifySUMOylated proteins from
Drosophila third instar larvae in response to infection withmixture of gram positive and
gram negative bacteria. We used the UAS-Gal4 systemwommonly used in flies to
overexpress Hig-FLAG N-terminally tagged SUMO in the entire larva. We performed
tandem affinity purification which showed non-spedic bands in silver stained gels in
the control. Standardizations are still in procesgo minimize contaminants to correctly

identify SUMO substrates in pathogen stimulated lavae.
Validation of the gal4 and the UAS-SUMO-Hig-FLAG Drosophila lines

The UAS-gal4 system in flies is used for targetedegexpression in a spatial and
temporal fashion. This system is originally ideetif in S. cerevisae and involves the
transcription factor Gal4 lead to activation of idésget genes by binding to four related 17
basepair (bp) sites known as the upstream actyat@guence (UAS). Brand and Perrimon
used this sytem in flies by making two sets oflifies. One with the gene of interested under
the control of the UAS element and the other whth GalL4 under a tissue specific promoter.
To activate the expression of the target genedJh8® and Gal4 flies are mated and their
progeny then expresses the target gene in a pgiesrned by the respective gal4 driver.

We used this system to drive the expression of SGf@ature SUMO) with two
tags i.e. Hisand FLAG (to aid pull-down of the SUMOylated prio® within the organism.
The UAS SUMO-Hig-FLAG lines were obtained from M. Nie (UCLA, USAJo check the
expression of the lines they were crossed to viebtigg) gal4, a wing specific driver. The
expression of SUMO-HisFLAG in the third larval instar wing disc showiagvg expression
pattern was confirmed using antibody staining \autii-FLAG antibody Figure A1-1A).

To maximize the amount of proteins SUMOylated witthie cell for identification we
tested the ability of different Gal4 lines to driegpression of the tagged SUMO in tH& 3

instar larva in the fly. To help visualize expressieasily we crossed: Kruppel-Gal4 (Kr
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Gal4, fat body specific driver), Collagen-Gal4 (Ggl4, fat body and haemocyte specific)
and Daughterless-Gal4 (Da Gal4, whole larval djit@iUAS flies. We discovered that of all
these Gal4d'’s tested Da gal4 driver had the strdreggsession in almost all the tissues in the
3% instar larva Figure A1-1B). We used this driver henceforth in our pulldowwperiments

to identify pathogen induced global changes in SWM(d substrates.

On validation of the lines, we made a stable lirpressing both Da-Gal4 and UAS
SUMO-His-FLAG in the same fly. The F1 generatiofl Bistar larvae were collected from
these flies for inducing an immune response byisagury. The larvae were pricked with a
needle dipped in an overnight grown cultureMycobacterium spegmatis (gram positive)
and Salmonella typhii (gram negative) bacteria previously shown to imduomune
responses in fly. These pricked and unpricked ocbfarvae were used for tandem affinity

purifications.
Tandem affnitiy purifications to purify SUMOylated substrates

Tandem affinity purification involves the purificahs of proteins using affinity tags.
We used this system to minimize contaminants irptiielowns due to purification using two
tags in sequence. Initially, the His pulldown wearied out in denaturing conditions.
Denaturing conditions would help inhibit action®MO deconjugation proteases and other
proteases which would help retain SUMO modifiedtgires. It would also break complexes
and help identify only proteins directly conjugatesd SUMO. The Elutes from the His
pulldown were further used for immune-pulldownsngsanti-FLAG agarose. The resulting
elute was to be further analyzed using quantitatiass spectrometry.

F1 3%nstar Da Gal4-UAS - SUMO-HISFLAG larvae were initially subjected to
singe step anti-FLAG affinity purifications for sidardization. The larvae were kept at 37°C
for 1 hr to induce a heat shock response as ibbas previously shown that heat shock leads
to an increase in global SUMOylation Drosophila. Larvae were collected and crushed in
liquid nitrogen. Further the lysate was made in RIBuffer supplemented with protease
inhibitors and NEM. After sonication of the sampking 30sec on/off pulse for 15 minutes,
the lysates was centrifuged at high temperature.stipernatant was collected and incubated
with mouse anti-FLAG sepharose beads (SIGMA) ogitnat 4°C. The beads were further
washed with RIPA buffer and then boiled in 1X Laelimbuffer. The immune-pulldown

samples were subjected to SDS-PAGE electrophofesved by immunobloting with

106



rabbit anti-FLAG antibody. The western showed rgble pulldown with the W1118 larvae
and served as a negative control. The heat shockdashowed increase in SUMOylated

substrates as compared to the untreated SUM@HLAG expressing larvad-{gure Al-2).

Post standardization of anti-FLAG pulldowns, thevée were used for a two step
tandem affinity purification (TAP) using His and AG tags. W1118 larvae were used as a
negative control as they do not express any tagmgedtruct. The two step His-FLAG
purification was chosen with an aim to minimize fgpecific pull-downs. In order to prevent
any loss of SUMOylated species a cocktail of preg¢gahibitors was added along with NEM
(SUMO protease inhibitor). The larvae were crushediquid nitrogen and used for His
pulldown in Urea binding buffer (pH 8.0) with 15 mnidazole. The samples were
sonicated using 30sec on/off cycle for 10 min. Aftentrifugation the lysate was filtered
through a mira cloth to remove fat and the coll@écsupernatant was incubated with
prewashed Ni-NTA beads (Qiagen) overnight at 4°@stfhcubation the beads were given
sequential washes with urea binding buffer pH 8lfsa wash buffer pH 8.0 with 20 mM
imidazole and 0.5% triton X, urea wash buffer pB with 20 mM imidazole and then eluted
with 350 mM imidazole. The elute was further dialgsn 1X TBS (Tris Buffer Saline) with
0.1 mM PMSF (phenylmethylsulfonyl fluoride) for rene excess urea and imidazole which
would interfere with anti-FLAG immunoprecipitatiofihe dialyzed fraction was diluted 5
times in 1X TBS with 1% 1% Triton X-100, 5% glycérprotease inhibitors and NEM and
kept for incubation with prewashed anti-FLAG affinbeads overnight at 4°C. The beads
were later washed with 1X TBS supplemented with T#ton X-100 thoroughly and the
elution is further carried out using FLAG peptid&igma). The purified proteins were further

analyzed by western blotting and sliver staining.

The anti-FLAG western of the TAP purified samplé®w a global increase in
SUMOylated substrates post bacterial infection@apared to uninfected control. However
the silver staining of these samples show proteindb being pulled down in the W1118
negative control. The intensity of these non-speditinds was almost equivalent to that in
the Da Gal-SUMO-HisFLAG untreated lane. Since the W1118 larvae doexpress any
tagged SUMO expression, the proteins seen are roomdats from the pull downg=igure
Al-3). This leads to the conclusion that under our i$igeset of experimental conditions
there are non-specific contaminants being pulledrdevhich may yield false positive results

on further mass spectrometry analysis.
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Various modifications of the protocol were testedninimize these non-specific
contaminating proteins - varying imidazole concatidns during washing and elution of the
Ni-NTA beads, different dialysis conditions andatigus washings during FLAG pulldowns.
A challenge in using larvae is the large amourfabtieposited in the animal. We believe that
this might interfere with the pulldowns increasitige non-specificity. Thus, we tried to
precipitate the protein from larval lysate to sepauit from the fat and later use this for TAP.
We are still in the process of standardizing theselitions to obtain specific pulldowns.
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A. Control Experiment

Vg Gal4xUAS-GFP Vg Gal4xUAS-SUMO-Ki-FLAG

Daughterless expression Kruppel exprasn Collagenexpression

Da Gal4xUAS-GFP Kr Gal4xUAS-GFP Cg G4xUAS-GFP

Figure Al-1: Validation of expression of the UAS ad Gal4 Drosophila lines

(A) Vestigial expression pattern ifldnstar larva wing disc is seen in the first pawéth
GFP. The Anti-FLAG immuno-staining pattern in thegeriment is similar to the control,
confirming the expression of the UAS-SUMO-KHRLAG.

(B) The crosses with the different gal4 driversgigtarless (Da), Kruppel (Kr) and collagen
(Cg) show differential GFP expression pattern wtkhe & instar larva. Da Gal4 driver
showed the strongest expression in these larvae.
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Single step FLAG immunoprecinifation

W18 Dagod-1UAS SO uas SUmMo

I-.r-‘"" aﬁtﬁ_a_f $I

Figure Al1-2: Standardization of single step FLAG plidowns

3% instar Da Gal4 - UAS-SUMO-HiSFLAG larvae were used for purifications. Singlepst
FLAG pull-down of SUMOylated proteins from two diffent sets of larvae with and without
septic injury. The immune challenge lane shows nmnaber of SUMOylated proteins in
comparison to the non heat shock lane.
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Silver staining Anti-FLAG western

Figure Al1-2: Tandem affinity purification

Two- step pulldown of SUMOylated proteins using-NTA purification followed by an-
FLAG immunoprecipitation was performed usin™ instar larvae xpressing SUMHise-
FLAG. The western shows the immune challenged laite more SUMOylated protei
bands as compared to the non treated control. Hstewn does not show any -specific
bands in the W1118 negative control. However, siktaining show protein being pulle:
down even in W1118 control at almost same intena#yin untreated cells. The immt
challenged lane shows a slight increase in thesite of band:
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APPENDIX I

A large scale in-bacto screen to identify SUMOylaté

proteins

We compared our list of proteins with the publisineammalian SUMO proteome. We tested
a few of the proteins from that list and other iagting candidate proteins to depict
SUMOylation of the proteins using the in-bacto SUjHDion system. This elaborate

screening was done in collaboration with other memslof the lab. The proteins tested are
listed in the table below ihable A2-1

Table A2-1: List of proteins validated to show SUMglation using in-bacto
SUMOylation system

Sr. Name Function
No.
1. Pro$4 Proteasome mediated ubiquitin degradation
2 puUf68 MRNA splicing
3 Rept DNA helicase
4 Rpa70 DNA replication
5 Rpl31 Ribosomal protein
6 SmD3 MRNA splicing via spliceosome
7 Pros29 Proteasome mediated ubiquitin degradation
8 Rpnll Proteasome mediated ubiquitin degradation
9 CG6724 unclear
10 CG6888 DNA damage response
11 Hsp60d Heat shock factor
12 RpS10b Ribosomal protein
13 Lwr SUMO conjugating enzyme
14 CG3708 Nucleosome assemly
15 CG6523 Cell redox homeostasis
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16 CG8636 Cell cycle regulation

17 CG3412 Varied functions in early development, TOR pathwty,

18 CG5330 Nucleosome assemly

19 CG8415 Centrosome organization

20 tango7 Golgi organization

21 14-3-3 zeta Regulator of Ras pathway

22 SNAP SNARE binding protein

23 TRAM phagocytosis

24 B-cop Vesicle mediated transport

25 dos Regulator of the Ras pathway

26 STATO92E Transcription factor of JAK-STAT pathway involved diverse
functions

27 colt Mitochondrial function

28 Ntf-2 Nuclear transport protein

29 TRAP1 Oxidative stress response

30 psidin phagocytosis
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