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Synopsis 

Regulation of the Drosophila innate immune response by SUMO conjugation of 
amino-acyl tRNA Synthetases 

 

For my Ph.D. project, I worked on a large macromolecular complex that exists in all 

eukaryotic cells, called the multi-amino acyl tRNA synthetase complex (MARS) which is an 

association of at least eight aminoacyl tRNA synthetases (AARS), with three non-AARS 

proteins. The MARS complex exists from Drosophila to mammals but the requirement for its 

formation in the cell remains a mystery. The Ratnaparkhi laboratory works on uncovering the 

function of SUMO-conjugated proteins and what caught my interest was that many tRNA 

synthetases, including those in the MARS complex, were potential targets of SUMO 

conjugation. Of these, the Glutamyl prolyl tRNA Synthetase (EPRS) had been shown to be 

SUMO conjugated, but the biological roles for SUMO conjugation are uncertain. 

 I, therefore, attempted to first experimentally define the presence of the MARS complex 

in Drosophila (Chapter II) and then studied the response of the complex to infection (Chapter 

II), all using mass spectrometry as a tool. Once I established that the MARS complex existed, 

I screened, using in-bacto SUMO conjugation assay, the number, and extent of SUMO 

conjugation in the proteins that make up the MARS complex (Chapter III). Of these, I first 

focused on RRS, a SUMO target, and uncovered possible roles for RRS in the immune 

response, as well the subtle effects of SUMO conjugation (Chapter III).   In Chapter IV, I 

moved on to my second target, EPRS, but my attempts to generate an EPRSSCR animal were 

unsuccessful. Below, I detail the contents of each Chapter in my thesis.  

 

In Chapter I, I introduce the aminoacyl tRNA Synthetases (AARSs) and their canonical 

function; aminoacylation/tRNA charging in protein synthesis along with the description of the 

assembly of certain AARSs into a cytoplasmic, stable, supramolecular complex called the 

multi-amino-acyl tRNA Synthetase (MARS) complex; comprising of eight tRNA synthetases 

and three auxiliary proteins called the Amino acyl tRNA synthetase interacting proteins 

(AIMPs). I also provide an insight into the evolution of these AARSs over the course of time 

in terms of acquiring additional appended domains required for carrying out non-

canonical/moonlighting functions. I also list out all the non-canonical functions of AARSs in 

the context of immunity. 
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In Chapter II, our goal was to isolate/purify the MARS complex and study its role in response 

to infection. In previous studies, various tools have been used to monitor the MARS complex 

like gel-filtration, immunoprecipitation of the components of the MARS complex by using an 

antibody raised against one of the members of the MARS complex or by using an antibody 

against tagged versions of the same. In our study, we have used an antibody raised against 

Glutamyl prolyl tRNA Synthetase (EPRS) for immuno-precipitating the MARS complex. 

EPRS exists as a homodimer as a part of the Sub-complex I and its closest interacting member 

is Iso-leucyl tRNA Synthetase. We could capture all the members of the MARS complex 

except for Lysyl tRNA Synthetase (KRS) suggesting that KRS is farthest away from EPRS in 

the MARS complex. Moreover, we could demonstrate that the MARS complex is sexually 

dimorphic; nearly the entire pool of EPRS associates with the MARS complex in males 

whereas in females only one-third associate with the MARS complex, and the rest of the two-

thirds either exist as free-standing protein or in association with other interacting partners. To 

elucidate its role in immunity we infected the wildtype flies with Gram-positive bacteria, 

Micrococcus luteus, and Gram-negative bacteria, Erwinia carotovora carotovora (Ecc15). In 

response to infection, the MARS complex seems to be stabilized; with more units being 

assembled upon infection, indicating a plausible role for the complex to fight infection. We 

could also demonstrate the existence of a mammalian Gamma Inhibitor of Translation (GAIT) 

like complex in Drosophila. Similar to that in mammals, four hours post infection EPRS 

interacts with Syncrip (NSAP1) to form a pre-GAIT complex and later with Gapdh to form the 

GAIT complex. EPRS interactome is modulated upon infection; some prominent interactions 

are lost while some others are gained. 

In Chapter III, the goal of our study was to identify a role for SUMOylation of Arginyl tRNA 

Synthetase (RRS) in the innate immunity of the fly. We found that RRS, a member of 

subcomplex II of the MARS complex, is a SUMO target. We demonstrated that the sites for 

SUMO conjugation are Lys 147 and 383. Furthermore, the replacement of these residues by 

Arg, RRSK147R, K383R  created a SUMO conjugation-resistant variant (RRSSCR). We generated 

the transgenic Drosophila lines for RRSWT and RRSSCR  by expressing these variants in RRS 

loss of function (RRSlof) animals, using a UAS-Gal4 system. We created the RRSlof line by 

dual gRNA strategy-based CRISPR Cas9 genome editing technology. We found that both 

RRSWT and RRSSCR  rescue the RRSlof lethality. Adult animals expressing RRSWT and RRSSCR  

were compared and contrasted for their response to bacterial infection by Gram-positive M. 

luteus and Gram-negative Ecc15. We found that RRSSCR when compared to RRSWT showed 
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modulation of transcriptional response, as measured by quantitative 3’ mRNA sequencing. Our 

study thus uncovers a possible non-canonical role SUMOylation of RRS, an amino-acyl tRNA 

Synthetase. 

Chapter IV deals with our attempt to elucidate the role of SUMOylation of EPRS and its role 

in response to infection. Past studies and our work validate that EPRS, a member of the MARS 

complex, is a SUMO target. We confirmed that EPRS gets SUMOylated at Quintuple lysines 

namely K957, K1063, K1083, K1106, and K1198. We generated the transgenic Drosophila 

line for EPRSSCR by using SCARLESS-based CRISPR Cas9 genomic editing technology. All 

the SUMO conjugation-resistant EPRSSCR lines were unstable and reverted to wild type in a 

few months post-generation of the line. 
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Abstract 

 
  
           Post-translational modification of a substrate protein by SUMO (Small Ubiquitin-

related modifier) can modify its activity, localization, interaction or function. A large number 

of SUMO targets in cells have been identified by proteomic studies, but the biological roles for 

SUMO conjugation for most targets remain elusive. 

 

          Multi-aminoacyl tRNA Synthetase complex (MARS) is a large cytoplasmic 1.2 MDa 

signalling hub that acts as a sensor and regulator of the immune response. MARS consists of 

eight Amino-acyl tRNA Synthetases (AARS) and three non-synthetase adaptors (AIMP1-3). 

Using quantitative proteomics, we have determined that the members of the MARS complex 

showed enhanced SUMO conjugation in response to an immune challenge (Handu et. al., 

2015). Subsequently, I could demonstrate that eight of its eleven members were SUMO 

conjugated using in-vitro SUMOylation assays. Immunoprecipitation of the MARS complex, 

followed by mass spectrometry, suggests that the complex was stabilized in response to both 

gram-positive and gram-negative infection in adult flies, underscoring a role for MARS 

in the Drosophila immune response. 

  

        Glutamyl-Prolyl tRNA Synthetase (EPRS), a member of MARS sub-complex I is SUMO 

conjugated at its WHEP domain, which is involved in non-canonical roles. In mammals, EPRS 

dissociates from the MARS complex in response to infection, to form a secondary ‘GAIT’ 

complex, that regulates translation. In order to study roles for SUMO conjugation of EPRS, I 

have used CRISPR Cas9 genome editing technology to generate a SUMO conjugation resistant 

(SCR) variant (EPRSSCR; EPRSK957R, K1063R, K1083R, K1106R, K1198R). The transgenic lines generated 

were unstable, precluding the exploration of immune regulation in EPRSSCR flies. Arginyl 

tRNA Synthetase (RRS), a member of sub-complex II of MARS is also SUMO conjugated. A 

SCR variant (RRSSCR; RRSK147R,K383R) was uncovered by a combination of in-

bacto SUMOylation assay with Lys mutagenesis.  Transgenic Drosophila lines of RRSWT and 

RRSSCR were made by expressing these variants in an RRS null (DRRS) animal, 

using the UAS-Gal4 system. The DRRS line was itself generated using CRISPR Cas9 genome 

editing, using a dual guide-RNA system. Both RRSWT and RRSSCR rescue the DRRS lethality. 

Adult animals expressing RRSWT and RRSSCR were compared and contrasted for their response 

to bacterial infection. Interestingly, RRSSCR animals show an upregulated immune response 

upon infection, in comparison to RRSWT, as measured by the activation of defence genes using 



quantitative RNA sequencing. This suggests that SUMOylation of RRS is necessary to restrain 

aberrant NFkB signalling upon an immune challenge. 

  

        My research highlights the significance of SUMO conjugation of tRNA synthetases in 

host defence and uncovers a non-canonical role for SUMOylation of RRS, a member 

of the MARS complex, in the Drosophila immune response. 
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The Multi-Aminoacyl tRNA Synthetase (MARS) complex in Innate Immunity 

Summary 

In this introductory chapter, I review the current literature about the multi-aminoacyl 

tRNA synthetase (MARS) complex in terms of its role in innate immunity. I describe the 1.4 

Mega Da MARS complex, its role, and of its components, highlighting roles in the regulation 

of the animal innate immune response. 

 1. The Drosophila innate immune response  

Drosophila, like other insects, co-exists with microorganisms in the native environment. In the 

wild, larvae develop in decaying organic matter, and adults sometimes serve as vectors for 

microorganisms causing diseases in plants and animals. Hence Drosophila, like other 

holometabolous insects, has developed sensitive mechanisms for the recognition of pathogens 

and strategies to fight off attacks against bacteria, fungi, parasites, and viruses. It combats 

infection via multiple innate immune defence reactions, which are somewhat similar to those 

of higher organisms. Drosophila, like its other insect counterparts, is incapable of mounting an 

adaptive immune response and relies solely on its innate immunity to combat infection. 

Innate immune response in Drosophila can be classified into three categories a) 1st line of 

defence comprising of physical barriers in the form of chitin exoskeleton, tracheal and 

intestinal epithelia referred to as epithelial immunity to protect the fly from the invading 

pathogens, b) 2nd  line of defence -Activation of proteolytic cascades leading to coagulation 

and melanization also referred to as the cellular response. Three types of hemocytes participate 

in the cellular response i) plasmatocytes which act as professional phagocytes. ii) crystal cells 

that are non-phagocytic and participate in melanization reactions. iii) lamellocytes, formed in 

response to wasp infection or wounding and are found only in larval stages. Both crystal cells 

and lamellocytes participate in the melanization reactions, but the role of crystal cells in 

encapsulation is not yet deciphered. c) 3rd line of defence – Activation of immune signalling 

pathways and systemic production of immune effectors, also referred to as the humoral 

response. Systemic production of a battery of Anti-Microbial Peptides (AMPs) by the fat body 

into the surrounding haemolymph is considered the hallmark of the humoral immune response. 

The production of AMPs is controlled by Toll and Imd signalling pathways. These pathways 

are activated by nuclear translocation of NF-κB transcription factors Dif/Dorsal or Relish 
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followed by induction of a differential set of AMPs and other immune-responsive genes 

(Vanha-Aho, Valanne, and Rämet 2016; Buchon, Silverman, and Cherry 2014). 

2. The physiological role of AARSs: Protein synthesis  

 

Amino-acyl tRNA synthetases (AARS) catalysed aminoacylation reaction proceeds in two 

steps. In the first step, ARS catalyses the condensation of substrates cognate amino acid and 

ATP to form an enzyme-bound reaction intermediate, aminoacyl adenylate. In the second step, 

the cognate tRNA is docked into the catalytic site of ARS. The activated amino-acyl moiety is 

transferred to the 3’ terminal adenosine acceptor end of the cognate tRNA accompanied by the 

release of AMP. ARSs also take part in additional secondary chemical reactions, i.e., the 

synthesis of diadenosine oligo phosphate (ApnA). Enzyme-bound amino-acyl adenylate is 

attacked by pyrophosphate moiety of an additional ATP instead of a tRNA resulting in the 

formation of ApnA. ApnA acts as a second messenger for cell regulation. 

2.1 Types Based on the architecture of active sites 

The AARSs can be categorized into two major classes based on the architecture of their active 

sites (Cusack et al. 1990; Eriani et al. 1995; Burbaum and Schimmel 1991; Cusack 1997; P. 

Schimmel and Ribas de Pouplana 2001; O’Donoghue and Luthey-Schulten 2003). In Class I 

synthetases, the catalytic domain bears a dinucleotide or Rossmann ATP binding Fold (RF) 

featuring a five-stranded parallel β sheet connected by α helices and is usually located at or 

near the N-terminus of the protein. The Rossman Fold comprises two highly conserved motifs, 

HIGH (His-Ile-Gly-His) and KMSKS(Lys-Met-Ser-Lys-Ser), that mediate interaction with 

ATP (J. G. Arnez et al. 1995; Brick, Bhat, and Blow 1989; Schmidt and Schimmel 1994), 

separated by a connecting domain called Connecting Peptide 1(CP1) (Starzyk, Webster, and 

Schimmel 1987). In Class II synthetases, the catalytic domain bears seven-stranded anti-

parallel β sheets flanked by α helices and feature three motifs which show a lesser degree of 

conservation as compared to those in Class II (Cusack et al. 1990; Z. M. Arnez et al. 1995; 

Eriani et al. 1995). Both classes also exhibit pronounced differences in their modes of substrate 

https://paperpile.com/c/3BzTrr/ow07+RmQB
https://paperpile.com/c/3BzTrr/0MTP+rKp3+ykGQ+9fQk+QWbY+dqQz
https://paperpile.com/c/3BzTrr/0MTP+rKp3+ykGQ+9fQk+QWbY+dqQz
https://paperpile.com/c/3BzTrr/SD8X+8OTu+Ow4w
https://paperpile.com/c/3BzTrr/ThMe
https://paperpile.com/c/3BzTrr/ThMe
https://paperpile.com/c/3BzTrr/0MTP+ARm1+rKp3
https://paperpile.com/c/3BzTrr/0MTP+ARm1+rKp3
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binding. Class I AARSs bind to the minor groove of the tRNA acceptor stem (with the 

exception of TrpRS and TyrRS) and aminoacylate 2’-OH group of the ribose of A76. On the 

other hand, Class II AARSs approach tRNA from the major groove and aminoacylate 3’-OH 

group (with the exception of PheRS) (Sprinzl and Cramer 1975; Ruff and Weissman 1991; M. 

Ibba, Stathopoulos, and Söll 2001). Due to the difference in active site structure, the two classes 

of AARSs also differ in their mode of ATP binding. Class I AARSs bind ATP in an extended 

conformation (Brick and Blow 1987; Brick, Bhat, and Blow 1989; Rould et al. 1989), whereas 

Class II bind in a bent configuration with the γ phosphate folding back over adenine ring (John 

J. Perona and Hadd 2012). The two classes also vary concerning the kinetics of aminoacylation 

reaction. For Class I AARSs, aminoacyl-tRNA release is the rate-limiting step (with the 

exception of IleRS and some GluRS), whereas, for Class II, it is the amino-acid activation rate 

(Fersht 1977; J. J. Perona et al. 1991; Kaminska, Shalak, and Mirande 2001). In contrast to the 

Class I enzymes, which tend to be monomeric, Class II AARSs are almost exclusively 

oligomeric and are usually in the dimeric or tetrameric form.  

Class I and Class II are further subdivided into different sub-groups based on phylogenetic 

analysis, mechanistic properties, anticodon binding domain characteristics, and organization of 

conserved structural motifs. Class II synthetases are subdivided into three subgroups (a, b, and 

c); the classification of class I is more complex, classified into three subgroups by some authors 

(P. Schimmel and Ribas de Pouplana 2001), while others propound up to five subclasses (John 

J. Perona and Hadd 2012; Valencia-Sánchez et al. 2016). AARSs are grouped into sub-classes 

based on their amino-acid substrates. Subclass Ia recognizes aliphatic amino acids such as Ile, 

Leu, and Val and thiolated amino acids such as Met and Cys, while class Ic AARSs activate 

the aromatic amino acids Trp and Tyr. Class Ib enzymes activate charged amino acids such as 

Lys, Glu, and Gln, while their class IIb counterparts activate polar amino acids Lys, Asp, and 

Asn. 

The AARSs are structurally diverse as they recognize structurally and chemically different 

cognate substrates to avoid mischarging similar or non-cognate substrates. For this purpose, 

some AARSs have acquired insertions or appendages to the canonical catalytic cores. In many 

instances, the inserted domains enhance enzyme specificity and fidelity of the aminoacylation 

reaction. To prevent mischarging tRNAs in protein synthesis, some synthetases have evolved 

editing activities that specifically target and hydrolyse mis-activated amino acids and/or mis-

acylated tRNAs. The editing activity may be carried out by separate editing domains present 

https://paperpile.com/c/3BzTrr/hzb2+7YEU
https://paperpile.com/c/3BzTrr/tTSV
https://paperpile.com/c/3BzTrr/tTSV
https://paperpile.com/c/3BzTrr/9oZv+8OTu
https://paperpile.com/c/3BzTrr/V0QB
https://paperpile.com/c/3BzTrr/j3p1
https://paperpile.com/c/3BzTrr/j3p1
https://paperpile.com/c/3BzTrr/hqpY
https://paperpile.com/c/3BzTrr/b0oA
https://paperpile.com/c/3BzTrr/RmV1
https://paperpile.com/c/3BzTrr/QWbY
https://paperpile.com/c/3BzTrr/j3p1+fxR7
https://paperpile.com/c/3BzTrr/j3p1+fxR7
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near the catalytic site or by separate freestanding proteins. In Class I synthetases, the editing 

domains are usually located as the connecting peptide CP1 within the active site, while in Class 

II editing activity can be confined to different domains (Schmidt and Schimmel 1994; Schmidt 

and Schimmel 1995; Lin and Schimmel 1996; Nureki et al. 1998; Dock-Bregeon et al. 2000; 

Giegé, Sissler, and Florentz 1998). 

2.2 Species-specific structural diversity (Domain analysis) 

The catalytic domains of AARSs show a high degree of conservation across species. The 

structural and functional differences are more pronounced between classes than between 

species(S. Kim 2014; Guo, Yang, and Schimmel 2010). The protein sequences in Class I 

AARSs are phylogenetically well conserved within the same subclass (Ia, Ib, and Ic), pointing 

towards a common ancestor(Fournier et al. 2011). The editing domains of Class I AARSs show 

homology in structure and sequence. The CP1 editing domains of LeuRS, ValRS, and IleRS 

are highly conserved from Escherichia coli to humans (S. Kim 2014; Beuning and Musier-

Forsyth 2001). The INS domain exists in prokaryotic ProRS but is absent in the eukaryotic one. 

The N2 editing domain of ThrRS is well conserved amid bacteria and eukaryotes but non-

existent in archaea(Beuning and Musier-Forsyth 2001; Beebe, Ribas De Pouplana, and 

Schimmel 2003). On the other hand, the editing domain of the bacterial PheRS does not share 

any apparent sequence similarity with its archaeal and eukaryotic counterparts(Sasaki et al. 

2006). Even though the catalytic core has remained relatively well conserved, AARSs have 

acquired new sequence motifs and appended domains throughout evolution, ensuing the 

expansion of their functional capacities to adapt to the increasing complexity(Guo, Yang, and 

Schimmel 2010; Guo and Yang 2014). 

2.3 The evolution of AARSs 

Even though the catalytic function of AARSs has been extensively studied and understood, the 

regulatory functions beyond translation have recently surfaced(S. Kim, You, and Hwang 2011; 

Yao and Fox 2013). The evolution of AARSs was most likely first driven by the need for 

enhancement of catalytic efficiency and fidelity and then by the accretion of novel functions to 

meet the growing complexity with the evolution of eukaryotes.  

Catalytic evolution: The functional domains of AARSs probably evolved in a piecemeal 

fashion, beginning with an ancient core enzyme that activated the amino acid and mediated the 

docking of RNA oligonucleotides for aminoacylation(Paul Schimmel 2018; P. Schimmel and 

https://paperpile.com/c/3BzTrr/Ow4w
https://paperpile.com/c/3BzTrr/v7fr
https://paperpile.com/c/3BzTrr/v7fr
https://paperpile.com/c/3BzTrr/iO52
https://paperpile.com/c/3BzTrr/wj2l+XAPd+jqxA
https://paperpile.com/c/3BzTrr/wj2l+XAPd+jqxA
https://paperpile.com/c/3BzTrr/Hs7X+v6ni
https://paperpile.com/c/3BzTrr/nJPT
https://paperpile.com/c/3BzTrr/Hs7X+rPFG
https://paperpile.com/c/3BzTrr/Hs7X+rPFG
https://paperpile.com/c/3BzTrr/rPFG+M8Zz
https://paperpile.com/c/3BzTrr/rPFG+M8Zz
https://paperpile.com/c/3BzTrr/yUA7
https://paperpile.com/c/3BzTrr/yUA7
https://paperpile.com/c/3BzTrr/v6ni+4wjl
https://paperpile.com/c/3BzTrr/v6ni+4wjl
https://paperpile.com/c/3BzTrr/0NlF+oGlf
https://paperpile.com/c/3BzTrr/0NlF+oGlf
https://paperpile.com/c/3BzTrr/zTFg+73Q0
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Ribas De Pouplana 2000). RNA oligonucleotides, in all likelihood, originated in a primitive 

acceptor stem form that evolved to become the current tRNA structure via the acquisition of 

anticodon stem and loop parts. Through coevolution with tRNAs, AARSs acquired Anticodon 

binding domains (ABDs) to facilitate additional tRNA interactions and integrated editing 

domains. Mis-aminoacylation can be detrimental to the organism. As a result of which, editing 

domains may have emerged in the last common primogenitor before the divergence of the three 

kingdoms(Guo, Yang, and Schimmel 2010).  

Non-catalytic evolution: AARSs are involved in protein-protein interactions via the appended 

domains acquired during evolution. Appended domains exist in the form of N-terminal helix 

appendix, Leucine zipper (LZ), Endothelial monocyte activating polypeptide II (EMAP II), 

Glutathione-S-transferase (GST), and WHEP domains(Guo, Yang, and Schimmel 2010; Guo 

and Yang 2014). AARSs are also associated with transacting factors like aminoacyl tRNA 

synthetase interacting proteins (AIMPs). The emergence of auxiliary domains coincides with 

the expansion of AARSs function beyond its catalytic role in protein synthesis. 

N-terminal helix: N-helix is anchored to an anticodon binding domain (ABD) of eukaryotic 

AspRS (DRS) and LysRS (KRS). It interacts with the elbow region of the tRNA and augments 

binding specificity. Apart from its role in catalysis, the N-helix of KRS is also involved in the 

packaging of HIV by delivering tRNALys3 (an iso-acceptor of tRNALys) into a virion. It enables 

KRS to translocate to the plasma membrane and aids in laminin-mediated cell migration by 

interacting with and stabilizing the Lamin receptor (also known as 40S ribosomal protein 

SA)(D. G. Kim et al. 2012, 2014). 

Leucine Zipper: The leucine zipper domain is present at the N-terminus of ArgRS (RRS), 

AIMP1, and AIMP2 and is conserved from insects to mammals. It enables these proteins to 

assemble into the MARS complex(Fu et al. 2014). 

Endothelial monocyte activating protein II (EMAP II): EMAP II domain is present in the C-

terminus of AIMP1 and TyrRS (YRS) and is conserved from insects to mammals. It is also 

found in MetRS (MRS) in Caenorhabditis elegans and a yeast orthologue of AIMP1 called 

ARS cofactor 1 (Arcp1). It facilitates interaction with tRNA and is also known to be secreted 

in response to immune challenges and angiogenesis (Guo and Yang 2014; Wakasugi and 

Schimmel 1999; D. Kim, Kwon, and Kim 2014). 

https://paperpile.com/c/3BzTrr/zTFg+73Q0
https://paperpile.com/c/3BzTrr/v6ni
https://paperpile.com/c/3BzTrr/v6ni+4wjl
https://paperpile.com/c/3BzTrr/v6ni+4wjl
https://paperpile.com/c/3BzTrr/9g6o+FQky
https://paperpile.com/c/3BzTrr/lTCO
https://paperpile.com/c/3BzTrr/4wjl+PZFK+6Yde
https://paperpile.com/c/3BzTrr/4wjl+PZFK+6Yde


Introduction 

 

6 
 

Glutathione-S-transferase (GST): GST is appended in GluProRS (EPRS), MetRS (MRS), 

ValRS (VRS), CysRS, arcp1, AIMP2, and AIMP3. GST domains of EPRS, MRS, AIMP1, and 

AIMP2 come together to form a heterotetramer aiding in the assembly of the MARS complex 

(Guo, Yang, and Schimmel 2010; Cho et al. 2015). 

WHEP domain: The WHEP domain is composed of a helix turn helix structure. It has diverse 

sequences in different AARSs and hence is capable of interacting specifically with multiple 

partners. WHEP domain is present in TrpRS (WRS), HisRS (HRS), GluProRS (EPRS), MetRS 

(MRS), and GlyRS (GRS). WHEP domain was first discovered in the first four proteins and 

hence the name. In EPRS, it is involved in the assembly of INFγ activated inhibition of 

translation (GAIT) complex, which inhibits translation of specific pro-inflammatory mRNA 

transcripts like those of Vascular endothelial growth factor A (VEGFA) (Arif et al. 2009; Jia 

et al. 2008). WHEP domain of WRS interacts with the catalytic unit of DNA-dependent protein 

kinase (DNA-PKc) and poly (ADP-ribose) polymerase I (PARPI), which in turn activates p53 

in the nucleus (Sajish et al. 2012). Initial 154 amino acids at the N-terminus of the WHEP 

domain respond to infection and activate macrophages. It interacts with a heterodimer formed 

by Toll-like receptor 4(TLR4) and myeloid differentiation factor 2 (MD2) (Ahn et al. 2016). 

Uniquely attached sequence motif (UNE): UNE in PheRS (FRS), AsnRS (NRS), and GlnRS 

(QRS) is involved in tRNA binding and other protein-protein interactions. UNE-I2 of IleRS 

(IRS) assists in MARS complex assembly and other functions(Guo and Yang 2014). In LeuRS 

(LRS), a variable C-terminal domain (VC) and UNE-L domain interact with RAS-related GTP 

binding protein D (RAGD) to regulate mTORC1(Han et al. 2012). In yeast, the CP1 domain 

acts as a GTPase(Bonfils et al. 2012). In Zebrafish, UNE-S of SerRS (SRS) encodes a nuclear 

localization signal (NLS), translocates into the nucleus, and attenuates VEGFA expression (X. 

Xu et al. 2012). 

2.4 Alternative splicing 

HRS∆CD, a splice variant of HisRS, lacks the catalytic domain and constitutes a structure 

formed by the fusion of the N-terminal WHEP domain and C-terminal anticodon binding 

domain(Z. Xu et al. 2012). HRS∆CD attains a different conformation in comparison to the full-

length (FL) variant by which it exists as a monomer (The native FL variant exists as a 

homodimer). This conformation loosens the connection between the WHEP domain and the 

anticodon binding domain. A splice variant of WRS exists in the form of a truncated N-terminal 

https://paperpile.com/c/3BzTrr/v6ni+zwfe
https://paperpile.com/c/3BzTrr/sFEL+BH0z
https://paperpile.com/c/3BzTrr/sFEL+BH0z
https://paperpile.com/c/3BzTrr/X35E
https://paperpile.com/c/3BzTrr/MhAc
https://paperpile.com/c/3BzTrr/4wjl
https://paperpile.com/c/3BzTrr/vK7D
https://paperpile.com/c/3BzTrr/CSIG
https://paperpile.com/c/3BzTrr/nvd9
https://paperpile.com/c/3BzTrr/nvd9
https://paperpile.com/c/3BzTrr/pCpD
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WHEP domain and functions as an angiostatic factor upon secretion(Tolstrup et al. 1995). In 

another instance, a splice variant of YRS, YRSSV-N13, stimulates megakaryopoiesis (Kanaji 

et al. 2018). CRS also has a splice variant wherein an additional peptide is inserted into the 

native protein, which mediates its interaction with Elongation factor 1γ (EF1γ)(J. E. Kim et al. 

2000). Besides the AARSs, the AIMPs also exhibit the presence of splice variants involved in 

an alternative function. AIMP2-DX2, a splice variant of AIMP2, lacks the leucine zipper 

domain. It acts in an antagonistic fashion to the FL variant by interfering with the anti-

proliferative signaling of AIMP2(Yao et al. 2012; D. G. Kim et al. 2016). EPRSN1, a splice 

variant of EPRS (N-terminally truncated EPRS fragment), is generated by post-translational 

modification (PTM) wherein an alternative polyadenylation event within EPRS mRNA recodes 

Tyr codon to a stop codon; leading to deletion of entire PRS and partial WHEP domains. 

EPRSN1 is shown to associate with VEGFA transcripts but not with the constituents of the 

GAIT complex, inhibiting repression of VEGFA translation(Yao et al. 2012). 

2.5 Post-translational modification (PTM) 

AIMP2 gets phosphorylated on Ser156, inducing its translocation into the nucleus wherein it 

interacts with SMURF2, leading to an increase in transforming growth factor β (TGFβ) 

signaling(D. G. Kim et al. 2016). LysRS (KRS) undergoes a conformational change and 

dissociates from the MARS complex upon being phosphorylated on either Thr52 or Ser207. Thr52 

phosphorylation enables KRS to translocate to the plasma membrane and associate with a 

67kDa laminin receptor (67LR), thereby promoting cell migration. Ser207 phosphorylation 

permits KRS to enter into the nucleus where it is involved in the localized production of second 

messenger Ap4A and activates transcription factor MITF, furthermore expression of MITF-

induced genes(D. G. Kim et al. 2014; Ofir-Birin et al. 2013). 

 In human monocyte cells of the myeloid lineage, sequential phosphorylation of Ser886 and 

Ser999 residues on EPRS embarks on its release from the MARS complex and formation of the 

GAIT complex. Insulin stimulation on adipocytes results in phosphorylation of EPRS on Ser990 

by S6K1, inducing its interaction with FATP1, consequently transporting it to the plasma 

membrane where it enhances uptake of long-chain fatty acids (LCFA)(Arif et al. 2017). 

UV irradiation ablates the tRNA binding capability of MetRS (MRS) by phosphorylating it on 

Ser662, therefore, preventing protein synthesis(Kwon et al. 2011). This phosphorylation is 

mediated by GCN2 (E2AK4). MRS undergoes dual phosphorylation on Ser209 and Ser825 when 

https://paperpile.com/c/3BzTrr/bG79
https://paperpile.com/c/3BzTrr/xqTd
https://paperpile.com/c/3BzTrr/xqTd
https://paperpile.com/c/3BzTrr/g3YH
https://paperpile.com/c/3BzTrr/g3YH
https://paperpile.com/c/3BzTrr/m1CL+yAAh
https://paperpile.com/c/3BzTrr/m1CL
https://paperpile.com/c/3BzTrr/yAAh
https://paperpile.com/c/3BzTrr/FQky+18zH
https://paperpile.com/c/3BzTrr/APW5
https://paperpile.com/c/3BzTrr/DrvA
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the cell encounters oxidative stress. It decreases MRS specificity for tRNAMet and enhances the 

misincorporation of methionine into nascent proteins(J. Y. Lee et al. 2014). Methionine 

residues on the surface of the proteins scavenge reactive oxygen species (ROS) hence Met 

mistranslation acts as a protective mechanism for the cell(J. Y. Lee et al. 2014; Luo and Levine 

2009). 

2.6 Proteolytic cleavage 

Secreted forms of YRS and WRS are cleaved by elastase or plasmin(Wakasugi and Schimmel 

1999; Otani et al. 2002; Tzima et al. 2005). The ELR cytokine motif of YRS is exposed upon 

removal of the EMAP II domain. It aids in its interaction with CXC-chemoreceptor 1 

(CXCR1). Mini-YRS promotes cell migration and angiogenesis(D. Kim, Kwon, and Kim 

2014; Vo, Yang, and Schimmel 2011). WRS undergoes N-terminal cleavage to form two 

different variants of WRS, T1-WRS (70 amino acids deletion at the N-terminus)  and T2-WRS 

(93 amino acids deletion at the N-terminus). T1-WRS has an activity antagonistic to T2-WRS; 

it interacts with vascular endothelial cadherin of endothelial cells(Tzima et al. 2005; S. B. Kim 

et al. 2017). 

hKRS undergoes caspase 8 mediated cleavage resulting in the deletion of 12 amino acids of 1st 

subunit from the N-terminus, enabling interaction of the N-terminal region of one KRS with 

the C-terminal region of another KRS and vice versa, forming a homodimer. The formation of 

the homodimer facilitates its interaction with syntenin assisting in its incorporation into 

secondary exosomes(S. B. Kim et al. 2017).  

2.7 The connection between catalytic and non-catalytic functions 

A mutant of AlaRS, Ala734Glu (charges Serine to tRNAAla instead of alanine), interacts with 

ANKRD16 (a vertebrate-specific protein containing ankyrin repeats) via catalytic domain and 

anticodon binding domain(Vo et al. 2018). It helps ANKRD16 in pre-transfer editing resulting 

in the sequestration of mis-activated serine and preventing protein aggregation and cell death. 

Fragmented forms of WRS (T2-WRS) and YRS have amino acid binding pockets enabling 

them to develop multifunctionality. T2-WRS interacts with Trp residues of VE-cadherin, 

ensuing angiostasis(Q. Zhou et al. 2010). Truncated YRS interacts with the Tyr analogue of 

resveratrol, redirecting YRS to bind to PARP1, thus activating DNA damage response(Sajish 

and Schimmel 2015). 
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2.8 AARSs in disease 

Pathological expression: Expression levels of AARSs can be used as a prognostic tool for the 

repertoire of cancers. It correlates with overall patient survival for individual cancer types. In 

most of the scenarios, high expression levels of AARSs correlates with lower patient survival 

with few exceptions like reduction in the levels of WRS and AIMP3 in case of ovarian cancer, 

AIMP2 in renal, AIMP3 and FRSα in cervical, and FRSα in stomach cancer. These 

observations can be attributed to the role of AARSs in the suppression of proliferation(Sajish 

et al. 2012; Choi et al. 2011; B.-J. Park et al. 2005, 2006; Choi, Um, et al. 2009). Enhanced 

expression of GRS is observed in renal, urothelial, liver, breast, and endometrial cancers(Thul 

and Lindskog 2018). Expression levels of MRS are augmented in the neoplastic region of the 

lung tissue. This increase in the levels of MRS correlates with advanced-stage cancer and a 

shortening of lifespan(E. Y. Kim et al. 2017). High expression of MRS has also been reported 

in malignant fibrous histiocytomas, lipoma, osteosarcomas, malignant gliomas, and 

glioblastomas(S. Kim, You, and Hwang 2011; Forus et al. 1994; Nilbert et al. 1995; Palmer et 

al. 1997; Reifenberger et al. 1996). A wide range of AARSs, namely FRSα, GRS, NRS, TRS, 

HRS, and WRS, are upregulated in prostate cancer(Vellaichamy et al., 2009). This occurrence 

can be ascribed to their involvement in androgen response(Vellaichamy et al. 2009). TRS, 

VEGFA, and mucin 1 have been reported to co-express and co-localize in advanced-stage 

epithelial ovarian cancer and pancreatic cancer, respectively(Wellman et al. 2014; Jeong et al. 

2018). Elevated levels of WRS have been documented in oral squamous cell carcinoma 

(OSCC)(C.-W. Lee et al. 2015; Chi et al. 2009). In OSCC, the IFNʏ pathway is significantly 

altered(Chi et al. 2009). IFNʏ is known to regulate the splicing, expression, localization, and 

secretion of WRS. Expression levels of WRS correlate with OSCC tumor stages and degree of 

invasion and cell migration(Chi et al. 2009; Tolstrup et al. 1995; Liu et al. 2004; Turpaev et al. 

1996). WRS is avowed to have two tandem promoters and five splice variants. The full-length 

form and the truncated variant mini-WRS (which has a deletion of 47amino acids from the N-

terminal end(Chi et al. 2009; Tolstrup et al. 1995; Liu et al. 2004; Turpaev et al. 1996) have an 

antagonistic effect concerning controlling angiogenesis(Otani et al. 2002) and immune 

stimulation(Ahn et al. 2016). 

Disease-specific mutations: Patients suffering from autosomal recessive non-syndromic 

sensorineural deafness harbours mutations in KARS(Cusack et al. 1990; van Meel et al. 2013). 
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Mis-sense mutations in KARS effectuate a decrease in its aminoacylation in cells of the inner 

ear. Mutations in a multitude of AARSs cause hypomyelinating leukodystrophy 

(HLD)(Garbern 2007). To date, seventeen forms of HLD have been catalogued, linked to 

various heterogeneous mutations. In all cases, the catalytic activity of AARSs is affected, 

subsequently eliciting a diminution of cellular translation, which might be the underlying cause 

of the disease(Nafisinia et al. 2017; Wolf et al. 2014). HLD 3,9,15,17 are caused by mutations 

in AIMP1, RARS, EPRS, and AIMP2, respectively(Nafisinia et al. 2017; Wolf et al. 2014; 

Mendes et al. 2018; Shukla et al. 2018; Iqbal et al. 2016). AIMP1 has been shown to maintain 

normal phosphorylation levels of neurofilament light protein (NFL). Phosphorylation level 

maintenance is required for the structural integrity of neurons(Zhu et al. 2009). In HLD3, owing 

to frameshift mutations, C-terminally truncated forms of AIMP1, lacking EMAP II domain, 

are transcribed. The truncated forms of AIMP1 retain the ability to interact with NFL, thereby 

promoting aggregation and punctate formation in cells(H. Xu et al. 2015). The mutant protein 

acts as a dominant-negative, and the competition between the wild type and the mutant protein 

is responsible for HLD3. These multifarious AARSs mutations lead to early infantile epileptic 

encephalopathy. Mutations in MARS and LARS bring about acute infantile liver failure and 

multiple organ dysfunction(Rosenthal 2018; van Meel et al. 2013). Heterozygous mutants of 

MRS show a reduction in aminoacylation activity. LARS mutations bear aberrations in CP1 

domains which affects the catalytic function of LARS(Cusack et al. 1990; van Meel et al. 

2013). Patients possessing these faulty forms of LARS show dysfunction in the mTORC1-

related pathway, such as autophagy(Cusack et al. 1990; van Meel et al. 2013). Mutations in 

IARS are correlated to infantile hepatopathy(Kopajtich et al. 2016). Mutants of HRS show 

reduced catalytic activity and in patients induce hearing loss and visual impairment in those 

suffering from a rare genetic disorder called Usher syndrome(Puffenberger et al. 2012). 

Compound heterozygous mutations in QARS lead to defects in gene transcription and 

expression, ultimately leading to cerebral, cerebellar atrophy(Zhang et al. 2014). 

Mutations in AARSs cause diseases characterized by defects in gene transcription and protein 

translation. Mutations pArg40Trp and pArg515Trp in QARS disrupt its catalytic activity. 

Interestingly mutation in FARSβ affects the tRNA charging function out does not affect total 

protein synthesis(Cusack et al. 1990; Michael Ibba 2005). These mutations reduce the gene 

expression, hamper the stability of protein, and in retrospect, affect the levels of its binding 

partner FARSα. Thus, affects the rate of aminoacylation of Phe but does not affect total protein 

synthesis or cell proliferation (Cusack et al. 1990; Michael Ibba 2005). 
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Mutation-associated interactions: Mutations in mitochondrial AARSs are responsible for 

neurodegenerative disorders and also sporadic affect other organs such as skeletal muscle, 

kidney, lungs, and heart. Autosomal dominant mutations in GRS, YRS, AlaRS, KRS, HRS, 

and MRS are associated with Charcot-Marie-Tooth (CMT) disease. Close to 20 percent of 

CMT causes mutations to affect the catalytic activity of the corresponding AARSs(Datt and 

Sharma 2014). Patients with mutations in the GARS gene suffer from CMT type 2D (CMT2D) 

subtype distal muscular dystrophy (dSMA-V)(Martin, Mentis, and Tosolini 2021; Storkebaum 

2016). 

Mutation Pro234LysTyr in GARS in mice causes CMT2D. The mutation is located near the 

dimeric interface inducing a conformational change that unfolds a new protein interface. The 

mutant proteins interact more strongly with neuropilin 1 (NRP1) as compared to the wild type, 

thereby outcompeting VGEFA for NRP1 binding. This results in the induction of VEGFA 

signalling leading to caudal migration of facial motor neurons from the rhombomere during 

embryonic development(Schwarz et al. 2004). The disease phenotype manifests due to 

disruption of NRP1 signalling.  Other mutations documented in GARS, i.e. Pro234LysTyr, 

Ser581Leu, and Gly598Ala. These mutant proteins bind to and enhance the activity of Histone 

deacetylase 6 (HDAC6) on α-tubulin(Mo et al. 2018). Deacetylation of α-tubulin impairs 

axonal transport in CMT2D mutants harbouring Pro234LysTyr in mice. Mice bearing 

Ser581Leu and Gly598Ala mutations endure severe distal weakness and wasting in the lower 

limbs. Mutations Cys201Arg and Cys157Arg in mice and humans, respectively, are gain-of-

function mutants, which anomalously interact with Tyrosine kinase receptors leading to 

sensory deficits(Sleigh et al. 2017). 

In ALS patients, mutants of superoxide dismutase 1 (SOD1) bind to mitochondrial KARS2 

leading to misfolding and aggregation and eventually leading to degradation of KARS2 

followed by an impaired mitochondrial translation(Kunst et al. 1997). MRS mutant attains the 

ability to interact with CDK4, accelerating the cell cycle. It also interacts with tumour 

suppressor p16INK4a. p16INK4a  is inactivated by either a conformational change by gene deletion 

or by interaction with the mutant, rendering it inactive(Mehta and Siddik 2009). 

Parkin, a known multifunctional E3 ligase polyubiquitinates substrates which, are then targeted 

for proteasome-mediated degradation(Vink and Nechifor 2011). Loss of function of parkin 

results in Parkinson’s disease(Lahiri 2014). Parkin mutants fail to bind and ubiquitylate 

AIMP2. AIMP2 accumulates in Lewy body inclusions in the substantia nigra(Ko et al. 2005). 

https://paperpile.com/c/3BzTrr/F9yN
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Enhanced AIMP2 induces age-dependent loss of dopaminergic neurons(Y. Lee et al. 2013; 

David et al. 2009). 

Disease-specific variant production: AIMP2-DX2, a splice variant of AIMP2, lacks a leucine 

zipper (LZ) domain and hence cannot be incorporated into the MARS complex. It competes 

with AIMP2 for binding to the cellular target protein through the GST domain, thereby 

interfering with the functions of full-length AIMP2 protein, inhibiting its tumour suppressing 

activities. AIMP2-DX2 levels are elevated in cancers(M. C. Park et al. 2012; Choi et al. 2011). 

The expression of AIMP2-DX2 is induced by carcinogenic stresses. It procures the ability to 

interact with a tumour suppressor p14ARF. p14ARF vital for tumour growth in KRAS driven lung 

cancers(D. Kim, Kwon, and Kim 2014; Choi et al. 2011; Choi, Kim, et al. 2009; Choi et al. 

2012; Oh et al. 2016). 

Patients suffering from autoimmune diseases (such as interstitial lung disease, 

dermatomyositis, and arthritis) develop anti-AARS auto-antibodies contributing to 

antisynthetase syndrome(Lega et al. 2014; Cavagna et al. 2017; J. J. Zhou et al. 2014). They 

also show the presence of anti-JO1 auto-antibodies raised against the N-terminal WHEP 

domain of WRS. A variant of HRS, HRS∆CD (constituting a WHEP domain), reacts with anti-

JO1 antibodies in the serum of the patients(Z. Xu et al. 2012). 

 Disease-specific secretion: During infection, WRS is secreted from monocytes resulting in the 

priming of innate immunity(Ahn et al. 2016). The cleaved product is 154 amino acids long 

peptide and contains a WHEP domain that triggers immune stimulation. It acts as an immune 

stimulatory agent and can be used as a therapeutic biomarker for the early diagnosis of sepsis. 

WRS levels continually and significantly increase upon infection(Ahn et al. 2016). 

GRS is secreted in tumour-associated macrophages inducing tumour cell death upon interaction 

with K cadherin (CDH6) leading to the deactivation of the ERK pathway(M. C. Park et al. 

2012). 

 

3. MARS complex 

In mammalian cells, eight polypeptides corresponding to nine tRNA synthetase activities and 

three non-tRNA synthetase factors come together to form a 1.4/5 MDa complex (SEC-MALS 
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analysis) called the MARS complex(Kerjan, Triconnet, and Waller 1992; Kerjan et al. 1994). 

The MARS complex is first isolated from vertebrates from rat liver, rabbit liver, reticulocytes, 

sheep liver, human placenta, and mammalian cells in culture (Brevet et al. 1982; Kellermann, 

Heuser, and Mertens 1982; Cirakoglu and Waller 1985; Venema and Traugh 1991). The three 

non-synthetase factors (p43, p38, p18)(Quevillon and Mirande 1996; Quevillon et al. 1997, 

1999) are involved in tRNA binding, complex assembly, and stability(J. Y. Kim et al. 2002; 

Saxholm and Pitot 1979). The tRNA synthetases within MARS belong to both class I 

(monomers of RRS, QRS, IRS, LRS, and MRS) and class II (dimers of DRS EPRS and KRS) 

synthetase types. Thus, the distinction between the complexed and non-complexed forms does 

not rely on the structural architecture of the active site and the amino acids that they 

activate(Quevillon and Mirande 1996; Quevillon et al. 1997, 1999). The MARS complex 

harbours tRNA synthetases involved in charging polar, hydrophobic, and non-aromatic amino 

acids. The synthetases charging the smallest and largest amino acids are absent in the complex. 

It is unknown why a distinct group of tRNA synthetases associate to form the complex while 

others exist as freestanding proteins. Several others, or likely all, associate transiently in the 

cell to form the complex, but the current model of MARS is probably a reflection of 

experimental limitations when co-purifying macromolecular complexes. A correlation between 

the size of the substrates and their connection with the citric acid cycle has been 

proposed(Eswarappa and Fox, 2013). Even though the composition of the complex has been 

deciphered four decades ago, the exact structural arrangement and assembly are uncertain. 

With the advent of biochemical, genetic, and cryo-electron microscopic analysis, a coherent 

picture of the MARS complex has been captured(Saxholm and Pitot 1979; Sihag and Deutscher 

1983; M. T. Norcum 1991, 1989). Under electron and immune-electron microscopy, the MARS 

complex is visualized as a compact V-shaped structure(Mona T. Norcum and Boisset 2002; M. 

T. Norcum 1989). The structure can be divided into two arms joined together by a base. Arm I 

constitute DRS, MRS, and QRS; on the other hand, Arm II is made up of KRS and RRS. The 

two arms are affixed to the base comprising EPRS, IRS, and LRS. The assembly of the 

constituents is interdependent and is augmented by other binding events within the complex. 

The constituents undergo an ordered assembly. NaSCN and a high concentration of NaCl 

induce the release of KRS and DRS, respectively, from the complex. This study points toward 

the fact that KRS and DRS are located at the periphery of the complex. MRS, QRS, and RRS 

are relatively easy to remove and are also found as free forms(Mona Trempe Norcum, Anthony 

Warrington, and Wolfe 2006). Extensive pair-wise yeast two-hybrid screening of protein-

protein interaction within the complex gives an account of sixty-four such interactions(Rho et 
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al. 1996; Quevillon et al. 1999). The assembly of MRS, LRS, and RRS is mediated via 

appended domains(Quevillon and Mirande 1996). Interestingly, KRS, DRS, and QRS associate 

through their catalytic domains. This statement is confirmed by a study involving the deletion 

of appended extensions resulting in the non-abolishment of interactions within MSC. The 

literature shows a striking example of inter-dependence of binding events where the association 

of QRS to p38 is enhanced by the presence of p43 and RRS resulting in the formation of a 

discreet quaternary complex before the formation of the MARS complex(S. G. Park et al. 1999) 

(Fig. 1.1). 

 The auxiliary protein provides stability to the complex and also aids in the binding of the 

tRNA. p38 is a scaffolding protein that interacts with most of the components of the complex; 

hence, it is an indispensable core protein required for assembly and stability(D. G. Kim et al. 

2016). It exists as a dimer and does not have a homolog in yeast, bacteria, or archaea.  It 

comprises of N-terminal Leucine zipper domain and a C-terminal GST domain(D. G. Kim et 

al. 2016).  A splice variant of p38, lacking the LZ domain, does not associate with MARS. It 

promotes tumorigenesis via degradation of p53(Choi et al. 2011). Mutations in the p38 gene in 

mice or shRNA-mediated knockdown in HeLa cells impair the assembly of MARS. p38 also 

has roles beyond the MARS complex. In the nucleus, it interacts with the FUSE binding protein 

(transcriptional activator of c-myc)(D. G. Kim et al. 2016). p38 associates with and acts as a 

substrate for Parkin-mediated ubiquitination and degradation of p38. Autosomal recessive loss-

of-function mutations in the gene encoding Parkin result in Parkinson’s disease. Parkinson’s 

disease is characterized by the degeneration of dopaminergic neurons. Loss of Parkin leads to 

the accumulation of non-ubiquitinated p38 resulting in the formation of aggresome-like 

inclusions. The mechanism behind the accumulation of p38 and dopaminergic 

neurodegeneration is unknown(Y. Lee et al., 2013). 

p43 interacts with p38 via the C-terminal EMAPII domain(Shalak et al. 2001). EMAPII has a 

tRNA binding property and is homologous to the yeast Arc1p which facilitates the binding of 

cognate tRNA substrates to MRS and QRS. EMAPII is cleaved off by apoptotic cleavage 

(caspase-7), and it acts as a pro-inflammatory cytokine downstream, resulting in enhanced 

expression of pro-inflammatory cytokine genes and an increase in chemotactic migration of 

polymorphonuclear leukocytes(Shalak et al. 2001). It has an oligonucleotide (OB) fold like that 

of bacterial Trbp III tRNA binding protein. It interacts with QRS and RRS via its N-terminal 

domain and transfers tRNAArg to RRS within the MARS complex(Shalak et al. 2001; Bottoni 
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et al. 2007). The multifunctionality of p38 and p43 provides an insight into the interconnection 

between translation and cellular processes outside protein synthesis. 

p18 has a GST-like fold similar to that of yeast Arc1p. It promotes the association of p18 to 

MARS and the transfer of Met-tRNAi
Met to eIF2 (Kang et al. 2012). The function of p18 is 

unknown. Structurally, it is homologous to human VRS and forms a complex with EF-1H 

(Negrutskii et al. 1999). EF-1A associates with KRS and utilizes it as a means to shuttle 

aminoacylated tRNA directly from the MARS complex to the ribosome during translation 

(Guzzo and Yang 2008). 

Another study shows that the MARS complex is co-purified with polysomes. But it cannot be 

iterated for sure whether a complex is formed between them or they are transiently associated. 

tRNA synthetases within the complex show enhanced aminoacylation activities owing to an 

increase in efficiency of early steps of translation of aminoacyl tRNA synthetase and its 

subsequent delivery to the ribosome. In yeast, Arc1p interacts with ERS and MRS resulting in 

higher protein stability and restriction of associated tRNA synthetases in the cytoplasm. The 

MARS complex sequesters a definite pool of tRNA synthetases to be used in protein synthesis. 

In permeabilized CHO cells, even on the incorporation of radiolabelled aminoacyl tRNAs, it is 

not used as a substrate for protein synthesis. On the other hand, radiolabelled amino acids are 

efficiently utilized by the MARS complex components and are incorporated during translation. 

This study shows that endogenously aminoacylated tRNAs synthesized within MSC are 

required for protein synthesis. Pools of aminoacylated tRNAs do not mix freely. RRS has two 

isoforms; one complexed full-length form and another truncated at N-terminus. The two 

isoforms are translated from alternative start codons. The complexed form is involved in the 

synthesis of a pool of tRNAs which are preferentially utilized as substrates for protein synthesis 

in vivo whereas the free form synthesizes aa-tRNA, utilized for arginylation of proteins in the 

ubiquitin-dependent degradation pathway. EPRS is also known to have two isoforms; a full-

length polypeptide and a truncated isoform encoding ERS followed by two WHEP domains. 

There is no evidence for truncated isoform to participate in protein synthesis. The MARS 

complex directly channels aminoacylated tRNA to MSC to elongating ribosomes. A larger 

complex of aminoacyl tRNA synthetases is observed in the nucleus with a role similar to the 

cytoplasmic one. It has been shown to associate with nuclear pore EF-1α leading to tRNA 

export. Thus, MSC is involved in protein stability and restriction of aminoacyl tRNA 

synthetases to the cytoplasm, in addition to coordinating events during translation.  Different 
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approaches have helped in the structural mapping of the MARS complex to determine 

topological relationships between different components like a) reverse chemical crosslinking, 

b) extensive two hybrid searches, and c) pull-down experiments of native proteins. 

 

 

Figure 1.1: A. Structure of the MARS complex. The MARS complex consists of eight AARSs and 

three auxiliary AIMPs and is subdivided into Sub-complex I and Sub-complex II in the mammalian 

system. AARSs and AIMPs are represented by their substrate amino acids and numbers, 

respectively.  AIMP1, RRS, and QRS are anchored N-terminal region of AIMP2, and the other 

components are linked to the C-terminal region of AIMP2. AIMP1 interacts with AIMP2 via a leucine 

zipper motif. In addition to these interactions, the complex is further stabilized by multidirectional 

interactions between the components. B. Structure of the components of the MARS complex and their 

corresponding domains. (CD: Catalytic domain; ABD: Anticodon Binding Domain; WHEP: WHEP-

TRS domain; N-helix: N-terminal Helix; GST: Glutathione-S-transferase like domain; LZ: Leucine 
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Zipper domain; UNE-X: Unique followed by corresponding AARS specific domain; EMAPII: 

Endothelial monocyte activating polypeptide II). Adapted from Khan K, Baleanu-Gogonea C, Willard 

B, Gogonea V, Fox PL. The 3-Dimensional architecture of the human multi-tRNA synthetase complex. 

Nucleic Acids Res. 2020 Sep 4;48(15):8740-8754. doi: 10.1093/nar/gkaa569. PMID: 32644155; 

PMCID: PMC7470956. 

4. MARS as a regulator of immune response 

Multi-omics profiles affirm that AARSs are involved in the immune response.  

4.1 EPRS as a Regulator of immune response 

GAIT-dependent immune function: In higher eukaryotes (humans), EPRS is involved in a 

transcript selective translational inhibition of a group of functionally related genes involved in 

chronic inflammation(Jia et al. 2008; Arif and Fox 2017; Yao et al. 2012; Mukhopadhyay et 

al. 2009; Arif and Fox 2017). EPRS is the only known bifunctional tRNA synthetase 

comprising two synthetase domains at the termini corresponding to ERS and PRS, respectively 

(Ray et al. 2011). These catalytic domains are separated by a non-catalytic linker encompassing 

three consecutive WHEP domains via which EPRS interacts with AIMP3 and KRS in the 

MARS complex(Ray et al. 2011). 

In cells of the myeloid lineage, EPRS is phosphorylated on Ser886 and Ser999 by two distinct 

kinase systems upon interferon γ (IFN γ) stimulation (Arif et al. 2009). Ser886 is phosphorylated 

by cyclin-dependent kinase 5 (Cdk5) in conjunction with Ras-dependent extracellular signal-

regulated kinase (ERK2; a mitogen-activated protein kinase) and activator, p35, directly(Arif 

et al. 2011; Jia et al. 2008; Jia et al. 2008; Mukhopadhyay et al. 2009; Arif et al. 2018). On the 

other hand, Ser999 is phosphorylated by the mammalian target of rapamycin complex 1 

(mTORC1) activated ribosomal protein, S6K1(Arif et al. 2018; Jia et al. 2008; Mukhopadhyay 

et al. 2009; Arif et al. 2009). The phosphorylated EPRS undergoes a conformational change 

and dissociates from the MARS (Mukhopadhyay et al. 2009)complex. Upon release, it acquires 

new binding partners to form the interferon (IFN)-γ-activated inhibitor of translation (GAIT) 

complex(Arif et al. 2018; Jia et al. 2008; Mukhopadhyay et al. 2009). 

Assembly of the GAIT complex occurs in two tightly regulated stages, with the recruitment of 

two independent and temporally distinct signalling pathways (i), Early induction of EPRS 

phosphorylation and (ii) delayed induction of L13a phosphorylation. 2-4 hours post-IFNγ 

stimulation EPRS is biphosphorylated and released from the MARS complex(Mukhopadhyay 

et al. 2009). Dissociated EPRS interacts with cytosolic synaptotagmin binding, cytoplasmic 
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RNA interacting protein (SYNCRIP/NSAP1) through the region containing phosphorylated 

Ser886 to form an inactive, binary pre-GAIT complex(Mukhopadhyay et al. 2009). 12-16 hours 

post-IFNγ stimulation, L13a, located at the surface of 60S ribosomal subunit, is phosphorylated 

by Death associated protein kinase (DAPK) activated Zipper-associated protein kinase ZIPK 

on Ser77, leading to its release from the ribosome(Mukhopadhyay et al. 2009; Arif et al. 2009; 

Mukhopadhyay et al. 2008). Delayed release of phosphorylated L13a is the rate-determining 

step for GAIT complex formation(Mukhopadhyay et al. 2009; Arif et al. 2009). Phosphorylated 

L13a along with Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) interacts with the pre-

GAIT complex to form an active hetero-tetrameric GAIT complex resulting in a 

conformational shift exposing the binding sites for GAIT element (Mukhopadhyay et al. 2009; 

Arif et al. 2009). 

Table 1.1: Immuno-regulatory roles of MARS complex components.   

 

Abbreviations: PTM, post-translational modification; VSV, vesicular stomatitis virus; GAIT, IFN-γ-activated 

inhibition of translation; PBMC, peripheral blood mononuclear cell; MAPK, mitogen-activated protein kinase; 

TH1, T-helper type 1; BMDC, bone marrow-derived dendritic cell; IgE-Ag, immunoglobulin E-antigen; MITF, 

microphthalmia-associated transcription factor; Ap4A, diadenosine tetraphosphate. 

 

The GAIT complex associates with GAIT element, a bipartite, 29-33 nucleotide stem-loop 

structure within the 3’ untranslated region (3’UTR) of inflammation-responsive mRNAs, 

thereby inhibiting their translation. Recognition of GAIT element by the GAIT complex 

depends upon its tertiary structure and not on the primary sequence, with the exception of two 

relatively invariant nucleotides in the internal bulge(Vyas et al. 2009). Suppression of 
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translation of mRNA occurs via a process involving the circularisation of target 

mRNAs(Mazumder et al. 2001; Wells et al. 1998). EPRS is the lone component of the GAIT 

complex which interacts with GAIT elements of target mRNAs(Mukhopadhyay et al. 2009). 

Phosphorylated L13a associates with translation initiation factor eIF4G at or near the eIF3 

binding site preventing its interaction with eIF3 containing 43S pre-initiation complex(Kapasi 

et al. 2007). The GAIT complex is also known to inhibit the translation of the kinases, namely 

DAPK and ZIPK, thus forming an auto-regulated feedback loop(Vyas et al. 2009; 

Mukhopadhyay et al. 2008; Singer 2008) (Fig. 1.2; Table 1.1). 

Yao and co-workers have discovered a truncated isoform of EPRS christened EPRSN1 

(generated by poly-adenylation pathway) in which UAU, coding for Tyr864 is converted to 

UAA, a stop codon(Yao et al. 2012). EPRSN1 encodes ERS domain at the N-terminus, followed 

by two WHEP domains(Yao et al. 2012). The region of full-length EPRS (EPRS-FL) that can 

be phosphorylated for the GAIT complex assembly is absent in EPRSN1 even though it can still 

bind to the GAIT element(Yao et al. 2012). EPRSN1 competes with its full-length isoform for 

the GAIT element binding, thereby maintaining basal expression of pro-inflammatory 

mRNAs(Yao et al. 2012). 

Interestingly, total protein synthesis remains unaltered during this process(Arif et al., 2018). 

Inflammatory responses differ in humans and mice(Arif et al. 2012). The murine GAIT 

complex is hetero-trimeric and lacks SYNCRIP/NSAP1 due to the lack of conservation of 

Ser886 for binding(Arif et al. 2012). 

The GAIT complex constitutes proteins with canonical functions distinct from their function 

in the GAIT system. EPRS and L13a are the ubiquitous components of the translational 

machinery, but in the GAIT system, these are part of a complex where these are involved in 

translational silencing by interacting with the GAIT element and eIF4G, respectively. GAPDH 

canonically takes part in glycolysis (conversion of glyceraldehyde-3-phosphate to bi-

phosphoglycerate)(J.-W. Kim and Dang 2005; Seidler 2012) and energy production but in the 

GAIT system, it has a chaperone-like activity protecting L13a from proteasomal degradation. 

SYNCRIP/NSAP1, a member of the hnRNP family of RBPs, is known to be involved in the 

packaging of nuclear transcripts, RNA editing, splicing, stabilization, transport, mRNA decay, 

transcriptional control, and internal ribosome entry site (IRES) dependent translational 

control(Geuens, Bouhy, and Timmerman 2016; Bannai et al. 2004; Svitkin et al. 2013; S. M. 

Park et al. 2011; Blanc et al. 2001; Mourelatos et al. 2001) but in the GAIT system, it masks 
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the GAIT element binding sites of EPRS. Both MARS and ribosomal complexes act as a depot 

of stimulus-dependent releasable regulatory proteins, which perform auxiliary functions 

unrelated to their primary function within the parental complex (Fig. 1.2).  

A 32-nucleotide RNA motif exhibiting structural similarity to the GAIT element of human 

transcripts is reported in the genome of the transmissible gastroenteritis coronavirus. The RNA 

motif selectively interacts with EPRS in a similar manner as seen in human cells. In-vitro 

studies show the interaction of EPRS with viral RNA leads to interference with the host defence 

system. It blocks the accessibility of EPRS to host GAIT elements, in turn affecting MDA5-

mediated antiviral signalling.  

 

Figure 1.2: Schematic diagram of translational silencing of a subset of functionally related genes by 

Interferon γ activated inhibitor of translation (GAIT) complex in human myeloid cells. Assembly and 

activation of the GAIT complex occur in two tightly regulated stages. In the first stage, IFNγ induces 

two-step phosphorylation of EPRS at Ser886 and Ser999, in the linker region, by two kinase systems 

Cdk5/p35 and mTORC1/S6K1 respectively, 2-4 hours post INFγ stimulation. Phosphorylated EPRS 

undergoes a conformational change and dissociates from the MARS complex. Unbound phosphorylated 

EPRS interacts with NSAP1 in the cytosol via phosphorylated Ser 886 and forms an inactive pre-GAIT 

complex. 12-16 hours later, L13a is phosphorylated by DAPK-activated ZIPK and is released from the 

60S subunit of the ribosome. Free phosphorylated L13a interacts with GAPDH in the cytosol and 

subsequently associates with the pre-GAIT complex to form a functional GAIT complex. The complex 

binds to GAIT elements located in 3’UTR of transcripts of genes activated during inflammation via 

EPRS and inhibits their translation by a process involving the circularization of target mRNAs. L13a 

interferes with the binding of translation initiation factor eIF4G near the eIF3 binding site to block 

translation. The GAIT complex also represses the translation of DAPK and ZIPK, thereby comprising 

a feedback loop to control L13a phosphorylation and, in turn, the formation and assembly of the GAIT 

complex.  
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GAIT-independent immune function 

The MARS complex is hypothesized to act as a surveillance system for infection. Upon RNA 

viral infection, the MARS complex senses invasion and takes part in antiviral signalling. 

Downregulation of EPRS in macrophages results in enhanced replication of RNA viruses like 

influenza A virus and stomatitis virus and reduced production of antiviral cytokines. Moreover, 

ectopic expression of EPRS attenuates viral replication and enhances the production of antiviral 

interferon β (IFN β). RNA viruses also show enhanced lethality in EPRS+/- as compared to 

EPRS+/+ by virtue of the increase in rates of viral replication and weak antiviral cytokine 

response. Lee and co-workers have shown that upon viral infection, EPRS is phosphorylated 

on Ser990. Phosphorylation of EPRS leads to a conformational change and its subsequent 

dissociation from the MARS complex(E.-Y. Lee et al. 2016). Free EPRS interacts with 

poly(rC) binding protein 2 (PCBP2), a negative regulator of mitochondrial antiviral signalling 

protein (MAVS) in the cytosol. This interaction protects MAVS from Itchy E3 ubiquitin-

protein ligase (ITCH) mediated ubiquitination and degradation, stabilizing MAVS to mount 

antiviral immunity(You et al. 2009). Interestingly, immunofluorescence data shows that the 

MARS complex components EPRS, MRS, and KRS and a few freestanding AARSs, SRS, and 

YRS are recruited to viral factories in the infected cell (Fig. 1.3; Table 1.1).  

 

 

 

 

 

 

 

 

 

Figure 1.3: GAIT complex independent function. Viral infection induces phosphorylation of EPRS at 

Ser 990 in the linker region. Phosphorylated EPRS undergoes a conformational change and dissociates 

from the MARS complex. Free phosphorylated EPRS interacts with PCBP2 and sequesters it from the 
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cytosol and subsequently prevents ubiquitination-mediated degradation of MAVS. MAVS inhibits viral 

replication.  

KRS as a regulator of immune response  

Allergen; immunoglobulin E (IgE) acts as an antigen for mast cells. IgE recognition by 

Immunoglobulin E high-affinity receptors (IgE-FcεRI) leads to its aggregation at the cell 

surface resulting in the activation of mast cells. This congregation at the cell surface leads to 

phosphorylation of KRS at Ser207 (within the anticodon binding domain (ABD)) by MAPK-

dependent kinases: MAPK kinase kinase (MEK)/ extracellular signal-regulated kinase (ERK). 

Phosphorylation of KRS results in change and dissociation from its binding partner AIMP2 

within the MARS complex(Y.-N. Lee et al. 2004; Nechushtan and Razin 2002; Razin et al. 

1999). Phosphorylation diminishes the aminoacylation activity of KRS. Free KRS in the 

cytosol translocates into the nucleus. Phosphorylated KRS interacts with microphthalmia-

associated transcription factor (MITF) and Histidine triad nucleotide-binding protein (HINT), 

forming a multi-protein complex in the nucleus(Krause et al. 1996; Y.-N. Lee et al. 2004; 

Nechushtan and Razin 2002; Razin et al. 1999). Wherein phosphorylated KRS controls the 

levels of diadenosine tetra-phosphate (Ap4A)(Y.-N. Lee et al. 2004). Ap4A is a signalling 

molecule (popularly known as alarmone) that acts as a secondary messenger. Synthesis of 

Ap4A is associated with a subset of tRNA synthetases, but it is most robust with KRS. 70-80% 

cellular Ap4A is synthesized by phosphorylated KRS in the vicinity of the multi-protein 

complex inside the nucleus. Ap4A sequesters HINT from the multi-protein complex, thus 

unmasking the DNA binding sites on MITF(Razin et al. 1999; Razin et al. 1999; Y.-N. Lee et 

al. 2004). Phosphorylated KRS interacts with MITF via the C-terminal domain and guides it to 

carry out the transcription of a subset of genes (i.e., Tryptophan hydroxylase and Mast cell 

protease 5)(Carmi-Levy et al. 2008). In quiescent cells, KRS resides within the MARS complex 

and is involved in translation. Thus, a PTM-like phosphorylation enables host cell KRS to 

switch its function from translation to transcription. (Y.-N. Lee et al. 2004) (Fig. 1.4; Table 

1.1).  

Starvation or TNFα stimulation induces secretion of KRS from human cells. Secreted KRS 

activates macrophages, subsequently inducing TNFα secretion and cell migration. KRS has 

acquired appended domains at N and C-termini containing a caspase 8 specific cleavage site 

and a PDZ binding domain, respectively, during evolution. KRS is a class II tRNA synthetase, 

existing as a homodimer within the MARS complex, wherein the N-terminal extension of one 

masks the C-terminal PDZ binding domain of the other. Starvation activates the enzyme 
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caspase 8. Caspase 8 cleaves the N-terminal extension of KRS, rendering it a monomer. 

Monomeric KRS interacts with Syntenin through the PDZ binding domain. Syntenin guides 

KRS to the exosomes, thereby incorporating it into the lumen prior to secretion from the cell. 

 

Figure 1.4:  IgE-Ag binds to surface FcεRI and activates the mast cells. Activation of mast cells induces 

phosphorylation of KRS at Ser 207 by MAPK cascade and its subsequent release from the MARS 

complex. Free KRS partially translocate into the nucleus and interacts with proteins, MITF, and HINT 

to form a multi-protein complex. Phosphorylated KRS also synthesizes Ap4A in the vicinity of the 

multi-protein complex. Ap4A sequesters HINT from the complex, unmasking the DNA binding sites 

on MITF. Along with phosphorylated KRS, MITF engages in MITF-dependent gene expression.  

Human Immunodeficiency Virus 1 (HIV1) exploits the dynamic nature of the MARS complex 

and redirects its constituents from translation to co-opting for viral replication. The key step 

for viral replication is the reverse transcription of genomic RNA. Viruses use host tRNA iso-

acceptors as primers for reverse transcription. In HIV1 infection, tRNALys,3 is used as a primer 

for catalysing reverse transcription for (-) strand DNA synthesis. Studies show that human KRS 

is selectively packaged into the HIV virion along with the Gag protein, coding for structural 

proteins of the virus. Gag protein encodes Gagpol polyprotein and Gagpol precursor, 

fundamental building blocks of retroviral particles. tRNALys, along with truncated KRS, is also 

encapsided into the virion. In a separate study, upon HIV infection, KRS is phosphorylated on 

Ser207, resulting in its eviction from the MARS complex. Phosphorylated KRS loses its ability 

to charge tRNA even though it retains its tRNA binding ability. Free phosphorylated KRS in 

the cytosol partially translocates into the nucleus upon HIV infection; nonetheless, its relevance 

in viral infectivity and its function inside the nucleus is not known. It can be hypothesized that 
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phosphorylated KRS is probably required for virion packaging and progeny virus infectivity. 

Additionally, Duchon and co-workers have detected low levels of MARS complex-dissociated 

EPRS upon HIV infection. WRS is encapsided and used for viral replication upon Rous 

sarcoma virus infection in host cells. In another instance, Moloney murine leukaemia virus uses 

PRS as a primer for reverse transcription, but the process does not require PRS to be encapsided 

(Fig. 1.5; Table 1.1). 

 

 

 

 

 

 

 

 

 

Figure 1.5: Schematic diagram of the utilization of a dynamic MARS complex by HIV1 in human host 

cells to enhance its replication. During HIV1 assembly, tRNALys,3 acts as a primer for reverse 

transcription. tRNALys,3  is packaged into virion by its interaction with hKRS and viral proteins, Gag 

polyprotein, and Gag pol precursor. HIV1 infection induces phosphorylation of hKRS at Ser 207 and 

its subsequent dissociation from the MARS complex. Free KRS partially translocate into the nucleus, 

and the remaining takes part in HIV1 virion assembly in the cytosol.  

Laminin located in the extracellular matrix interacts with membranous integrins of surrounding 

organs. In cancer cells, the laminin-integrin complex prompts phosphorylation of KRS at Tyr52 

by the p38-MAPK cascade, subsequently leading to its release from the MARS complex. Free 

cytosolic phosphorylated KRS translocates to the plasma membrane, where it associates with 

67 Laminin receptor (67LR) via the N-terminal anticodon binding domain (ABD). The 

interaction inhibits Nedd4-mediated proteasomal degradation of 67LR. Hence the ligand-

receptor interaction at the cell surface induces a cascade of reactions pertaining to a moon-

lighting function of KRS ensuing laminin-dependent cell migration and cell dissemination 

(hallmarks of metastasis). 
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CHAPTER II 

The MARS and GAIT complex respond to infection: A Mass Spectrometric study 

Summary 

In this section, I employ mass spectrometry, post affinity purification, utilising an anti-

EPRS antibody for immunoprecipitation to track the kinetics of the MARS complex. The data 

sheds light on the dynamic changes to the MARS complex post-infection in adult animals. 

Interestingly, I find that the GAIT complex, described in the mammalian host defence response, 

is also stabilised as part of the host defence response of the adult fly. 

1. Introduction  

EPRS seems to serve as a key gatekeeper of inflammatory gene translation, evolving as an ‘off-

switch’ to modulate protein production during the time the host/cell is dealing with an infection. 

EPRS appears to be part of two major complexes, the MARS Complex, and the GAIT 

Complex.  

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1: A. Dynamics of the MARS and GAIT complex, in mammals, in response to infection. 

EPRS, in response to infection, comes off the MARS complex and associates with NSAP1, GAPDH, 

and ribosomal protein L13a to form an interferon γ-activated inhibitor of translation (GAIT) complex. 

The phenomenon has been reviewed in detail (Mukhopadhyay et. al., 2009; Kim et. al, 2014;  Arif et. 

al., 2017). B. Formation of the GAIT complex in Drosophila. Our data, described in this chapter, 

indicates that a GAIT-like complex is also formed in response to the infection of adult flies, with 

components orthologous to that of mammals. Figure Adapted from Arif et. al., 2017. 
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Experimental evidence for the MARS complex in flies is scarce, with limited information on 

the MARS complex (Shafer et. al., 1976; Cerini et. al., 1991; Lu et. al., 2015) and no 

experimental evidence on the existence of the GAIT complex. In mammals, the GAIT complex 

comprises EPRS, NS1-associated protein (NSAP1), ribosomal protein L13a, and GAPDH (Fig 

2.1). The ribosomal protein L13a interacts with the Cp 3’ UTR GAIT element such that L13a 

is required for translational silencing activity in IFNγ-treated cells. Here, EPRS binds the 3’ 

UTR GAIT element in multiple proinflammatory transcripts (e.g., VEGF-A) and inhibits their 

translation in macrophages. 

2. Aim  

In this study, we attempt to experimentally verify the existence of the Drosophila MARS 

complex and study the change in the composition of the MARS complex in response to both 

gram-positive and gram-negative infection. Our validation is in the context of EPRS interacting 

with other members of the MARS complex. Also, interestingly we find that the EPRS also 

associates with a GAIT-like complex in response to infection. 

 

3. Materials & Methods 

3.1 Drosophila husbandry: All flies were raised, and crosses were conducted at 25°C in 

standard corn meal agar unless stated otherwise. w1118 fly lines were procured from 

Bloomington Drosophila Stock Centre (BDSC), Indiana. 

3.2 Infection Assay: Overnight grown cultures of Micrococcus luteus and Ecc15, adjusted to 

OD600 = 100, were used to infect 6-8 day old adult males and females separately (Fig 2.2). Flies 

were infected at the sterno-pleural plate with insect pins dipped in the bacterial culture. They 

were allowed to recover and were shifted to 29°C and sacrificed at different time points 

(0,4,8,16, 24,48 hours) post-infection. 



MARS and GAIT Complex respond to infection 

 37 

 

 

Figure 2.2: A. Infection by Gram-positive (M. luteus) and Gram-negative (Ecc15). Bacterial infection 

was used to activate the major host defence pathways in the adult animal, which include the Toll/NFB 

and IMD/NFB pathways. B. Cellular and humoral response to infection. The infection leads to the 

activation of both the cellular and humoral arms of the immune response. 

3.3 Immuno-precipitation: In total, 6-10 day-old adult flies were lysed at different time points 

mentioned above in Co-IP Lysis Buffer (20 mM Tris pH 8.0, 137 mM NaCl, 1% IGEPAL, 

2 mM EDTA, 1× PIC) using a Bead beater/Dounce homogeniser and centrifuged at 21 000g for 

30 min. 3 mg of total fly lysate was incubated with 10 μg of primary antibody (Rb anti-EPRS) 

and 10 μg of Normal Rabbit IgG for 1-2 hours at room temperature. The Anti-EPRS antibody 

was generated in Courey Lab, UCLA. Antigen–antibody complexes were captured using 50 μl 

of BioRad SureBeads Protein A (1614013) at room temperature for 2 h. Beads were washed 

three times with Co-IP lysis buffer, and protein complexes were eluted by boiling in 1× 

Laemmli sample buffer. Eluted proteins were resolved on a 10% polyacrylamide gel followed 

by western blotting or in-gel trypsin digestion. Proteins separated by SDS-PAGE were stained 

with Coomassie stain. 

3.4 In-gel trypsin digestion and LC–MS/MS analysis: Before in-gel trypsin digestion of the 

Co-IP eluate, the antibody was crosslinked to SureBeads using DMP (Sigma) according to the 

NEB crosslinking protocol to avoid elution of the antibody. After crosslinking 10 μg Caspar 

antibody, Co-IP was performed as described above. In-gel trypsin digestion was carried out as 

previously described. Briefly, Coomassie-stained bands on the gel were excised and cut into 

1 mm cubes. Gel pieces were transferred to a clean microcentrifuge tube and destained with 
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buffer containing 50% acetonitrile in 50 mM Ammonium bicarbonate. Reduction and 

alkylation were carried out on the destained gel pieces by incubating with 10 mM dithiothreitol 

followed by incubating with 20 mM iodoacetamide. Gel pieces were saturated with 

sequencing-grade Trypsin (Promega) at a concentration of 10 ng/μl and incubated overnight at 

37°C. Peptides were extracted by sequential addition of 100 μl of 0.4% Trifluoroacetic acid 

(TFA) in 10% ACN, 100 μl of 0.4% TFA in 60% ACN, and 100 μl of ACN. The pooled extract 

was dried in a vacuum centrifuge and reconstituted with 50 μl of 0.1% TFA. The peptides in 

TFA were purified using the StageTip protocol. 

LC–MS/MS analysis was performed on the Sciex TripleTOF 6600 mass spectrometer 

interfaced with an Eksigent nano-LC 425. Tryptic peptides (1 μg) were loaded onto an Eksigent 

C18 trap (5 μg capacity) and subsequently eluted with a linear acetonitrile gradient on an 

Eksigent C18 analytical column (15 cm × 75 μm internal diameter). A typical LC run lasted 2 h 

post loading onto the trap at a constant flow rate of 300 nl/min with solvent A consisting of 

water + 0.1% formic acid and solvent B consisting of acetonitrile. The gradient schedule for 

the LC run was 5% (vol/vol) B for 10 min, a linear gradient of B from 0% to 80% (vol/vol) 

over 80 min, 80% (vol/vol) B for 15 min and equilibration with 5% (vol/vol) B for 15 min. 

Data were acquired in an information-dependent acquisition mode over a mass range of 300–

2000 m/z. Each full MS survey scan was followed by MS/MS of the 15 most intense peptides. 

Dynamic exclusion was enabled for all experiments (repeat count 1; exclusion duration 6 s). 

Peptide identification and quantification were carried out with the SCIEX Protein Pilot 

software at a false discovery rate of 1%. A Ref Seq Drosophila protein database (release 6) 

was used for peptide identification. Proteins that were identified in two or more replicates and 

had two or more quantified peptides were tabulated. 

4. Results 

4.1 EPRS immune-precipitates pull down the multi-aminoacyl tRNA synthetase complex 

in Drosophila: To assess whether EPRS exists as a part of the multi-aminoacyl tRNA 

synthetase complex (MARS complex), we have used an EPRS antibody generated in Courey 

Lab to immuno-precipitate EPRS and its interactors. The anti-EPRS antibody recognises the 

two isoforms of EPRS running at 108 kDa and 180 kDa in adult whole fly lysates with 

specificity in a western blot, which is not seen in the immune precipitates of the pre-immune-

sera. EPRS immune-precipitates could enrich EPRS as visualised by western blotting. To 

identify the interactors of EPRS, we processed EPRS immune-precipitates through mass 
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spectrometry from adult male and female lysates individually and found that EPRS associates 

with cytoplasmic proteins involved in protein synthesis including the components of the MARS 

complex.  

 

 

 

 

 

 

 

 

 

 

Figure 2.3: Uncovering interactors of EPRS using immunoprecipitation A. IP and in-gel digestion. 

The adult lysates were subject to IPs using both anti-EPRS and an IgG control. The affinity-purified 

proteins were separated on a 10% SDS-PAGE gel, and 10 slices were cut in each lane (control & 

experimental) at equivalent positions of m.w; the sliced gel fragments were subjected to trypsin 

cleavage as described in Materials & Methods with the eluted fractions subject to LC-MS.     B. MARS 

complex components affinity purified along with EPRS. In general, in Drosophila adults, all 

orthologous MARS components could be identified in the LC-MS experiments except KRS.  

These enzymes correspond to aminoacyl tRNA synthetases specific to amino acids Glu, Pro, 

Ile, Leu, Met, Gln, Lys, Arg, and Asp, and three non-synthetase proteins aminoacyl tRNA 

synthetase interacting proteins (AIMPs). The MARS complex in Drosophila is composed of 

eleven polypeptides ranging from 18 k Da to 180 k Da (Fig 2.3). Earlier, The MARS complex 

has been isolated from the Schneider cells; purified to homogeneity by Kerjan et. al, 1994 

during their attempt to test the ubiquity of the MARS complex in all metazoan species, who 

searched for a complex like that obtained from mammalian cells along with a few other 

metazoans. They were the first group to show that the MARS complex is an idiosyncratic 

feature of all eukaryotic cells and that the composition of the MARS complex is conserved 

from Drosophila to humans.  
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4.2 Sexual dimorphism at the molecular level, EPRS interaction is different between 

males and females: IP experiments were conducted separately in both males and females. The 

experiments suggest that the composition of the MARS complex shows sexual dimorphism. In 

males, the data parallel data from mammals, with all members, except KRS, being significantly 

enriched along with EPRS. IRS, MRS, and LRS are enriched significantly, in agreement with 

these being part of sub-complex I in MARS. AIMP1 and AIMP3, and also members of sub-

complex II (QRS, RRS, AIMP1), are enriched but with lower peptide counts (Fig 2.4), 

suggesting that subcomplex I is the most stable element of MARS in adult male flies. 

 

Figure 2.4: Sexual Dimorphism in the formation of the MARS complex. A. Components of the 

MARS complex. The IP data suggests that, unlike in males, in females, the MARS complex is relatively 

unstable. B. Heat map of peptide counts for different members of the MARS complex. Data suggests 

that the absence or lack of interaction of IRS (arrow) being a major cause for the reduced complex 

formation. KRS (*) is not enriched as a component of MARS in our hands. 

In females, the data suggests that in comparison with males, subcomplex I is not as stable, and 

there being no association of EPRS with elements of subcomplex II (QRS, RRS, AIMP1, 

AIMP2), where counts are at or nearly zero (Fig 2.4). 

 

4.3 Kinetics of EPRS and the MARS complex in Drosophila post-infection: Since EPRS 

exists as a dimer in the MARS complex, we measured the levels of EPRS enriched by IP over 

a 48-hour time period, post-infection, by both M. luteus and Ecc15 (described in Materials & 

Methods) to the adult fly. IP with an IgG control was used as an affinity control. Our data 

suggest that EPRS is enriched post-infection. The kinetics appear to depend on infection with 
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a rapid increase in EPRS in the case of M. luteus infection and sustained retention of the stage 

even up to 48 hours (Fig 2.5).  

Fig 2.5: Kinetics of EPRS. Peptide counts of EPRS show an increase for both M. luteus and Ecc15 

infections. If the EPRS levels are assumed to be a proxy for the formation of the MARS complex, then 

the same is enriched in response to infection. The kinetics of complex formation differ for gram-positive 

vs gram-negative infections. 

In the case of the weaker Ecc15 infection, the upswing of infection is relatively slower, with a 

sharp peak at ~8 hours and a drop to baseline levels at 16 hours post-infection, suggesting that 

the pathogen is no longer a threat.  

What about the interaction of other members of the MARS complex, with EPRS, in response 

to infection? The data (Fig 2.6) suggests that subcomplex I (IRS, DRS, QRS, MRS and LRS) 

are enriched in the case of M. Luteus infection, suggesting the stabilisation of the complex. 

Figure 2.6: Kinetics of the MARS complex in response to infection. For M. luteus, the core members 

of the MARS complex are upregulated. The effects are weaker in the case of Ecc15 infection. When 

both pathogens (M. luteus, Ecc15) are used for infection simultaneously, again, an upswing and 

downswing of complex formation is seen, using peptide counts as a readout.  

 For infection with Ecc15, post-infection, the data for complex formation is relatively 

weaker, with peptide counts falling by 50%. For a dual infection, the effects are intermediate. 
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Is the number of counts of peptide a reflection of increased transcription (and, therefore, 

translation)? This does not appear to be the case, as levels of mRNA for MARS complex genes 

remain stable (Fig 2.7) and are not upregulated at the peak of MARS complex formation.  

 

Figure 2.7: No change in transcript levels after infection for genes coding for proteins in the 

MARS complex. For both M. luteus & Ecc15 infection, the levels of mRNA do not increase or decrease 

significantly, suggesting that the enrichment of the MARS complex is not a result of increased protein 

expression. The enrichment of the MARS complex is, in all probability, facilitated by post-translational 

modifications that mediate protein: protein interactions.   

This suggests that the increase in enrichment of EPRS and its interactors is a result of 

infection-mediated signalling, with all probability that post-translational modification of EPRS 

or other members of the MARS complex is biasing the formation of the complex.  

4.4 A GAIT-like complex is formed in response to infection: There has been no description 

of a GAIT complex in Drosophila. Here, we report that in agreement with the GAIT complex 

in humans, EPRS associates with GAPDH1, Rpl13a and Snycrip in response to infection (Fig 

2.8). 

 

Figure 2.8: A GAIT-like complex in Drosophila. Post-infection, by monitoring the interaction of 

GAPDH and NSAP1/Syncrip, we monitored the possibility of the formation of a GAIT-like complex 

in response to infection. We find the association of both proteins increases by 4 hours post-infection 
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and reduces back to baseline by 48 hours post-infection. The kinetics appear to be different for males 

vs females.   

Using Syncrip/NSAP1 as a reporter, we find that this protein is not associated with EPRS in 

the absence of infection, based on peptide counts in EPRS-enriched immune precipitates. Post-

infection, as early as 4 hours, the Syncrip associates strongly with EPRS showing 40 (females) 

and 100 (males) peptide counts. A similar increase in GAPDH1 is seen post-infection. This 

suggests that a GAIT-like complex is formed in flies but only in response to infection. 

4.5 Association/Dissociation of non-GAIT, non-MARS elements with EPRS: In addition, 

with the AARS and the AIMPs, a number of novel proteins are found to be associated with 

EPRS or its complexes in response to infection (Fig 2.9). Like other MARS interactors, the 

kinetics of the association with EPRS differs between males and females. These proteins with 

their functions are tabulated in panel B (Fig 2.9). None of these are listed as physical interactors 

under non-interactive conditions in Flybase, suggesting that the interactions are a specific 

response to immunity.  

Figure 2.9: Non-GAIT, non-MARS players that interact with EPRS. A number of novel proteins 

that have earlier not been linked to EPRS (or the MARS complex) have been identified in our 

proteomics screen. These proteins engage with EPRS post-infection with differential kinetics (A), 

which vary between males and females. These proteins have varied functions in cell (B), suggesting 

connectivity between EPRS and the regulation of these functions. 

Interestingly, Uba1 is one of the interactors enriched, indicating a possible role for SUMO 

conjugation of EPRS or other members of the MARS complex in response to infection. 
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 Also interesting is a list of proteins that are interacting with EPRS (or one of its 

complexes) and which dissociate with infection. These include (Fig 2.10), Sod2, Ago1, Syt1, 

Pp1-87B and chic in females and Spn77Bc in males.  

   

Figure 2.10: Dissociating partners in response to infection. A number of proteins cease their 

interaction with EPRS in response to infection. This suggests that under immune stress, EPRS steps 

away from a set of collaborative functions with these proteins that are resumed only after the host has 

secured itself against pathogenic attack. 

 The data of proteins that change their association status with EPRS in response to 

infection builds a picture of a dynamic EPRS protein:protein association landscape that is 

modified based on function. EPRS, either as part of the MARS/GAIT complex or on its own, 

appears to be collaborating in a number of cellular functions that are part of its moonlighting 

repertoire. Our data further highlight our limited understanding of the dynamic roles that EPRS 

plays within the cell. 
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CHAPTER III 

 

SUMOylation of Arginyl tRNA Synthetase Modulates the Drosophila Innate 

Immune Response 

 

Summary 

SUMO conjugation of a substrate protein can modify its activity, localization, 

interaction, or function. A large number of SUMO targets in cells have been identified by 

Proteomics, but biological roles for the need for SUMO conjugation for most targets remain 

elusive. 

In this study, I find that Arginyl tRNA Synthetase (RRS), an enzyme involved in 

charging Arginine to its cognate tRNA, is SUMO conjugated. The sites for SUMO conjugation 

are Lys 383 & 579. Replacement of these residues by Arg (RRSK383R, K579R) creates a SUMO 

conjugation-resistant variant (RRSSCR) of RRS. Further, to understand biological roles for 

SUMO conjugation of RRS, we have generated an RRSnull animal using CRISPR/Cas9 genome 

editing and have rescued the lethality of the RRSnull by expressing either RRSWT or RRSSCR 

ubiquitously using the UAS-Gal4 system. Adult animals expressing RRSWT and RRSSCR are 

compared and contrasted for physiological changes. 

 RRSSCR animals, when compared to RRSWT, show increased inflammation on infection, 

as measured by the activation of anti-microbial genes using Quantitative RNA sequencing. 

Also, the assembly of the 1.2 MDa supramolecular cytoplasmic tRNA synthetase complex 

(MARS), of which RRS is a member, is enhanced on infection. Other members of the MARS 

complex, such as Glutamyl-Prolyl tRNA Synthetase also show SUMO conjugation on 

infection. 

Our study thus uncovers a noncanonical role for RRS. Infection in Drosophila leads to 

SUMO conjugation of a subset of tRNA synthetases in the MARS complex, with SUMO 

conjugation of RRS leading to attenuation of transcription of anti-microbial defence genes.  

 

1. Introduction 

Aminoacyl-tRNA synthetases (ARSs) are ancient, evolutionarily conserved enzymes 

whose primary housekeeping function is to catalyse the aminoacylation of transfer RNAs 

(tRNAs)(Schimmel and Soll, 1979; Rubio Gomez and Ibba, 2020). In addition to their primary 

role of charging tRNA, ARSs also have noncanonical, ‘moonlighting’ functions (Guo and 

Schimmel, 2013; Yao et al., 2014). These secondary functions are driven by modifications to 
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the polypeptide chain by mutations, domain addition, or Post-Translational modifiers 

(PTMs)(Sampath et al., 2004). ARSs are a target of a variety of PTMs, with phosphorylation 

being studied extensively (Arif et al., 2017). The small ubiquitin-like modifier (SUMO; (Hay, 

2005; Geiss-Friedlander and Melchior, 2007)) is one such PTM that targets ARSs. Proteomic 

studies on a wide range of eukaryotes have suggested (Panse et al., 2004; Golebiowski et al., 

2009; Nie et al., 2009; Pirone et al., 2017; Hendriks and Vertegaal, 2016) that at least fourteen 

of the twenty ARSs are SUMO conjugated (SUMOylated) (Table 3.1).  

In mammals, nine of the tRNA synthetases (Glu-Pro, Ile, Leu, Met, Gln, Lys, Arg, Asp) 

are part of a ~1.2 MDa Multi-acyl tRNA Synthetase (MARS) complex, along with three non-

ARS components (AIMP1-3) (Khan et al., 2020). In addition to acting as a ‘depot’ or reservoir 

for tRNA synthetases and facilitating related translational functions, the release of individual 

components in response to stimulus, both internal and external, regulates the noncanonical 

functions of these proteins, inclusive of the AIMPs. The released components can be secreted 

or relocated to a different cellular compartment (Ray and Fox, TIBS, 2007) (Park SG, Kim 

2008, PNAS). The MARS complex is now perceived as a hub for many signalling networks 

within the cell (Park SG, Kim 2008, PNAS). The MARS complex is conserved from insects to 

mammals, with the Drosophila MARS complex (Kerjan et al., 1994; Havrylenko and Mirande, 

2015) containing orthologs of the 11 components seen in mammals. 

In an experiment to uncover proteins that are SUMO conjugated in response to 

infection, our laboratory identified 12 ARSs as potential targets using a quantitative proteomics 

screen (Handu et al., 2015). The study suggested that SUMOylation of ARSs was a response 

to immune signaling. Using an in-bacto SUMO conjugation assay (Nie et al., 2009), we 

validated a subset of Drosophila ARSs as being SUMOylated. Next, we focused our attention 

on one substrate, namely Arginyl tRNA synthetase (RRS). We determined that K147 and K383 

in RRS were the targets of the SUMO machinery and generated transgenic wildtype and SUMO 

conjugation resistant (SCR) transgenic lines for RRS using a combination of CRISPR Cas9 

genome editing and UAS-Gal4 system. A comparison of the transcriptome of RRSWT versus 

RRSSCR
 adult flies, in response to both gram-positive and gram-negative infection, led us to 

suggest that SUMOylation of RRS could modulate the host-defense response in Drosophila.  
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2. Materials & Methods 

2.1 SUMO conjugation assay: SUMOylation of constituents of the MARS complex was 

tested by expressing the target/substrate protein simultaneously with the Drosophila SUMO 

cycle components based on a published protocol (Nie et al., 2019). Target proteins from the 

Drosophila Gold cDNA collection, procured from the Drosophila Genome Resource Centre 

(DGRC), Bloomington, Indiana, were sub-cloned into pGEX-4T1 (Promega) and pET-45b and 

subsequently sequenced for validation. For visualization of SUMO conjugation, bacterial 

lysates were affinity purified using Glutathione-Agarose beads (Invitrogen) or Ni NTA-

Agarose beads (Qiagen), run on an SDS-PAGE gel and monitored using mouse anti-GST 

antibody (sc53909, 1:5000; Santa-Cruz-Biotechnology), Rabbit anti-HA antibody (DW2, 

1:3000; Millipore) and mouse anti-6X-His antibody (H1029, 1:1000; SIGMA) using Western 

blotting. The SUMO-conjugated forms appear as bands of a higher molecular weight. 

2.2 SUMO-binding-motif and SIM-motif prediction: Putative SUMO acceptor lysines and 

SIM-motifs of all the MARS complex components of Drosophila were predicted in-silico, 

using Joined Advanced SUMOylation and Sim motif Analyzer (JASSA) tool with cut-off 

threshold criteria set at “high” (Beauclair et al., 2015). 

2.3 Identification of evolutionarily conserved SUMO target lysine residues in-silico: 

FASTA sequences of RRS for model organisms belonging to different eukaryotic groups were 

procured from the UniProt protein database. Multiple sequence alignment (MSA) was done on 

the basis of homology extension using PSI-COFFEE (Chang et al., 2012). SUMO acceptor 

lysines were compared across different representative organisms post-alignment. 

2.4 Homology model for Drosophila RRS: The automated SWISS-MODEL server 

(Waterhouse et al., 2018) was used to generate structural models (RRSWT, ΔRRS) using default 

parameters. The human 4Q2T PDB structure (Kim et al., 2014a), solved at a resolution of 2.4 

Å, containing a bound Arginine at the active site, was used as a template.  

2.5 Generation of ΔRRS using CRISPR Cas9 technology: CRISPR Cas9 technology was 

employed to generate RRS null fly lines. Single guide (sg)-RNAs targeting the RRS coding 

region in the 5’UTR and Exon-5 were designed using CRISPR Optimal Target Finder 

(COTF;(Gratz et al., 2014)), a web tool for identifying CRISPR target sites and evaluating their 

specificity. The RRS gene region was sequenced prior to the experiment to design the gRNAs 

to account for SNPs at the sgRNA target sites. The sgRNAs were cloned into the pU6-BbsI-
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chiRNA (Addgene # 45946) plasmid, which was then docked into y1 v1; P{CaryP}attP40 

Drosophila line (BDSC 36304), by transgenic injections, at the NCBS-CCAMP transgenic 

facility, Bangalore, India. The transgenic dual sgRNA line was crossed to the nanos-Cas9 

(BDSC 54591) line. The founder male progenies obtained were crossed to w-; FM7a balancer 

females wherein the Cas9-sgRNA complex is formed in the germline. In the next generation, 

three heterozygous female progenies from each cross (60 lines, each labelled A, B, and C) were 

maintained as a separate line over a FM7a balancer. Since the genomic RRS is located on the 

X chromosome, putative RRS null lines were screened for male lethality. Lines showing male 

lethality were chosen for PCR-based confirmation of the deletion. Single-fly genomic PCR for 

the extended gene region of RRS was performed on heterozygous females, and the mutations 

were confirmed through sequencing. 

2.6 pUASp AttB fly lines/strains: RRS-WT and RRS-SCR(K147,383→R) were sub-cloned 

into pUASp-attP2 using a homology-based recombination technique, a modification of the 

SLiCE protocol (Zhang et al., 2014). These were injected into AttB lines for the generation of 

transgenic fly lines. Fly lines were balanced with ubiquitously expressing Gal4s (Actin-

Gal4/Ubiquitin-Gal4) of the following genotype Actin-Gal4/+;UAS-RRS-WT/+, Actin-

Gal4/+;UAS-RRS-SCR(2MT), Ubiquitin-gal4/+;UAS-RRS-WT/+ and Ubiquitin-Gal4/+:UAS 

SCR(2MT). All experiments were carried out with the Actin-Gal4 line. 

Culturing and processing bacteria for infections: M. luteus and Ecc15 were plated on Luria-

Bertani (LB) agar plates and grown in LB broth under antibiotic selection. Bacteria were 

collected from the plate or pelleted and re-suspended in 1X PBS to make a concentrated 

solution. 

2.7 Fly infections: 6–8-day-old males were collected and placed at 29 °C for 48 hours to 

acclimatize the flies to infection temperature. To cause septic injury, flies were pricked in the 

thorax with a needle dipped in the concentrated solution of bacteria. To activate the Toll 

pathway and Imd-pathway, flies were infected with M. luteus and Ecc15, respectively, at an 

Optical density of 100, measured at 600 nm. To measure gene expression levels, infected flies 

and non-infected controls were incubated at 29 °C for the time required, after which they were 

collected by snap-freezing them in liquid nitrogen and stored at −80°C until RNA extraction. 

Infectivity assays were done in three biological replicates, ten flies per replicate. For survival 

experiments, flies were pricked in the same way as for the gene expression measurements. 
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2.8 Total RNA extraction cDNA library construction and sequencing: Total RNA was 

extracted from adult flies with the following genotypes ΔRRS/Y; Actin Gal4/+; UAS-RRS 

WT/+ and ΔRRS/Y; Actin Gal4/+; UAS-RRS SCR/+, 10 days post eclosion, in triplicates using 

RNeasy Plus Universal Kits (Qiagen; Part #74104) under control and infected conditions, 

according to manufacturer’s instructions and RNA integrity was assessed. 3’ mRNA-specific 

libraries were amplified using QuantSeq 3' mRNA-Seq Library Prep Kit FWD using the 

manufacturer’s instructions. Quality assessment for the cDNA libraries was done using 

Bioanalyzer 2100 (Agilent Technologies). Single-end 75bp sequencing of the pooled libraries 

was performed on the Illumina NextSeq 500 platform. 

2.9 Demultiplexing, adapter trimming, read mapping, counts generation, and differential 

expression analysis: On average, 4-5 million reads were generated per sample. The raw reads 

were demultiplexed using bcl2fastq, and the adapters were trimmed using bbduk v35.92. 

Sequencing quality was assessed using FastQC v0.11.5. Post quality control, the reads were 

mapped to the Drosophila genome (dm6) using STAR aligner v.2.5.2a (Dobin et al., 2013). 

Gene expression levels were measured using the counts generated by HTSeq-count v 0.6.0 

(Anders et al., 2015). The gene expression counts were normalized for all samples together, 

and the biological conditions were compared pairwise using DESeq2 (Love et al., 2014). The 

Principle Component Analysis using the ‘R’ package of the regularized log counts was used to 

remove outliers from the final differential expression analysis. The regularized log-transformed 

counts of the transcripts from DESeq2 were used to determine upregulated and downregulated 

genes across biological samples. Genes with log2(FC) values ≥0.55,  <-0.55 and -log10(FDR) 

values ≥2 were considered for further analysis. Gene Ontology analysis was done using a 

subroutine in Flybase. 

Custom Venn diagrams were made using the Venneuler package in R to show the overlap and 

differences between the differentially expressed gene lists. Volcano plots were made using 

GraphPad Prism 8.0.2 for visual identification of genes with large fold changes that are also 

statistically significant. 

2.10 Survival Analysis: Survival assays were carried out on RRSWT and RRSSCR flies. For each 

experiment, flies were infected 10 days post-eclosion. ~40 age-matched male flies of the 

desired genotype were collected, each vial containing 10 flies. Animals were flipped to a fresh 

vial every 5 days, with the number of flies recorded per vial daily. The survival data were 

plotted and analysed using the log-rank test in Prism 8. 
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Real Time-PCR:   mRNA was extracted from 10-day-old adults post-infection using Qiagen 

RNeasy mini kit (74104). 500 ng of RNA was used for the cDNA synthesis using the High 

Capacity cDNA Reverse Transcriptase Kit (4368814) by Applied Biosystems. The qPCR 

reaction was carried out using KAPA SYBR FAST (KK4602) Sigma using Analytik Jena - 

qTOWER³ – Real-Time PCR Thermal Cycler. The experiments were carried out in triplicates 

with two technical replicates each. The relative fold change for each genotype was calculated 

by normalising it to housekeeping gene rp49. The data was analysed by Two-way ANOVA 

followed by Tukey’s test for multiple comparisons. The primer pairs used are listed in the 

Resource Table (Resource Table). 

 

3. Results  

3.1 The MARS Complex is a target for SUMO machinery. Proteomics studies in a host of 

organisms suggest that members of the MARS Complex are SUMOylation targets (Table 3.1, 

Fig. 3.1) (Panse et al., 2004; Tatham et al., 2011; Handu et al., 2015), including studies in 

Drosophila (Handu et al., 2015; Pirone et al., 2017). Handu et al., 2015 specifically enriched 

proteins that changed their SUMOylation status in response to a broad activation of immune 

pathways, with ARSs being significant targets. As a first step to validate the targets, we cloned 

members of the Drosophila MARS complex (Lu et al., 2015) into bacterial expression vectors 

and screened their ability to be SUMOylated in an in-bacto system (Nie et al., 2009), which 

uses Drosophila enzymes expressed in bacteria for SUMO conjugation. We find that five 

ARSs, EPRS, RRS, KRS, DRS, and one AIMP (AIMP1), were modified by SUMO (Fig. 3.1A-

F).  

 

 

 

 

 

 

 

 

 

 

 

 

https://www.3vchimica.it/qtower%c2%b3-real-time-pcr-thermal-cycler/
https://www.3vchimica.it/qtower%c2%b3-real-time-pcr-thermal-cycler/
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Table 3.1: SUMO conjugated proteins based on Proteomic studies. Data in the literature suggests that 

elements of the MARS complex are SUMO Conjugated. The table compiles studies from yeast, flies, 

and mammals. Cells marked with grey indicate that the protein in the corresponding row is SUMO 

conjugated, based on Proteomics data.   
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Figure 3.1: Drosophila MARS Complex is a target of SUMO conjugation machinery. A-F. Validation 

of SUMOylation by in-bacto SUMO conjugation. Genes coding for Drosophila MARS components 

were cloned (see Materials and Methods) and tested for SUMO conjugation using the in-bacto 

SUMOylation (Nie et. al., 2009). Here, the proteins to be tested are fused with GST and expressed in 

bacteria along with Drosophila SAE1/SAE2, Ubc9, and the matured form of SUMO, SUMO-GG (Nie 

et. al., 2009). AIMP1, RRS, DRS, and KRS were SUMO conjugated (panel A-D), while IRS did not 

show conjugation (panel E). The WHEP domain of EPRS was expressed to demonstrate the 

SUMOylation of EPRS (panel F). The black and red arrows denote the bands corresponding to non-

SUMOylated (unmodified version) and SUMOylated species of the concerned protein. ‘*’ indicates a 

band corresponding to non-specific proteins. 

 

MRS and LRS could not be expressed, while IRS was expressed and not SUMO 

conjugated. The SUMOylation status for QRS, AIMP2, and 3 was inconclusive due to low 

protein expression and high background in western blots. Of these, we choose RRS as a target 

to characterize, it being an understudied target showing robust SUMOylation. 

RRS is a ubiquitous, cytoplasmic, Class I Aminoacyl tRNA Synthetase. It has three 

major domains an N-terminal coiled-coil leucine zipper domain, a central synthetase catalytic 

core domain, and a C-terminal all alpha-helical anticodon binding domain called DALR 
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domain. There is only one protein-coding transcript and only one polypeptide associated with 

the gene in flies, unlike in higher organisms like mammals, where the RRS gene codes for two 

isoforms via alternative initiation. The full-length complexed form provides arginyl tRNA for 

protein synthesis, and the free form, provides arginyl tRNA for N-terminal arginine 

modification (Arginylation) of proteins with the aid of protein Arginyl transferase.   Prediction 

of SUMO conjugation sites (Beauclair et al., 2015) in the RRS sequence suggests that RRS has 

a strong consensus SUMO conjugation motif at K383. Our experimental data suggested that 

RRS can show upto two SUMO conjugates (Fig. 3.2A-B), and multiple rounds of mutagenesis 

followed by in-bacto SUMOylation led to the finding that a mutant RRSK147R, K383R is SUMO 

conjugation resistant (RRSSCR) (Fig. 3.2B).  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2: A. RRS is SUMO conjugated. When co-expressed with Drosophila E1, E2, and 6X-His: 

SUMO, RRS shows a single extra band running ~20 KDa higher than RRS itself in Western blots. The 

band also cross-reacts with an anti-His antibody (data not shown), confirming that it represents a 

SUMO-conjugated species. The band is not seen when a SUMO(ΔGG) variant, which is unable to 

conjugate to a substrate, is used. A second faint band seen in overexposed Western blots suggests that 

RRS may have a second SUMOylation site. B. RRS is SUMO conjugated at K147 and K383. Based 

on predictions of SUMO conjugation sites from JASSA (Beauclair et al., 2015), mutagenesis of four 

lysines was carried out one at a time. None of the single mutants showed loss of SUMOylation. Amongst 

double mutants, RRSK147R, K383R double mutant was resistant to SUMO conjugation. The black and red 

arrows denote the bands corresponding to non-SUMOylated (unmodified version) and SUMOylated 

species of the concerned protein, respectively. 

 

RRS is part of subcomplex-II (Fig. 3.3) in the MARS complex, associating intimately 

with QRS and AIMP1. Analysis of the crystal structure of sub-complex-II suggests that the 

equivalent amino acids in the human structure (Fig. 3.4A, 4R3Z, (Fu et al., 2014)) are not part 

of the protein: protein interface with either QRS or AIMP1. 
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Figure 3.3: Schematic of the RRS and the MARS complex. Drosophila RRS consists of a Leucine 

zipper domain (LZD), a catalytic core, and C-terminal tRNA binding domain. In the MARS schematic, 

the ARSs are labelled with a single letter code, with the grey shading denoting mass spectrometric or 

in-bacto evidence for SUMO conjugation (Fig. 3.1). RRS is part of sub-complex II (marked with red 

dashed line), interacting with QRS and AIMP1. 

 

We generated a structural model (Fig. 3.4B) of RRS using the automated SWISS-

MODEL server (Waterhouse et al., 2018), using the 4Q2T PDB structure (Kim et al., 2014a) 

as a homology model and mapped the two conjugation sites onto the fly model (Fig. 3.4C). 

K147 is part of a low-scoring SUMO target motif (LKGH), at the end of a predicted helix, in 

a region that is not conserved (Fig. 3.4B-C). K383 is part of a high-scoring SUMO consensus 

motif (VKSD) in a conserved loop near the Arginine bound active site. The nearest residue 

which interacts with the bound Arg is F388. 

 

 

 

 



SUMOylation of RRS 

 

 

57 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.4: A. Schematic of the structure for the human QRS:RRS: AIMP1 complex (PDB-ID 

4R3Z). The SUMOylation sites in the fly RRS were mapped to the human RRS structure after sequence 

alignment. The SUMOylation sites were distant from the binding regions of both QRS and AIMP1 and 

did not appear to interact with any component of MARS, based on current structural models (Khan et 

al., 2020). The fly K383 equivalent in humans, K378, is in a loop region. (arrow) and is a predicted 

SUMO conjugation site. B. Homology model of Drosophila RRS. A homology model of fly RRS, 

based on the Arg bound 4Q2T structure as a template. The structure includes residues 76-665 but not 

the N-terminal LZD (1-75). K383 is in a loop outside the Arg binding site, while K147 is at the end of 

a helix. C. SUMO conjugation site is conserved from flies to mammals. SUMO conjugation sites 

(K147, K383) for the fly RRS are underlined, with the target Lys marked in red. Based on the sequence 

alignment of fly and human RRS, the K383 site is in an evolutionarily conserved region, while the K147 

is not. 

 

3.2 Generation of a ΔRRS line using CRISPR Cas9 genome editing. The UAS-Gal4 system 

is an ideal system to express RRSWT and RRSSCR in an RRS-null (ΔRRS) background. Since 

the ΔRRS line is not available, as a first step, we used CRISPR Cas9 genome editing to generate 

the same. A transgenic dual-guide RNA line (UAS-RRSdual-gRNA) was created (See Materials and 

Methods) to express gRNA that would recognize the 5’ UTR and 3’ end of the coding region 

of the RRS gene (inverted red triangles, Fig. 3.5A), near the translation start and stop sites. Our 

goal was to remove a major portion of the coding region to create a ΔRRS animal.  
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Figure 3.5: An RRS-null (ΔRRS) line generated using CRISPR Cas9 genome editing. A. Design 

of the dual guide-RNA for excision of the RRS locus. The RRS gene is located on the X chromosome. 

It has five exons, which code for a single annotated transcript that spans 2377 bp. Two gRNAs (inverted 

red triangles) were designed in the 5’ UTR and 3’ end of the coding region. Our goal was to excise most 

of the coding region and generate a RRS null line. B. Excision of the RRS locus to generate a ΔRRS 

line. A UAS-RRSdual-gRNA line was generated (Materials & Methods) and crossed to nos-Cas9 animals. 

Sixty lines were balanced over a first chromosome balancer and screened for male lethality. None of 

the seven male lethals had the expected deletion in the RRS locus, based on PCR. 

 

The UAS-RRSdual-gRNA line was crossed to a nos-Cas9 animal (Fig. 3.5B), and sixty lines 

stabilized by balancing the putative nulls over an X chromosome balancer, FM7i where the 

balancer chromosome expresses GFP. Of these lines, seven were male lethal, which was 

indicative of a successful excision of the RRS locus since the absence of the RRS on the X 

chromosome would lead to lethality. Single-fly genomic PCRs were conducted on these lines, 

but the genomic PCR products did not show the expected 2.1 kb deletion that would be a 

consequence of the removal of the RRS genomic region. To probe the observed male lethality, 

we sequenced the genomic region of two lines, 6B1 and 18B1. To our surprise, we found that 

even though the coding region was not deleted, the gRNA activity caused changes to the 

sequence of the wildtype genome in the sites targeted by both gRNA (Fig. 3.6A-B), and these 

modifications presumably led to the generation of a functional RRS-null (ΔRRS). ΔRRS6B1 has 
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a 13 bp deletion in the 5’UTR region (Fig. 3.6A-B, Fig. A.3.1A), while in the case of ΔRRS18B1, 

there appeared to be an 11 bp insertion in the same region (Fig. A.3.1B). In both cases, the 

5’UTR is disrupted (Fig. 3.6A-B, Fig. A.3.1). The 5’UTR serves as the entry point for the 

ribosome during translation and can adopt elaborate RNA secondary and tertiary structures that 

may regulate translation initiation (Curran and Weiss, 2016; Leppek et al., 2018). To test the 

stability and/or expression of the transcripts, we measured mRNA levels using quantitative 

real-time PCR (qRT-PCR) in 1st Instar larvae. ΔRRS die during IInd instar larval stages, with 

embryonic survival till 1st Instar presumably driven by maternal RRS. ΔRRS homozygous 

larvae, identified by their lack of GFP fluorescence, show a 40% reduction in RRS transcripts 

as compared to wt (Fig. 3.9A-B). We believe that maternal RNA still perdures at this stage, 

and reduces as the animals transit to the 2nd Instar. The transcript levels measured are thus a 

sum of maternal and zygotic RNA. 

 

 

 

Figure 3.6: A. ΔRRS lines generated by disruption of the 5’UTR. Genomic DNA Sequencing of the 

6B1 line in the RRS genomic region reveals deletions/insertions in the RRS locus at the gRNA binding 

site(s). A 13 bp deletion is seen in the 5’UTR and a 6 bp insertion near the 3’ end of the coding region. 

B. Schematic of the mutations in the ΔRRS6B1 line. Schematic showing the deletions near the 

translation start site and insertion in the coding region near the translational stop site. DNA sequences 

for each perturbation are also shown. 
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Sequence changes in the coding region were also seen in both lines (Fig. A.3.1). For 

ΔRRS6B1, a 6 bp insert would lead to the incorporation of a Leu and Phe (Fig. 3.6A-B, Fig. 3.7, 

Fig. A.3.1) in positions 604 and 605, within the RRS sequence; For ΔRRS18B1, the sequence 

corresponding to the C-terminal domain could not be elucidated in spite of multiple sequencing 

attempts (Fig. A.3.1B). For ΔRRS6B1, the insertion may perturb the structure of the C-terminal 

tRNA binding domain. One possible scenario is the disruption of the predicted (Craig and 

Dombkowski, 2013) C515:C604 disulfide bond (Fig. 3.7) in the Drosophila structural model, 

which could lead to significant destabilization of ΔRRS6B1 and make it a functional null. The 

RRS6B1 line (ΔRRS) with defined mutations in the 5’ UTR and coding region and with 

homozygotes dying in the 1st to 2nd Instar transition was used for all further experiments. The 

ΔRRS/+ lines are haplo-sufficient, showing normal lifespan at 25 and 29 °C (Fig. 3.8), and do 

not show any embryonic or larval lethality. 

 

Figure 3.7: Structural consequences of CRISPR/Cas9 mediated insertions in ∆RRS line 6B1. 1-2. 

The Drosophila RRS structure, modelled by SWISS-MODEL, predicts a potential disulphide bond 

between C515:C604, two alpha helices that connect the catalytic and C-terminal tRNA binding 

domains. The prediction was based on analysis by the Disulfide by Designs server 

(http://cptweb.cpt.wayne.edu/DbD2/) (Craig et. al., 2013). This disulfide, if present, could be a 

significant factor in the folding and stability of RRS. A second potential disulfide is between C607:C653 

(panel B2). 3-4. For line 6B1, An insertion of two amino acids, Leucine and Phenylalanine, in positions 

604 and 605 would cause a shift in the Cystine (604 in wt) to position 606 on the opposite face of the 

helix, which would lead to a disruption of the disulfide bond. The insertion could also perturb the side-

chain interactions and further add to the destabilization of RRS.  

http://cptweb.cpt.wayne.edu/DbD2/
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Figure 3.8: ∆RRS flies are haplo-sufficient. The ∆RRS animals, generated by CRISPR Cas9 genome 

editing, showed a lifespan (at 29 °C) similar to that of w1118 flies (panel A) for genotypes ∆RRS/+. 

Log-rank (Mantel-Cox) survival plot using GraphPad Prism 8.0.2 using Kaplan-Meier and Gehan-

Wilcoxon tests suggests that ∆RRS/+ flies show enhanced survival as compared to the control. (**** 

P<0.0001). The ∆RRS/+ flies also did not show any defects in embryonic development, based on the 

hatching of eggs, which was again at par with w1118. Homozygous ∆RRS flies are 2nd instar larval 

lethals. 
 

3.3 Generation of a transgenic RRSSCR line. The successful generation of the 6B1 RRS null 

(ΔRRS) line meant that the UAS-Gal4 system could be used to rescue the null. For this, RRS-

WT and RRS-SCR sequences were cloned into a UAS vector (See materials and methods), and 

UAS-RRSWT and UAS-RRSSCR lines were created on the IIIrd chromosome. Actin-Gal4; UAS-

RRSWT and Actin-Gal4; UAS-RRSSCR lines were balanced and crossed to ΔRRS/FM7i females. 

Both these lines could rescue the lethality of the ΔRRS male in the F1 generation, with the lines 

of the genotype, ΔRRS; Actin-Gal4; UAS-RRSWT (referred to as RRSWT) and ΔRRS; Actin-Gal4; 

UAS-RRSSCR (referred to as RRSSCR) being used for further experiments. A similar rescue was 

seen when Ubiquitin-Gal4 was used instead of Actin-Gal4. Both the ‘rescued’ lines were 

homozygously viable and had a normal lifespan, suggesting that the SCR allele was 

functionally equivalent to the WT in terms of its canonical function. Western blots of adult 

males, rescued by expression of UAS-RRSSCR, showed equal expression of RRS when 

compared to UAS-RRSWT (Fig. 3.9B). 

Drosophila reacts to immune challenges under laboratory conditions with a characteristic 

transcriptional upregulation and downregulation of defence genes. Infection with gram-

positive Micrococcus luteus (M. luteus) and gram-negative Erwinia carotovora carotovora 

(Ecc15) were used to trigger the host-defence response. We measured the lifespan of RRSWT 

and RRSSCR animals post-infection. We find that there is no significant difference in lifespan 
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for M. luteus infections, while for Ecc15, there is an increase in lethality for RRSSCR for younger 

animals (1-15 days), while not for older animals (20 days) (Fig. 3.10A-C).  

 

 

 

 

 

 

 

 

 

 

Figure 3.9: A.  ΔRRS6B1 line shows lower transcript levels of RRS as compared to wildtype. ΔRRS6B1 

shows a 40% reduction in transcript levels of RRS as compared to wildtype Control. Values on the Y-

axis depict the fold change normalised to the housekeeping gene rp49. Values shown are Mean + SEM. 

N=3, n (larvae)=25. Statistical analysis by Unpaired t-test. * p<0.05,**p<0.01 ***p<0.001. B. Rescue 

of ΔRRS6B1 by ectopic expression of RRS using UAS-Gal4 system. Both RRSWT and RRSSCR lines show 

approximately equal expression of RRS when probed using an anti-HA antibody. Ponceau staining on 

the same blot is used to show equal loading. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.10: Survival plots for RRSWT and RRSSCR  upon M. luteus,Ecc15 and S.saprophyticus 

infection. Log-rank (Mantel cox) survival plot using Kalpan-Meier and Gehan-Wilcoxon tests suggests 
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that RRSWT and RRSSCR   do not show a significant difference in lifespan overall post-infection with either 

M. luteus or Ecc15. However, post Ecc15 and S.saprophyticus  infection, RRSSCR   shows a significant 

(*p<0.05) decrease in survival as compared to RRSWT in the initial stages (0-15 days). 

 

3.4 Transcriptomics of immune challenged, RRSWT, and RRSSCR transgenic animals. In 

order to uncover the role of SUMO conjugation in host-defense, we infected 7-8 day-old adult 

flies with M. luteus and Ecc15 and measured transcript levels in both RRSWT  and RRSSCR using 

quantitative 3’ RNA sequencing (QuantSeq; Materials & Methods).  

Infection with the bacteria gave a robust immune response (Fig. 3.11A-D). Gene 

Ontology analysis of the modulated genes revealed immune responsive genes associated with 

Gram Positive and Gram Negative infection showed both common and differentially expressed 

genes, as expected by Toll/NFκB and Immune Deficient (Imd)/NFκB pathway activation (De 

Gregorio et al. 2002)(Fig. A.3.2-3). For RRSWT flies, infection by M. luteus led to an 

upregulation of 66 genes and a downregulation of 2 genes 22 hours post-infection. As expected, 

targets of the Toll pathway, such as drosomycin (Drs) and metchnikowin (Mtk), were 

upregulated (Fig. 3.12A, Table 3.2). For the RRSSCR files, 85 genes were upregulated, and 7 

genes were downregulated. In a similar vein, infection by Ecc15 led to 232 upregulated and 

151 downregulated in RRSWT and 209 upregulated and 80 downregulated in the RRSSCR  (Fig. 

3.12B, Table 3.2). As expected, targets of the Imd pathway were strongly modulated. In order 

to examine the extent of overlap among upregulated and downregulated genes between 

different data sets, Venn diagrams were drawn (Fig. 3.12C-D). A majority of the genes were 

uniquely expressed among the data sets. Uniquely differentially expressed genes are listed in 

(Table A.3.1). Common genes between RRSWT  and RRSSCR  for each infection category were 

used for further analysis. At the basal level, before infection, RRSWT  and RRSSCR did not show 

significant differences in their transcriptome (Table A.3.2). 

 

 

 

https://paperpile.com/c/xP0okP/0YvN
https://paperpile.com/c/xP0okP/0YvN
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Figure 3.11: RRSWT and RRSSCR show a robust immune response to bacterial infection. A-D. Volcano 

plot(s) for the differentially expressed genes. log2(FC) for each gene is plotted against its –log10(FDR) 

value to display differentially expressed genes upon infection as compared to the baseline. Red and blue 

dots represent the genes that are significantly differentially expressed with log2(FC) of > 0.55 and < -

0.55, respectively, with p-value < 0.05 {-log10(FDR) of > 2} whereas black dots represent the genes 

that are uniformly expressed. Representative differentially expressed genes are mentioned on the right 

(upregulated) and left-hand (downregulated) corners of each plot. The time point for M. luteus infection 

is 22 hours, and for Ecc15, it is 12 hours. 
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Figure 3.12: A. Total Number of transcripts upregulated and downregulated in response to infection. 

Genes modulated by infection by M. luteus (A) and Ecc15 (B) for both RRSWT and RRSSCR. B. 

Differential expression of genes. Venn diagram showing sub-division of upregulated (C) and 

downregulated (D) genes for experiments conducted, as defined earlier.  
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Table 3.2: RRSWT and RRSSCR show differential expression of immune target genes. 

A-B. Tabulation of differentially expressed genes. Representative genes with differential expression 

for RRSSCR for M. luteus (A) and Ecc15 (B) infections. For M. luteus, there is moderate upregulation for 

most genes, while for Ecc15, metabolic genes are both up and down-regulated.  

 

 

RRSSCR/WT M. luteus 22hours 
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RRSSCR/WT Ecc15 12 hours 
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Figure 3.13: Transcriptome changes for MARS Complex genes. On infection by M. luteus (A) and 

Ecc15 (B), the changes in transcript levels for genes that code for proteins in the MARS complex are 

well below the significance cut-off of 0.5 log2(FC). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.14: Expression of RRS, Toll pathway target gene Drosomycin and Immune regulated 

catalase (Irc) in RRSWT and RRSSCR  upon M. luteus infection across 0-48 Hr. Values on the Y-axis 

depict the fold change normalised to the housekeeping gene rp49. Values shown are Mean + SEM. 

N=3,n=5. Statistical analysis by two-way ANOVA followed by Tukey's multiple comparison test. * 

p<0.05,**p<0.01, ***p<0.001, ****p<0.0001. 
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Figure 3.15:  Expression of RRS, Imd pathway target genes Diptericin B and Attacin D in RRSWT 

and RRSSCR upon Ecc15 infection across 0-24 Hr. Values on the Y-axis depict the fold change 

normalised to the housekeeping gene rp49. Values shown are Mean + SEM. N=3, n=5. Statistical 

analysis by two-way ANOVA followed by Tukey’s multiple comparison test. * p<0.05, **p<0.01, 

***p<0.001,****p<0.0001. 

 

3.5 Modulation of the immune transcriptome in RRSSCR transgenics. Next, we compared 

the change in immune transcriptome for RRSSCR with reference to RRSWT (Table 3.2A-B, Fig. 

A.3.4-6). In the case of M. luteus infection, a total of 22 immune-responsive genes, including 

AMPs, Bomanins, Serine hydrolases, and genes involved in ROS production, were 

significantly differentially upregulated (Table 3.2A, Fig. A.3.4A, Fig. A.3.5) in RRSSCR. Both 

Drosomycin (Drs) and Bomanin Bicipital 1(BomBc1) are upregulated 5-6-fold in RRSSCR, 

while other AMP genes (Table 3.2A) were not strongly or significantly upregulated. 

In the case of Ecc15 infection, the trends were stronger. A total of 28 genes showed 

enhanced upregulation, and 13 genes showed enhanced repression in RRSSCR. Genes involved 

in metabolism, such as hydrolases, esterases, non-coding RNA, and AMP genes, were 

modulated. Amongst the strongly expressed genes (Table 3.2, Fig. A.3.4B, Fig. A.3.6) were 

immune-responsive genes involved in gram-negative bacterial recognition (PGRP-LB, PGRP-
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LF, and PGRP-SD), and melanization (Hayan, Pale and Punch). Genes involved in 

oxidoreductase pathways like Sodh 1 and Larval serum proteins Lsp1 and Lsp2 were repressed. 

For the AMP genes (Table 3.2B), CecA1 and AttD were upregulated 2-4 fold, while AttC, AttA, 

and DptB downregulated 3-9 fold. We also looked at the transcriptional changes in the genes 

of the MARS complex. For both M. luteus and Ecc15, the transcriptional changes on infection 

were minimal, with none of the transcript levels crossing our cut-off of significance, 0.55 

log2(FC) (Fig. 3.13A-B). 

Next, we validated the QuantSeq data by qRT-PCR for a few targets at time points 

ranging from 0-48 hours. For M. luteus, RRS levels did not change significantly from 0-48 

hours (Fig. 3.14), while Drs levels, though significant, showed similar trends over 48 hrs (Fig. 

3.14). Irc levels were distinctly higher in RRSSCR animals at later time points (Fig. 3.14). For 

Ecc15, RRS transcript levels were different, showing a 5-fold decrease in RRSSCR animals for 

the time points 1.5 and 6 hours (Fig. 3.15). DptB and AttD transcripts are significantly lower 

in the case of RRSSCR animals (Fig. 3.15). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.16: A. SUMO Conjugation of RRS. RRS is a target for the cellular SUMO conjugation 

machinery. A small fraction of RRS is SUMO conjugated and is in equilibrium with non-conjugated 

RRS. B.  Model for immune regulation by RRS. RRS may influence the immune response either as 

part of the MARS complex or as part of the AIMP1:RRS: QRS complex, or as free RRS. In a SUMO-

conjugated state, RRS may influence signalling cascades, interacting with partners containing SIM sites 

and modifying their function. These influences can be either cytoplasmic or nuclear.   
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4. Discussion  

The MARS Complex has been implicated as a sensor and regulator of the immune response 

(Guo and Schimmel, 2013; Kim et al., 2014b; Arif et al., 2018; Nie et al., 2019). Mutations and 

misregulation of MARS function can lead to immune disease (Lee et al., 2018; Nie et al., 2019). 

In the best-studied mechanistic example, in response to infection and release of IFN-γ,  EPRS 

dissociates from the MARS Complex (Sampath et al., 2004). The dissociation is triggered by 

phosphorylation of the WHEP domain. EPRS now associates with L13a, NSAP1, and GAPDH 

to form a ‘GAIT complex,’ which can now bind to a GAIT RNA element. The GAIT-RNA 

element (interferon-gamma-activated inhibitor of translation) (Sampath et al., 2003; Marquez-

Jurado et al., 2015) is present in UTRs of mRNA transcripts and binding leads to a block of 

translation of the transcript. 

Roles for RRS in the immune response are unknown. In terms of disease, mutations in 

RRS have been implicated in neuronal hypomyelination with severe spasticity and nystagmus 

(Antonellis and Green, 2008; Wolf et al., 2014). Autoantibodies against ARSs were found in 

anti-synthetase syndrome (ASSD), suggesting that ARSs are likely to be involved in the 

development and progression of autoimmune disease. In Drosophila, RRS is not studied in any 

physiological context. 

How, then, does RRS modulate the transcription of defence genes? In mammals, the 

MARS complex itself is believed to be a cytoplasmic complex, though a few studies suggest 

nuclear localization (Wolfe et al., 2003; Cui et al., 2020). RRS could be available in at least 

three species, one as a free, unbound entity, the second as a complex with AIMP1 and QRS, 

and finally as part of the MARS Complex (Fig. 3.16B). Deletion of the RRS LZD leads to its 

dissociation from the MARS complex, but this does not affect charging (Cui et al., 2020). 

Interestingly, the nuclear fraction of MARS decreases when cells contain RRS (ΔLZD). In its 

dissociated state, RRS’s canonical functions are unaffected, but developmental genes such as 

homeobox and forkhead box genes are modulated (Cui et al., 2020).   

Each of the RRS species could exist in a SUMO conjugated or unconjugated state (Fig. 

3.16A). These species can ultimately regulate gene expression either by influencing signalling 

pathways in the cytoplasm or by affecting the transcription of the nuclear-localized NFκBs. 

SUMOylation could affect the stability or interaction with other proteins. RRS lacks a nuclear 

localization signal (NLS), as does Drosophila SUMO. Transport to the nucleus would require 

RRS to be part of a complex that includes an NLS, for example, the AIMP1:RRS: QRS 

complex, as AIMP1 may travel to the nucleus (Lee et al., 2008; Park et al., 2010). AIMP1 in 

mammals is a precursor for EMAPII, which can trigger an inflammatory response (Lee et al., 
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2019), and a similar mechanism may exist in flies. Other possible mechanisms include 

modulation of NFκB (Ko et al., 2001) by regulation of secretion of AIMP1 or by regulation of 

Jun signalling (Park et al., 2002), which in turn can regulate the immune response.  

 In Summary, RRS is SUMO conjugated, and SUMOylation appears to modulate, 

indirectly, the transcriptional host-defense response. The mechanisms underlying these 

phenomena are currently unknown. 
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CHAPTER IV 

 

Does SUMOylation of EPRS regulate innate immune response? 

 

Summary 

Glutamyl Prolyl tRNA Synthetase (EPRS) has been demonstrated to be a target of SUMO 

conjugation. In this chapter, I utilise genome editing, using the CRISPR/Cas9 toolbox to 

generate an EPRS variant where all five SUMO conjugation sites have been modified to be 

SUMO conjugation-resistant EPRS5M-SCR. Although I was successful in this exercise, the 

variant generated was not stable and was lost over time. Despite repeated attempts, I could not 

regenerate the mutant variant and thus, in contrast to RRS (Chapter 3), could not demonstrate 

the effect of loss of EPRS SUMOylation on the Drosophila innate immune response. 

 

1. Introduction 

The second Aminoacyl tRNA Synthetase we choose as a target is Glutamyl Prolyl tRNA 

Synthetase (EPRS), it again being an understudied target showing heavy and robust 

SUMOylation. Glutamyl Prolyl tRNA Synthetase (EPRS) is ubiquitous, cytoplasmic and the 

only known bifunctional tRNA synthetase. It has two synthetase catalytic cores, an N-terminal 

Glutamyl tRNA Synthetase (ERS) and a C-terminal Prolyl tRNA synthetase (PRS) in a single 

polypeptide chain. ERS and PRS ligate Glutamate and Proline, respectively. ERS is a Class I 

tRNA Synthetase, whereas PRS is a Class II tRNA Synthetase. The two enzymatic domains 

are separated by a non-catalytic, central linker region constituting of helix turn helix WHEP 

domains (named after AARSs first shown to contain these domains WRS, HRS and EPRS) 

(Cahuzac et al. 2000; Jeong et al. 2000). These domains are known to bind RNA.  The presence 

of a linked tRNA Synthetase was detected as early as in a filasterean, Capsaspora owczarzaki, 

which has a linker with two WHEP domains. The bifunctionality of the enzyme is conserved 

from insects to mammals with the exception of a nematode, Caenorhabditis elegans and its 

closely related species (Cerini et al. 1997). The Drosophila variant has six WHEP domains (the 

maximum number of WHEP domains found in any organism), whereas its human counterpart 

has three such domains (Cerini et al. 1997; Rho et al. 1998). Interestingly in a Cnidarian 

Nematostella vectensis (stinging sea anemone), EPRS has three isoforms with a variable 

number and sequence of WHEP domains with different RNA binding capabilities by virtue of 

alternative splicing. Apart from appended WHEP domains in the central linker region EPRS 

https://paperpile.com/c/O0ZNuJ/5bIj+0jol
https://www.google.com/search?rlz=1C1CHBF_enIN769IN769&sxsrf=ALeKk03U9LK0RUQBBq0MLceeroF6ZU7Grw:1619411742790&q=Caenorhabditis&stick=H4sIAAAAAAAAAOPgE-LQz9U3SCsuMlLiArGMzMtyiy21LLOTrfSTMvNz8tMr9fOL0hPzMotz45NzEouLM9MykxNLMvPzrDIy0zNSixRQRRex8jknpublF2UkJqVklmQW72BlBADHg6gUZwAAAA&sa=X&ved=2ahUKEwjG8bHtipvwAhXjheYKHTSHDLEQmxMoATAdegQINBAD
https://paperpile.com/c/O0ZNuJ/PXOR
https://paperpile.com/c/O0ZNuJ/PXOR+GP1e
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also has an N-terminus Glutathione-S-transferase (GST) like domain which assists in its 

assembly within the MARS complex (Fig. 4.1).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1: Schematic of EPRS. EPRS is a bi-functional multi-enzymatic Aminoacyl tRNA 

Synthetase. A. Human EPRS consists of two enzymatic(catalytic) domains; an N-terminal Glutamyl 

tRNA Synthetase (ERS) domain and a C-terminal Prolyl tRNA Synthetase (PRS) domain separated by 

a central, non-catalytic linker region bearing three RNA binding, WHEP domains. The N-terminal ERS 

domain is preceded by a GST-like domain (involved in MARS Complex assembly and structure). There 

are two protein-coding transcripts and two polypeptides associated with the gene in humans formed as 

a result of alternative splicing. The shorter isoform lacks the PRS domain. B. The Drosophila EPRS 

differs from its human counterpart and harbours six WHEP domains in the central linker region. In the 

case of Drosophila, the gene encodes two isoforms via alternative splicing. The shorter isoform lacks 

the ERS domain. 

 

It is part of the sub-complex I within the MARS complex, wherein it is closely associated with 

Isoleucyl tRNA Synthetase and AIMP2 via its N-terminal GST-like domain (Quevillon et al. 

1999; Norcum and Dignam 1999; Robinson et al. 2000). Biallelic mutations in EPRS is known 

to cause Hypomyelinating Dystrophy. 

 

Noncanonical functions of EPRS 

GAIT-dependent noncanonical function: Regulation of gene expression influences all aspects 

of cellular life. It can be modulated by either transcriptional or post-transcriptional/translational 

control mechanisms. The latter provides fine and localised control of protein production and 

accumulation. Post-transcriptional control can be either global, regulating the expression of 

most transcripts or transcript selective, modulating a defined set of mRNAs (a subset of 

functionally related genes). It is mediated by proteins and protein complexes binding to specific 

elements in 5'UTR and 3'UTR of target mRNAs. It is a co-ordinate post-transcriptional regulon. 

https://paperpile.com/c/O0ZNuJ/CnK4+UM3r+RV5f
https://paperpile.com/c/O0ZNuJ/CnK4+UM3r+RV5f
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The formation of GAIT complex upon interferon-gamma (a proinflammatory cytokine) 

stimulation in human myeloid cells is one such post-transcriptional control mechanism. In 

humans, the GAIT complex is heterotetrameric and constitutes of Glutamyl Prolyl tRNA 

Synthetase (EPRS), Syncrip (NSAP1), RPL13a and Glyceraldehyde-3-phosphate 

dehydrogenase (GAPDH). A heterotrimeric GAIT complex exists in mice wherein it is devoid 

of Syncrip(NSAP1). The GAIT complex inhibits the translation of a subset of inflammation-

responsive mRNAs by interacting with a stem-loop bipartite 29-33 nucleotide long GAIT 

element located in the 3'UTR of the target mRNAs. The incorporation of EPRS into the GAIT 

complex does not affect total protein synthesis.  

Recruitment and assembly of the four components occur in two distinct, tightly 

regulated stages. In the first stage, 2-4 hours post Interferon Gamma (INF-γ) stimulation, 

hEPRS is phosphorylated by two kinase systems at Ser-886 and Ser-999. INF-γ triggers 

activation of CdK5. CdK5, along with ERK2 and its co-activator p35, phosphorylate EPRS at 

Ser-886. Parallelly, INF-γ also activates the mTORC1 pathway resulting in the activation of 

downstream p70 ribosomal protein, S6K1, which phosphorylates EPRS on Ser-999. Sequential 

phosphorylation of EPRS leads to its release from the MARS complex and aids in its interaction 

with Syncrip via phosphorylated ser-886, resulting in the formation of an inactive pre-GAIT 

complex. Pre-GAIT complex is incapable of binding to GAIT elements stationed in the 3'UTRs 

of target mRNAs. 

The second stage occurs 12-16 hours post-INF-γ stimulation. RPL13A, a component of 

60S Ribosome, is phosphorylated at Ser-77 by DAPK-activated ZIPK and is released from its 

parental complex. It thereafter associates with GAPDH and the Pre-GAIT complex to form the 

Interferon Gamma Activated Inhibitor of Translation complex (GAIT complex). This 

interaction is facilitated by phosphorylated Ser-999 of EPRS. Formation of the GAIT complex 

brings about a conformational shift in EPRS, exposing its RNA binding sites, i.e. the WHEP 

domains in the central linker region rendering the complex active. EPRS is the sole GAIT 

complex constituent that binds to the 3'UTR GAIT element in target mRNAs. This 

phenomenon leads to translational repression of GAIT element-bearing transcripts. 

Formation of the GAIT complex requires two independent and temporally distinct 

signalling pathways to come together, an early induction of EPRS phosphorylation and a 

delayed induction of RPL13A phosphorylation. All the GAIT complex components have 

canonical activities distinct from their function in the GAIT complex. EPRS and RPL13A are 

ubiquitous and are integral members of the translation machinery. GAPDH is involved in 

Glycolysis and energy production, but in the GAIT complex, it has a chaperone-like activity. 
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Ser-886 and Ser-999 in EPRS are conserved from opossums to primates. Ser-886 is absent in 

mice. Ser-886 is involved in binding with Syncrip upon phosphorylation. Mice have a 

heterotrimeric GAIT complex devoid of Syncrip. Ser-77 in RPL13A is evolutionarily 

conserved from yeast to humans. The existence of a functional GAIT complex is validated only 

in mice and humans. The targets of the GAIT complex show species-specific differences. Mice 

and human GAIT complexes recognise different structural elements. Thus, the success of 

bioinformatically detecting GAIT elements is limited by structural diversity. 

EPRS has two isoforms in humans. The second isoform encodes for a polypeptide 

encompassing Glutamyl tRNA Synthetase, followed by the three WHEP domains. It is 

incapable of forming a GAIT complex as it lacks Ser-999. On the flip side, it competes with 

the full-length isoform for interaction with the GAIT element, shielding the proinflammatory 

mRNAs from the GAIT complex, thereby helping in the maintenance of the homeostatic basal 

level of expression of immune-responsive mRNAs. 

GAIT in-dependent noncanonical function: EPRS is also involved in GAIT-independent 

moonlighting functions like adiposity, antiviral defence and perhaps in breast cancer 

progression. 

Adiposity: In human adipocytes, insulin stimulation activates the mTORC1 pathway leading to 

the phosphorylation of EPRS at Ser-999 and its subsequent release from the MARS complex. 

Phosphorylated EPRS associates with the Solute carrier family 27 fatty acid transporter 

member 1(FATP1) in the cytoplasm. This interaction promotes translocation and integration 

of FATP1 in the membrane leading to Long-chain fatty acid uptake. 

Antiviral defence: Pattern recognition proteins RIG1 and MDA5 are viral genome sensors. 

Upon viral infection, RIG1 and MDA5 activate Mito-antiviral signalling proteins (MAVs) 

which in turn inhibits viral replication. Poly(rC) binding protein (PCBP2) ubiquitinates and 

degrades MAVs. As an independent event, viral infection triggers phosphorylation of EPRS at 

Ser990 and its subsequent release from the MARS complex. Phosphorylated EPRS interacts 

with PCBP2, thereby inhibiting the ubiquitination of MAVs protein. 

Breast cancer progression: EPRS acts as a critical regulator of cell proliferation and estrogen 

signalling in ER-positive breast cancer. 

 

 

 

 

 



SUMOylation of EPRS 

 81 

2. Materials & Methods 

2.1 SUMO conjugation assay: SUMOylation of EPRS was tested by expressing the 

target/substrate protein simultaneously with the Drosophila SUMO cycle components based 

on a published protocol (Nie et al., 2019). Target proteins from the Drosophila Gold cDNA 

collection, procured from the Drosophila Genome Resource Centre (DGRC), Bloomington, 

Indiana, were sub-cloned into pGEX-4T1 (Promega) and pET-45b and subsequently sequenced 

for validation. For visualisation of SUMO conjugation, bacterial lysates were affinity purified 

using Glutathione-Agarose beads (Invitrogen) or Ni NTA-Agarose beads (Qiagen), run on an 

SDS-PAGE gel and monitored using mouse anti-GST antibody (sc53909, 1:5000; Santa-Cruz-

Biotechnology), Rabbit anti-HA antibody (DW2, 1:3000; Millipore) and mouse anti-6X-His 

antibody (H1029, 1:1000; SIGMA) using Western blotting. The SUMO-conjugated forms 

appear as bands of a higher molecular weight. 

2.2 SUMO-binding-motif and SIM-motif prediction: Putative SUMO acceptor lysines and 

SIM-motifs of EPRS were predicted in-silico, using Joined Advanced SUMOylation and Sim 

motif Analyzer (JASSA) tool with cut-off threshold criteria set at "high" (BEAUCLAIR et al. 

2015). 

2.3 Identification of evolutionarily conserved SUMO target lysine residues in-silico: FASTA 

sequences of EPRS for model organisms belonging to different eukaryotic groups were 

procured from the Uniport protein database. Multiple sequence alignment (MSA) was done 

based on homology extension using PSI-COFFEE (CHANG et al. 2012). SUMO acceptor 

lysines were compared across different representative organisms post-alignment. 

2.4 Generation of EPRSSCR using CRISPR Cas9 technology: CRISPR Cas9 technology was 

employed to generate SUMO conjugation-resistant EPRSSCR fly lines. Single guide (sg)-RNA 

targeting the EPRS coding region in between DNA sequence coding for K1106 and K1198, 

close to a TTAA site, was designed using CRISPR Optimal Target Finder (COTF;(GRATZ et 

al. 2014)), a web tool for identifying CRISPR target sites and evaluating their specificity. The 

EPRS gene region was sequenced prior to designing the gRNA to account for SNPs at the 

sgRNA target sites. The sgRNA was cloned into the pU6-BbsI-chiRNA (Addgene # 45946) 

plasmid. The donor template was assembled using Gibson assembly. The transgenic sgRNA 

and the donor template were injected in the germline of 640 Actin 5C Cas9 lig4 (BDSC #) 

embryos (the Cas9-sgRNA complex is formed in the germline) at the NCBS-CCAMP 
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transgenic facility, Bangalore, India. 544 adults eclosed, and 453 survived. All the 453 flies 

obtained were crossed to IIIrd chromosome balancer flies; w-;; Sb/Tb. 453 fly lines were 

maintained as separate lines over a Sb/Tb balancer since the genomic EPRS is located on the 

III chromosome. Putative EPRSSCR lines were screened for the presence of DsRED in their 

eyes. Single-fly genomic PCR for the EPRS locus was performed on the putative EPRSSCR fly 

lines, and the mutations were confirmed through sequencing. 

2.5 Generation of ΔEPRS using CRISPR Cas9 technology: CRISPR Cas9 technology was 

employed to generate EPRS null fly lines. Single guide (sg)-RNAs targeting the EPRS coding 

region in the 5'end of Exon 3  and middle region of Exon 6 (adjacent to the region coding for 

the last WHEP domain in the series) were designed using CRISPR Optimal Target Finder 

(COTF;(GRATZ et al. 2014)), a web tool for identifying CRISPR target sites and evaluating 

their specificity. The EPRS gene region was sequenced prior to designing the gRNAs to 

account for SNPs at the sgRNA target sites. The sgRNAs were cloned into the pU6-BbsI-

chiRNA (Addgene # 45946) plasmid, which was then docked into y1 v1; P{CaryP}attP40 

Drosophila line (BDSC 36304), by transgenic injections, at the NCBS-CCAMP transgenic 

facility, Bangalore, India. The transgenic dual sgRNA line was crossed to the nanos-Cas9 

(BDSC 54591) line. The founder male progenies obtained were crossed to w-;; Sb/Tb balancer 

females wherein the Cas9-sgRNA complex is formed in the germline. In the next generation, 

three heterozygous female progenies from each cross were maintained as a separate line over 

a Sb/Tb balancer. Since the genomic EPRS is located on the III chromosome, putative EPRS 

null lines were screened for lethality. Lines showing lethality were chosen for PCR-based 

confirmation of the deletion. Single-fly genomic PCR for the coding region of EPRS was 

performed on heterozygous animals, and the mutations were confirmed through sequencing. 

3. Results 

3.1 EPRS is a target for SUMO machinery: Prediction of SUMO conjugation sites (Beauclair 

et al., 2015) in the EPRS sequence suggests that EPRS has numerous strong consensus SUMO 

conjugation motifs. Our experimental data and also data from the literature show that EPRS 

can show upto five SUMO conjugates (Fig. 4.3 A-B), and multiple rounds of mutagenesis 

followed by in-bacto SUMOylation shows that a mutant EPRSK957R, K1063R, K1083R, K1106R, K1198R 

is SUMO conjugation resistant (EPRSSCR)(Fig.4.3 A). EPRS is part of subcomplex-I (Fig. 4.2 

B) in the MARS complex, associating intimately with IRS and AIMP2(Fig 4.2 B). Analysis of 

the crystal structure of sub-complex-I suggests that the equivalent amino acids in the human 
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structure are not part of the protein: protein interface with either IRS or AIMP2(5A34,( J Biol 

Chem 290: 29313)). K957, K1106 and K1198 are part of high-scoring Synergy control (SC)-

SUMO target motifs (PVKVKQEKNP, PAVVKKEASP and PVKKEP respectively), at 

intercalated zones between alpha-helical WHEP domains, in a region that is not conserved (Fig. 

4.2C). K1063 and K1083 are part of low-scoring SUMO consensus motifs (LKSE and 

LKGEYKT, respectively) in a conserved alpha-helical WHEP domain. K1063 is part of a 

strong consensus motif, whereas K1083 is part of an extended phosphorylation-dependent 

SUMOylation (PDSM)-SUMO motif. Data from the literature confirms that EPRSK957R, K1063R, 

K1083R, K1106R, K1198R is SUMO conjugation resistant (EPRSSCR) in S2 cells (Drosophila 

Schneider Cells). In addition, our experimental data show that EPRS is SUMOylated in-vivo.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.2: A.Schematic of EPRS. Drosophila EPRS is a bifunctional tRNA Synthetase. It constitutes 

an N-terminal Glutamyl tRNA Synthetase (ERS) domain and a C-terminal Prolyl tRNA Synthetase 

(PRS) domain separated by a central linker region having six tandem WHEP domains. B. Schematic of 

the MARS complex. In the MARS schematic, the ARSs are labelled with a single letter code, with the 

grey shading denoting mass spectrometric or in-bacto evidence for SUMO conjugation. EPRS is part 

of sub-complex I (marked with a red dashed line), interacting with IRS and AIMP2. C. The structure 

for the human DRS:EPRS: AIMP2 complex (PDB-ID 6IY6). The SUMOylation sites in the fly EPRS 

are present in the central linker region bearing WHEP domains. The SUMOylation sites were distant 

from the binding regions of both IRS and AIMP2 and did not appear to interact with any component of 

the MARS complex. D. Based on predictions of SUMO conjugation sites from JASSA (Beauclair et 

al., 2015) and literature survey. 
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Figure 4.3: A. EPRS is SUMO conjugated at K957, K1063, K1083, K1106 and K1198. When co-

expressed with Drosophila E1, E2 and 6X-His: SUMO, EPRS shows a single extra band running ~20 

kDa higher than EPRS itself in Western blots. The band also cross-reacts with an anti-His antibody 

(data not shown), confirming that it represents a SUMO-conjugated species. The band is not seen when 

a SUMO(ΔGG) variant, which is unable to conjugate to a substrate, is used. Four more faint bands seen 

in overexposed Western blots suggest that EPRS may have five SUMOylation sites. Based on 

predictions of SUMO conjugation sites from JASSA (Beauclair et al., 2015) and a literature survey, 

mutagenesis of five lysines was carried out. None of the single mutants showed loss of SUMOylation. 

A quintuple mutant; EPRSK957R,K1063R,K1083R,K1106R,K1198R  was resistant to SUMO conjugation. B. EPRS 

Is SUMO conjugated in-vivo. In-vivo, when His and Flag-tagged SUMO is overexpressed using a 

ubiquitous Daughterless Gal4, EPRS shows three extra bands running ~20kDa higher or more than 

EPRS itself in Western blots upon immunoprecipitation of SUMOylated proteins using beads decorated 

with antibody against Flag tag, raised in rabbit. Tubulin is used as a control for input, and a line 

expressing Daughterless Gal4 devoid of expression of His-Flag tagged SUMO is used as a master 

control. 

 

3.2 Generation of EPRSSCR using CRISPR Cas9 genome editing: We have used CRISPR 

Cas9 genome editing to generate SUMO-conjugation resistant mutants of EPRS. 

CRISPR, also known as 'Clustered regularly interspaced short palindromic repeats, is a genome 

engineering method that enables precise modification of any genome. In nature, CRISPR 

systems provide adaptive immunity in bacteria and archaea. In simple systems, RNAs 

containing sequences complementary to viral or plasmid DNA interact with DNA nuclease 

Cas9 to direct sequence-specific cleavage of invading DNA. This process has been harnessed 

for genomic engineering in several model systems, including Drosophila, where a gRNA or a 

combination of gRNAs can be targeted to the regions in the genome where mutations need to 

be incorporated during double-stranded breaks (DSBs). These DSBs induce DNA repair. Cells 
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employ two major pathways to repair double-stranded DNA breaks. It can either be repaired 

by non-homologous end joining (NHEJ), resulting in insertions and deletions at the breakpoint. 

This method is used to generate a loss of function alleles. In contrast, homology-directed repair 

(HDR) uses homologous DNA as a template for DNA synthesis to bridge the gap. By providing 

a DNA repair template, precise modifications can be induced. 

We have used the second approach for generating SUMO conjugation-resistant mutants 

of EPRS. A transgenic gRNA was generated that would recognise a region within the DNA 

sequence where the mutations were supposed to be incorporated, and a donor template was 

provided as a repair template which harboured the desired mutations. The repair template also 

had a marker in the form of DsRED located downstream to a promoter PXP3 which drives its 

expression in the eye. DsRED, in turn, is present within a transposon that can be precisely 

transposed out by using a piggy-BAC transposase, thus resulting in a mutant allele in which 

EPRS cannot be SUMO-conjugated. This method is referred to as the Scarless mode of 

CRISPR Cas9 genome editing. 

The mutations are distributed in 5' and 3' homology arms such that they are close to the 

site of double-stranded breaks inflicted by the gRNA, ensuring the successful incorporation of 

mutations. The four fragments, two parts of the vector and 5'HR and 3'HR are assembled using 

Gibson assembly (Fig 4.4 A). 

The transgenic gRNA and the donor template were injected into the germline of 

embryos expressing nuclease cas9 under a ubiquitous actin promoter. Founder animals 

harbouring Cas9-gRNA complexes in their germline were stabilised by using a balancer on the 

III chromosome, w-; TM3Sb/TM6Tb. In the next generation, only the fly lines positive for the 

presence of DsRED in their eyes were maintained and sequenced for the genomic locus of 

EPRS. Nine flies of a single lineage (453 lineages were screened) showed the presence of 

DsRED in the eyes (Fig. 4.4 B).  

Seven out of nine lines showed the presence of all the desired mutations. Three of these nine 

lines showed aberrant mutations and insertions in addition to the desired mutations (Table 4.1, 

4.2). To our dismay, these lines were highly unstable and reverted to wild type within three 

months. Hence, we could not explore the immune regulation of EPRS in EPRSSCR flies. Hence, 

in order to study the role of SUMOylation of EPRS in-vivo, we opted for the Null-Rescue 

method wherein EPRSWT and EPRSSCR can be expressed in an EPRS-null (ΔEPRS) background 

and scored for differential phenotypes. 
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Figure 4.4: A. Design of single gRNA for generation of EPRSSCR. The EPRS gene is located on the 

IIIrd chromosome. It has six exons, which code for two annotated transcripts via alternative splicing. 

The full-length transcript spans 5404 bp, and the shorter splice variant spans 3151 bp. A single gRNA 

is designed in the sixth WHEP domain in the series in-between K1106 and K1198; the last two 

SUMOylation motifs are adjacent to a TTAA site (pBac transposon insertion site). The goal of the 

experiment is to replace the wild-type DNA sequence with a SUMO-resistant variant EPRSK957, K1063, 

K1083, K1106, K1198->R. B. Strategy for generation of EPRSSCR: Embryos from Actin 5C cas9 lig4 flies 

(express nuclease cas9 under a ubiquitous promoter actin 5C) were injected with pBFv U6.2 EPRS5M 

gRNA (codes for a single gRNA which targets a region in the 6th WHEP domain in the series) and a 

doner template; pHDSc EPRS5M(harbours all the mutations necessary to render EPRS SUMO-

conjugation resistant). A total of 640 embryos were injected, of which 544 eclosed. The individual 

adults were crossed to flies having a IIIrd chromosome balancer w-;; TM3 Sb/TM6 Tb. In the next 

generation, fly lines positive for the presence of DsRED in their eyes were selected. Only nine animals 

allied with a single lineage (of the 453 lineages screened) were positive for the presence of DsRED in 

the eye. Single-fly genomic PCR was conducted on these lines to probe for the presence of desired 

mutations. 

 



SUMOylation of EPRS 

 87 

Table 4.1: Multiple Sequence Alignment of Drosophila EPRS and EPRSSCR lines. The genomic regions 

of EPRSSCR lines 31.1,31.3,31.4,31.6,31.8,31.12,31.14 and 31.16 were sequenced and the DNA 

sequence aligned to that of wild-type EPRS. 
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Table 4.2: Tabulation of mutations confirmed upon sequencing, listed against the corresponding lines 

positive for the presence of DsRED in their eyes. 
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3.3 Generation of a ΔEPRS line using CRISPR Cas9 genome editing. The UAS-Gal4 system 

is an ideal system to express EPRSWT and EPRSSCR in an EPRS-null (ΔEPRS) background. 

Since the ΔEPRS line is not available, as a first step, we used CRISPR Cas9 genome editing to 

generate the same. A transgenic dual-guide RNA line (U6.2b-EPRSdual-gRNA) was created (See 

Materials and Methods) to express gRNA that would recognise the 5'end of exon-3 and the 

central region of exon-6 (adjacent to the region coding for the last WHEP domain in the series) 

of the EPRS gene (inverted red triangles, Fig. 4.4). Our goal was to remove a major portion of 

the coding region to create a ΔEPRS animal. The DNA sequence coding for the EPRS gene 

also codes for an antisense RNA asRNA: CR46092 in an opposite reading frame (encoded by 

exons 1-2). The U6.2b-EPRSdual-gRNA line was crossed to a nos-Cas9 animal (Fig. 4.4), and five 

hundred twenty-three lines were stabilised by balancing the putative nulls over a III 

chromosome balancer, TM6-Tb (TM6B). Of these lines, one(402c/TM6-Tb) is homozygous 

lethal, which is indicative of a successful excision of the EPRS locus since the absence of the 

EPRS on the III chromosome would lead to lethality. Twelve other lines show melanotic 

tumours but are homozygous viable, indicating the gRNA activity caused minor changes to the 

sequence of the wild-type genome in the sites targeted by gRNA, and these modifications 

presumably led to the generation of mutants of the EPRS gene. Single-fly genomic PCR was 

conducted on the homozygous lethal line; the genomic PCR product showed the expected 3.1 

kb deletion that would be a consequence of the removal of the desired EPRS genomic region. 

To corroborate the observed lethality, we sequenced the genomic region of the line 402c/TM6-

Tb. We found that the coding region was deleted in 402c/TM6-Tb, and this modification 

presumably led to the generation of a functional EPRS-null (ΔEPRS). ΔEPRS die during IInd 

instar larval stages, with embryonic survival till 1st Instar presumably driven by maternal EPRS 

(Fig. 4.5).  
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Figure 4.5: An EPRS-null (ΔEPRS) line generated using CRISPR Cas9 genome editing. A. Design 

of the dual guide-RNA for excision of the EPRS locus. The EPRS gene is located on the III 

chromosome. It has six exons, which code for two annotated transcripts via alternative splicing. The 

longer isoform spans 5405 bp, and the shorter one spans 3151 bp. Two gRNAs (inverted red triangles) 

were designed in the 5'end of exon 3 and the central region of exon 6 (adjacent to the region coding for 

the last WHEP domain in the series) of the EPRS gene. Our goal was to excise most of the coding 

region and generate a EPRS null line. B. Excision of the EPRS locus to generate a ΔEPRS line. A 

U6.2b-EPRSdual-gRNA line was generated (Materials & Methods) and crossed to nos-Cas9 animals. Five 

hundred twenty-three lines were balanced over a third chromosome balancer and screened for 

homozygous lethality. One line (402c/TM6-Tb) was homozygous lethal and had the expected deletion 

in the EPRS locus, based on PCR. 
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4. Discussion 

The goal of this project, as executed in the previous chapter for RRS, was to generate a 

Drosophila line where EPRS could not be SUMO conjugated. Once successful, the EPRSSCR 

line would be a fantastic reagent to address specific roles for SUMO conjugation of EPRS in 

animal development and in the immune response. Unfortunately, despite my successful 

creation of transgenic constructs as well as the detection of Ds Red positive transgenics, our 

experiment failed after ~2 years of effort. The reasons for the failure remain elusive. At the 

point of selection of the mutants, the DsRed positive flies clearly had the designed mutations 

incorporated, indicating that we had been successful in our attempts. This was confirmed by 

DNA sequencing of the EPRS locus. At this stage in the experiment, the flies were balanced 

against the TM3Sb or TM6Tb balancer chromosomes, both being used effectively in fly 

biology for over 70 years. In spite of this, each and every line lost the mutations with time, and 

by the step where we conducted the DsRed excision experiment, we were unable to detect the 

mutations both in the excised lines as well as the seemingly balanced stocks that we had 

maintained.  

 The failure to generate EPRSSCR was a major disappointment and a significant loss of 

time. We attempted to repeat the steps for the generation of EPRSSCR by redoing injections and 

screens, but these did not lead to any Ds Red positive transgenics. We then attempted the 

alternative experiment, as carried out successfully for RRS, which was a generation of a EPRS 

null animal, again using CRISPR/Cas9 genome editing. In this step, we were successful, and 

this reagent would allow us to execute a null: rescue experiment sometime in the near future. 

We plan to clone EPRS and EPRSSCR constructs under the UAS promoter and use the UAS/Gal4 

system to generate flies where EPRS is SUMO conjugation resistant. 
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Appendix I 

Fig A.3.1 Multiple Sequence Alignment of Drosophila RRS and ∆RRS lines. The genomic regions 

of ∆RRS lines 6B1 and 18B1 were sequenced and the DNA sequence aligned to that of wild-type RRS. 

 

A. Forward and reverse sequencing of line 6B1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Forward Primer (+ strand; RRS gene region) LINE 6B1

RRS --------CCATGTGGCATCGTTGTGTTGTTGTTATTAATCAGCGGAGCAACAGAAGTCA 52

6B1 ACTTGCCACCATGTGGCATCGTTGTGTTG-------------GCGGAGCAACAGAAGTCA 

********************* ******************

RRS CAATTTGGAAACATGTCCGAGCTAAATATGGAGCTGAAAAAACTCAGGGAGCTGGTAAGC 112

6B1 CAATTTGGAAACATGTCCGAGCTAAATATGGAGCTGAAAAAACTCAGGGAGCTGGTAAGC 

************************************************************

RRS GAATAGCTGTTACTTTACGCCAACATTTTGACATGACATGCCGGCTTTAAAGGAACTGAA 172

6B1 GAATAGCTGTTACTTTACGCCAACATTTTGACATGACATGCCGGCTTTAAAGGAACTGAA 

************************************************************

RRS GACCCAAGGCCTTGCCGCCAGAATACAAACTGCCAAAAGCGGTGAACAGTTGGACGTCGA 232

6B1 GACCCAAGGCCTTGCCGCCAGAATACAAACTGCCAAAAGCGGTGAACAGTTGGACGTCGA 

************************************************************

RRS TCTTGTTCAGCTTCAAATTGAAAATAAGAAGCTGAAGAACCGCCTGTTTATCCTAAAGAA 292

6B1   TCTTGTTCAGCTTCAAATTGAAAATAAGAAGCTGAAGAACCGCCTGTTTATCCTAAAGAA 

************************************************************

RRS GGTGAGTTTATGACCCCCAATGTGTTTAAGCTTAAGAATTTCATGTCTTTTATTTCCCTG 352

6B1 GGTGAGTTTATGACCCCCAATGTGTTTAAGCTTAAGAATTTCATGTCTTTTATTTCCCTG 

************************************************************

RRS TTAGTCCATTGCTGAGGAATCAACTGCCGCCGGCGGCGACGTTTCGAAGCCCAAGGAATC 412

6B1 TTAGTCCATTGCTGAGGAATCAACTGCCGCCGGCGGCGACGTTTCGAAGCCCAAGGAATC 

************************************************************

RRS CTCTTCGATCACCGAACACCTGGAAAGCGTCTTTCGCCAGGCGATTGCATCAGCTTTCCC 472

6B1 CTCTTCGATCACCGAACACCTGGAAAGCGTCTTTCGCCAGGCGATTGCATCAGCTTTCCC 

************************************************************

RRS GGAATTCAGAGATACGCCTGTTATAATTGCACCAGTTAATAGTACGTCTGCGAAATTCGG 532

6B1 GGAATTCAGAGATACGCCTGTTATAATTGCACCAGTTAATAGTACGTCTGCGAAATTCGG 

************************************************************

RRS CGACTATCAGTGCAACAATGCCATGGGATTGTCCAAGAAGCTGAAAGAGAAGGGCATTAA 592

6B1 CGACTATCAGTGCAACAATGCCATGGGATTGTCCAAGAAGCTGAAAGAGAAGGGCATTAA 

************************************************************

RRS TAAAGCACCACGTGATATTGCAACCGAGTTGAAAGGACACTGCCCAGCATCACCAATCAT 652

6B1 TAAAGCACCACGTGATATTGCAACCGAGTTGAAAGGACACTGCCCAGCATCACCAATCAT 

************************************************************
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B. Forward and reverse sequencing of line 18B1. 
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Table A.3.1: Gene expression levels for RRS WT and RRS SCR upon M.luteus infection were 

measured using the counts generated by HTSeq-count v 0.6.0. The differential expression analysis was 

performed on all the genetic features listed in the annotation file resulting in ~16,000 coding and non-

coding genes with non-zero counts in at least one of the samples. The gene expression counts were 

normalized for all samples together and the biological conditions were compared pairwise using 

DESeq2. The differential expression is represented as base mean and log2 (Fold Change) with its 

corresponding False discovery rate (FDR). A. List of genes significantly differentially expressed in 

RRS SCR as compared to RRS WT 0 hours post M.luteus infection. 

 

 

 

B. List of genes significantly differentially expressed in RRS SCR as compared to RRS WT 0 hours 

post Ecc15 infection 
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Table A.3.2: Gene expression levels for RRS WT and RRS SCR upon Ecc15 infection were measured 

using the counts generated by HTSeq-count v 0.6.0. The differential expression analysis was performed 

on all the genetic features listed in the annotation file resulting in ~16,000 coding and non-coding genes 

with non-zero counts in atleast one of the samples. The gene expression counts were normalized for all 

samples together and the biological conditions were compared pairwise using DESeq2. The differential 

expression is represented as base mean and log2(Fold Change) with its corresponding False discovery 

rate (FDR). 

A. List of genes uniquely expressed for RRS WT at 12 hours post Ecc15 infection compared to its 

baseline 
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B. List of genes uniquely expressed for RRS SCR at 12 hours post Ecc15 infection compared to 

its baseline 
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C. List of genes uniquely expressed for RRS WT at 12 hours post M.luteus infection  compared 

to its baseline 
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D. List of genes uniquely expressed for RRS SCR at 12 hours post M.luteus infection compared 

to its baseline 
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Figure A.3.2: Gene Ontology Enrichment Analysis (GOEA) of the significantly differentially 

expressed genes in RRSWT  and RRSSCR post-infection with M. luteus and Ecc15. Both RRSWT  and 

RRSSCR  show differential expression of immune-responsive genes post-infection. 

GOEA is done for 4 different categories (1) Biological Process, (2) Molecular Function, (3) Cellular 

Component, and (4) Protein Class for RRSWT  and RRSSCR post-infection with M. luteus. The number of 

genes enriched in each sub-category is plotted against its corresponding {-log10(FDR)} value. A few 

key GO terms are highlighted and listed (5). 
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Figure A.3.3: GOEA is done for 4 different categories (B1) Biological Process, (B2) Molecular 

Function, (B3) Cellular Component, and (B4) Protein Class for RRSWT  and RRSSCR post-infection 

with Ecc15. The number of genes enriched in each sub-category is plotted against its corresponding {-

log10(FDR)} value. A few key GO terms are highlighted and listed (B5). 
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Figure A.3.4: Gene Ontology (GO) Analysis for significantly differentially expressed genes for 

RRSSCR/WT post-infection with M. luteus (A) and Ecc15 (B). Number of genes enriched in each 

category is plotted against their Panther Gene Ontology terms. 
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Figure A.3.5: Gene Ontology Enrichment Analysis (GOEA) for significantly differentially 

expressed genes for RRSSCR/WT post-infection with M. luteus and Ecc15. 

GOEA is done for 2 different categories (A1) Biological process and (A2) Cellular Component and 

RRSSCR/WT post-infection with M. luteus. The number of genes enriched in each sub-category is plotted 

against its corresponding {-log10(FDR)} value. A few key GO terms are highlighted in the expanded 

list (A3). 
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Figure A.3.6: GOEA is done for 2 different categories (B1) Biological process and (B2) Cellular 

Component and RRSSCR/WT post-infection with Ecc15. The number of genes enriched in each sub-

category is plotted against its corresponding {-log10(FDR)} values. A few key GO terms are highlighted 

in the expanded list (B3). 
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Appendix II 

Generation of ∆brwl by CRISPR Cas9-based Genome Editing 

MADF-BESS family of genes is a family of sixteen transcription factors having a DNA 

binding N-terminal MADF (Myb Adf-1) domain and a protein-protein interaction C-terminal 

domain BESS (BEAF-1, Stonewall, su (var) domain). Adf and Dlip3 function as trans-

activators(England, Admon, and Tjian 1992; Cutler, Perry, and Tjian 1998; Bhaskar and 

Courey 2002; Ratnaparkhi, Duong, and Courey 2008). Coop, Hng1, Hng2, and Hng3 act as 

repressors for wing hinge development(Song et al. 2010; Shukla et al. 2014). stwl (stonewall) 

is required for germ cell development(Maines et al. 2007). It is required for the maturation of 

the cytoblast into nurse cells and the specification of the oocyte(Clark and McKearin 1996). A 

study in our lab has shown that brwl (brickwall) like stwl is required for germ cell maintenance, 

cyst formation, and oocyte specification. brwl mutants; brwlKG00824 (BDGP Gene Disruption 

project collection) and brwlMI054561 {transposon Minos-mediated integration cassette (MiMic) 

collection} wherein P-element is inserted in the N-terminus and C-terminus of the gene 

respectively; show age-dependent ovary phenotypes. Over-expression of stwl using a germ cell 

driver rescues the defects, indicating brwl is a genetic interactor and positive regulator of stwl 

in ovary development(Shukla et al. 2018). 

A complete loss of function (lof) variant was not available, thus we used CRISPR Cas-9 to 

generate the same. A transgenic dual guide RNA line (U6-brwldual gRNA) was created (refer to 

section Materials and Methods) to express gRNA that could recognize the beginning of exon1 

and the end of exon3 region of the brwl gene (inverted red triangles). Our goal was to remove 

the coding region to create ∆brwl animal. The U6-brwldual gRNA lines were crossed to nos-Cas9 

animal and 80 lines from each cross were stabilized by balancing the putative lofs’ over a 

second chromosome balancer, Cyo; where the balancer chromosome expresses GFP (Fig. 1A-

B). Since the genomic brwl is located on the second chromosome, putative brwl lof lines were 

screened by PCR for confirmation of the deletion. Single fly genomic PCR for the extended 

gene region of brwl was performed on heterozygous females where the primers used, flanked 

the ends of the coding region of the gene, and the mutations were confirmed through 

visualization of migration of the bands upon gel electrophoresis (Fig. 2A-D) followed by 

sequencing. Of these lines, four lines having precise (namely as brwl1a/1b/1c/1d) and two lines 

having imprecise deletion (namely as brwl2/3) were maintained. Three lines wherein the brwl 

https://paperpile.com/c/3YjjCY/xK0J+fPqH+YLAP+IU4v
https://paperpile.com/c/3YjjCY/xK0J+fPqH+YLAP+IU4v
https://paperpile.com/c/3YjjCY/rcVe+0NkO
https://paperpile.com/c/3YjjCY/G2K2
https://paperpile.com/c/3YjjCY/jHUa
https://paperpile.com/c/3YjjCY/T5fl
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gene remained intact were maintained as CRISPR wildtype controls (namely as brwlC1/C2/C3) 

(Fig. 2E). 

Materials and Methods 

Generation of brwl lof lines using CRISPR Cas9 

technology                                                                                                                              

CRISPR Cas9 technology was employed to generate brwl loss of function (lof) fly lines. Single 

guide (sg)-RNAs targeting the brwl coding region at the beginning of exon 1 and the end of 

exon3 were designed using CRISPR Optimal Target Finder {COTF;(Gratz et al. 2014)}, a web 

tool for identifying CRISPR target sites and evaluating their specificity. The brwl gene region 

was sequenced prior to the experimental design to account for SNPs at the sgRNA target sites. 

The sg-RNAs (sg1 and sg2) were cloned into the pU6-BbsI-chiRNA (Addgene #45946) 

plasmid, which was then docked using y1v1, P{CaryP)attP2 Drosophila line (BDSC-36303) by 

transgenic injections, at the NCBS-CCAMP transgenic facility, Bengaluru, India. The 

transgenic dual sg-RNA lines were crossed to the nanos-Cas9 (BDSC-54591) line. The founder 

male progenies were crossed to w-; Tft/Cyo balancer females wherein Cas9-gRNA complex is 

formed in the germline. In the next generation, three heterozygous female progenies from each 

cross (160 lines, each labelled; L1-1 to L1-80; L2-1 to L2-80) were maintained as a separate 

line over a Cyo balancer (Fig. 1A-B). Since the genomic brwl is located on the second 

chromosome, putative brwl lof lines were screened by PCR-based confirmation of the deletion. 

Single-fly PCR for the extended gene region of brwl was performed on heterozygous females 

and the mutations were confirmed through sequencing (Fig. 2A-D). 

 

https://paperpile.com/c/3YjjCY/T5fl+rm4c
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Figure 1: A brwl loss of function line was generated using CRISPR Cas9 genome editing. (A) Design 

of the dual guide-RNA for excision of brwl locus. The brwl gene is located on the second chromosome. 

It has five exons, which code for two annotated transcripts; the longer one spanning 3091 bp and the 

shorter one spanning 2256 bp. Two gRNAs (inverted red triangles) were designed at beginning of exon1 

and the end of exon3. Our goal was to excise the coding region and generate a brwl loss of function 

line. (B) Excision of brwl locus to generate a brwl-lof line. A U6-brwldual gRNA line was generated (see 

section “Materials and Methods”) and crossed to nos-Cas9 animals. 80 lines were balanced over a 

second chromosome balancer and screened for deletions via PCR. 
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Figure 2: PCR based screening to detect a successful brwl gene knockout after a CRISPR genome 

editing experiment. A deletion spanning ~1kb in the brwl gene was generated using dual gRNA 

strategy, creating a lof mutant allele. PCR primers flanking the expected deletion were designed for 

detecting the lof allele in a population of flies such that the homozygous mutant fly would generate an 

~1kb amplicon, while in unmodified wildtype fly, a PCR product of 2 kb is generated, as expected for 

the intact gene. The mutant or the balancer heterozygous fly yields both PCR products. The PCR 

products were run on 1% Agarose gel and stained with Ethidium Bromide for visualization. Lines 

labelled in -, -, -, - denote no amplification, no deletion detected, precise deletion, and imprecise 

deletion respectively. 
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