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In Drosophila, the Immune Deficiency (IMD) pathway is indispensable for proper innate 

immune responses.  In this pathway, infection by gram-negative bacteria elicits a signaling 

cascade culminating in the rapid induction of antimicrobial peptide gene expression by the NF-

κB transcription factor Relish. Signal-dependent activation of Relish is an essential component 



 

 xvi 

of the IMD pathway and is regulated by the Drosophila melanogaster IκB Kinase (DmIKK) 

complex. DmIKK is composed of two subunits:  the catalytic subunit DmIKKβ (homologous to 

mammalian IKKβ) and non-catalytic subunit DmIKKγ (homologous to mammalian NEMO/IKKγ). 

Since the discovery of the IMD pathway in 1996, much of the molecular components of this 

pathway have been identified. However, the molecular details of regulation have remained 

equivocal. This dissertation investigates the biochemistry, substrate specificity and activation 

mechanism of this kinase complex using recombinant DmIKKβ:γ complex co-expressed using 

the Baculovirus system. In chapter III, phylogenetic analysis of extant metazoan taxa reveals 

that DmIKK has diverged significantly in sequence. Primary sequence comparison with 

mammalian IKK subunits and other metazoan taxa identified conserved as well as unique 

regions that may be important for its regulation and/or activity. Chapter IV is an in vitro study on 

the nature and assembly of the complex in solution using biophysical methods such as 

analytical scale size-exclusion chromatography (SEC), multi-angle laser light scattering 

(MALLS) and analytical ultracentrifugation (AUC). We show that our recombinant DmIKKβ:γ 

complex can non-covalently interact with poly-ubiquitin via its DmIKKγ subunit. This interaction 

may be a component of its signal-dependent regulatory mechanism. In chapter V, structural 

studies using negative stain transmission electron microscopy (TEM) examine the three-

dimensional structure of this critical enzyme complex.
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Chapter I 
 

Introduction
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A.   Significance of innate immunity 

All organisms must be able to cope with and combat everyday environmental challenges 

and potential threats to survive. To fight against pathogens seeking to exploit host resources, 

multicellular organisms have evolved complex defense mechanisms to quickly eradicate and 

clear infections. Innate immunity, known as the “first line of defense” against microbial attack, is 

the most universal type of immune defense system, present in plants, fungi, and animals. Over 

95% of all extant metazoans are invertebrates that rely exclusively on innate immunity without 

mechanisms that result in the specific memory of aggressors (Hoffmann, 2011; Wilson, 1987).  

For all multicellular organisms, immune mechanisms involving early microbial recognition and 

rapid counter-attack is critical. 

In 1989, Charles Janeway first theorized the concept of pattern recognition in the 

discrimination of non-infectious self vs. infectious non-self. Janeway’s pattern recognition theory 

postulated that conserved molecules unique to the pathogen called pathogen-associated 

molecular patterns (PAMPs) or microbe-associated molecular patterns (MAMPs) are detected 

by host-derived pattern recognition receptors (PRRs) (Janeway, 1989). Pathogen detection via 

PAMP recognition by PRRs rapidly and robustly evokes signaling cascades that result in 

antimicrobial responses that include production of antimicrobial peptides, production of cytokine 

or chemokines, or the induction of cell death programs. In particular, cytokine responses 

perform critical immune functions such as the recruitment of effector cells to the site of infection, 

protection of neighboring cells, inflammatory responses to eliminate infection, and also plays a 

role in the induction of adaptive immunity.  Janeway’s PRR theory also pointed out that 

mechanisms of microbial recognition by PRRs are ancient and must be evolutionarily related to 

the system of sensing and responding to microbes in invertebrates which lack adaptive 

immunity (Janeway, 1989).  
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In the late 1990s-2000, a vibrant research community studying vertebrate and 

invertebrate innate immunity resulted in spectacular progress in the characterization of immune 

receptors and intracytoplasmic factors, revealing extraordinary evolutionary conservation 

between flies and mammals (Imler, 2014). The discovery of the IMD and Toll pathways in 

Drosophila catalyzed the discovery of signaling cascades and mechanistic organization of 

essential factors in innate immunity in mammals and in other metazoans.  Biochemical and 

functional genetic studies uncovering these signaling pathways in Drosophila has revolutionized 

our understanding of immunity and gave substance to Janeway’s PRR theory which has 

become a conceptual framework for the mechanisms underlying innate immunity.   

Originally, the Drosophila Toll pathway was identified to control early embryonic 

patterning (Anderson, Bokla, et al., 1985). In 1996, Lemaitre et al., in J. Hoffmann group 

showed a direct role of the Toll pathway in modulating antimicrobial peptide expression in innate 

immunity (Lemaitre et al., 1996). This critical result led to the rapid discovery and isolation of 

mammalian Toll-like receptors (TLRs) by the Janeway and B. Beutler laboratories (Medzhitov et 

al., 1997; Poltorak et al., 1998).  Currently, there are 13 known TLRs in mammals with 10 

present in humans. Mammalian TLRs are responsible for pattern recognition by scanning for a 

variety of microbial patterns found in bacteria and viruses such as cell wall determinants, 

flagellin, and nucleic acids species which serve as signals to alert the cell of a potential threat. 

Ground-breaking work by the S. Akira group utilized the mice knockout system to determine 

specificity of the mammalian TLRs (Takeda et al., 2003, 2005; Yamamoto et al., 2004).   

Land-mark discoveries of the critical signaling pathways and factors in innate immunity 

were awarded the 2011 Nobel Prize in physiology or medicine to Jules Hoffmann and Bruce 

Beutler.  A major discovery was that in these conserved signaling pathways, NF-κB transcription 

factors and its chief regulator, the IκB Kinase (IKK) complex, play a primary role in coordinating 

the expression of innate immune genes. Thus, a conserved NF-κB-IKK signaling axis is critical 
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for cells to be able to respond to stimuli and uphold cellular integrity in the maintenance of 

cellular homeostasis.   

B.  Drosophila immune responses 

Insects, including Drosophila, live in diverse habitats that exposes them to a constant 

barrage of bacteria, viruses, and fungi, but they are very resistant to microbes and rarely fall ill. 

Despite relying completely on innate immunity, fruit flies possess powerful multi-layered immune 

responses to combat microbial insults. The repertoire of Drosophila innate immune mechanisms 

includes physical barriers, cellular responses, and humoral responses that are driven by several 

types of immune cells and tissues. In order to reduce the probability of infection, insects have 

evolved nonspecific physical barriers to prevent microbes from entering the hemocoel, which is 

the body cavity in the insect open circulatory system.  

The major physical barrier in insects is the tough, chitin-based cuticle that forms the 

exoskeleton, protects the soft tissues, and lines the foregut, hindgut, and the tracheal system. 

When this physical barrier is breached through wounds that often form naturally in insects or by 

microbial enzymatic digestion, pathogens can invade the hemocoel where they encounter 

various host cellular and humoral immune responses. 

1.  Cellular responses in Drosophila immunity 

 Cellular immune responses in Drosophila are carried out by specialized cells analogous to 

vertebrate blood cells called hemocytes that engage in phagocytosis, nodulation, and 

encapsulation. In Drosophila, there are several thousand hemocytes that are classified into 

three types:  plasmatocytes, crystal cells, and lamellocytes (Lemaitre et al., 2007).  

1.1  Phagocytosis 

A macrophage-like type of hemocyte known as plasmatocytes are responsible for 

consumption of microbes and apoptotic cells through phagocytosis. Phagocytic plasmatocytes 

are the most numerous type of hemocyte, comprising ~95% of mature larval hemocytes (Chamy 



 

 5 

et al., 2010; Lemaitre et al., 2007). The numerous plasmatocytes “lie in waiting,” ready to defend 

cellular integrity as phagocytosis can occur instantly upon microbial attack. In addition to the 

phagocytosis of bacteria, yeast and other microbes, plasmatocytes are also capable of 

phagocytosing other foreign matter such as Sephadex beads, double-stranded RNA, and ink in 

a matter of minutes (Lemaitre et al., 2007).  

1.2  Nodulation 

Nodulation is another cellular process aimed at capturing large numbers of microbes 

through the coordinated formation of multicellular aggregates or nodules composed of 

hemocytes. This process is functionally similar to vertebrate granuloma formation by 

macrophages. These nodules entrap large bacterial aggregates by encasing them in a type of 

flocculent material (Hillyer, 2016). The end process of nodulation is characterized by the 

recruitment of plasmatocytes to the surface of the nodules, forming another layer of aggregated 

cells that immobilizes and kills microbes. Melanization of the nodules which produces toxic 

byproducts also occurs simultaneously and may assist in pathogen destruction. The molecular 

mechanism of nodulation is not well understood and much of the current knowledge of 

nodulation has been studied in insects other than Drosophila.  Studies of other insect groups 

reveal that the mechanism of nodulation involves eicosanoid signaling, prophenoloxidase, and 

dopa decarboxylase cascades (Carton et al., 2002; Shrestha et al., 2010; Stanley et al., 2009). 

One key protein factor called Noduler has been shown to play a role in nodule formation of 

mosquitos (Gandhe et al., 2007).  Four homologs of Noduler exist in Drosophila that have yet to 

be functionally characterized (Gandhe et al., 2007).  

1.3  Encapsulation 

In larvae, lamellocytes are large, flat cells that encapsulate foreign invaders that are too 

large to be phagocytosed (>10 microns) such as parasitic wasp eggs that are injected into the 

larval hemocoel. The wasp egg is recognized by plasmatocytes which transduces this signal to 
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induce the massive differentiation and proliferation of lamellocytes within hours (Jung et al., 

2005; Russo et al., 1996). The molecular mechanism of signal-induced lamellocyte maturation 

and mobilization is not yet clear. It is thought that encapsulation is triggered by damage to the 

basement membrane of the tissue as early experiments of transplanted D. melanogaster tissue 

fragments that were damaged were encapsulated whereas fragments with an intact basement 

membrane remained in circulation (Rizki et al., 1980). Nevertheless, lamellocytes form a multi-

layered capsule around the invader which can be killed by asphyxiation and/or the local 

production of cytotoxic free radicals from the phenoloxidase cascade (Nappi et al., 1995). 

2.  Humoral responses in Drosophila immunity 

The humoral response can be divided into an “early” step involving three proteolytic 

cascades:  phenoloxidase/melanization, coagulation, and complement cascades. These 

cascades primarily function in sealing the damaged tissue and is followed by the main systemic 

response involving rapid and massive synthesis of antimicrobial peptides in the fat body.  

2.1 Phenoloxidase cascade 

Circulating specialized hemocytes called crystal cells execute the phenoloxidase-

activating or melanization cascade which is an immediate response that generates reactive 

oxygen species (ROS) and quinones that are toxic to the pathogen. This process results in the 

production of melanin at the site of wounds or on the surface of pathogens. The de novo 

synthesis of melanin is an important component of the Drosophila immune response playing 

roles in promoting wound healing and scab formation, enscapsulation, coagulation, and the 

sequestration of foreign invaders. Melanization involves signaling via pattern recognition 

receptors and a serine protease cascade in the activation of the key redox enzyme in this 

process, prophenoloxidase (Eleftherianos et al., 2011). After becoming proteolytically activated, 

a serine protease known as phenoloxidase activating enzyme cleaves prophenoloxidase into 

active phenoloxidase which catalyzes the oxidation of phenols into quinones that then 
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polymerizes into melanin. A precursor of melanin is the amino acid tyrosine. Thus, melanin 

production is dependent upon tyrosine metabolism. Activated phenoloxidase catalyzes the 

hydroxylation of tyrosine to form dopa, which is then oxidized to dopaquinone and can be 

converted to dopachrome. Subsequent enzymatic steps involving phenoloxidase culminate in 

the production of eumelanin, a black to brown colored type of melanin pigment. Dopamine can 

also be used as a precursor for eumelanin which is catalyzed by phenoloxidase and several 

other enzymes (Hillyer, 2016).  

Three different phenoloxidase genes are encoded in the Drosophila genome:  PPO1, 

and PPO2 are expressed in crystal cells (Binggeli et al., 2014), while PPO3 is exclusively 

expressed in lamellocytes (Irving et al., 2001; Nam et al., 2008). PPO3 may be involved in the 

melanization that often accompanies encapsulation by larval lamellocytes (Dudzic et al., 2015). 

Apart from its importance in immune function, melanization is also vital for exoskeleton 

coloration, sclerotization, and wound healing. 

2.2  Coagulation cascade 

Coagulation of hemolymph components or clotting is another important immediate 

humoral defense strategy that promotes hemostasis and the prevention of pathogen entry.  A 

fibrous, gelatinous clot is formed by soluble hemocyte-derived factors which traps hemocytes 

that are rapidly produced at the lesion. Plasmatocytes and crystal cells are recruited to further 

seal the clot and produce clotting factors such as hemolectin and prophenoloxidase, 

respectively (Scherfer et al., 2004). Two enzymes, transglutaminase as well as 

prophenoloxidase perform covalent cross-linking activities for structural support and to solidify 

the fibrous network of the clot (Eleftherianos et al., 2011; Lorand et al., 2003). Drosophila 

transglutaminases and clotting factors such as hemolectin have been shown to be homologous 

with mammalian clotting factors, though the coagulation processes in both systems are distinct 

(Goto et al., 2001; Loof et al., 2011; Theopold et al., 2014; Wang et al., 2010). Melanization, 
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mediated by crystal cells, also often occurs with coagulation. Thus, coagulation and 

phenoloxidase/melanization cascade are intricately linked, though these processes occur 

independently in vertebrates (Sheehan et al., 2018). Due to the nature of the insect open 

circulatory system, hemolymph coagulation plays a vital role in the humoral immune response to 

prevent excessive bleeding of the hemolymph, prevent the spread of infection, and also 

provides a substrate for further wound healing (Galko et al., 2004). 

2.3  Complement cascade 

A complement-like system has been identified in insects primarily studied in mosquitoes, 

though there have been a few studies in Drosophila. The mammalian complement system 

involves ~50 pattern recognition receptors, circulating protein factors, and membrane bound 

proteins (Shokal et al., 2017). Activation of the complement system leads to a proteolytic 

cascade that marks a pathogen for destruction via opsonization and leads to phagocytosis or 

lysis. Thio-ester containing proteins (TEPs) are a family of proteins that have been conserved 

throughout evolution and are present in protostomes and deuterostomes. In vertebrates, they 

are known to be key mediators of this response (Shokal et al., 2017).  TEPs contain a thioester 

motif (GCGEQ) with an unstable covalent bond between the cysteine and glutamic acid side 

chains. The thioester motif becomes reactive upon elevated temperature, proteolytic cleavage, 

and changes in solution media (Shokal et al., 2017). This active moiety allows for the covalent 

binding of pathogens to the TEPs thereby marking the pathogen for destruction via 

opsonization. The Drosophila genome encodes six TEP homologs (Adams et al., 2000). The 

TEP homologs exhibit different expression patterns upon bacterial, fungal, and parasitoid 

infection in larvae and adults (Shokal et al., 2017). TEPs 2, 4, and 6 have been shown to 

promote phagocytosis upon infection of Gram-negative bacteria and C. albicans in vitro 

(Stroschein-Stevenson et al., 2006). Furthermore, expression of TEPs have been shown to 

involve the JAK-STAT and Toll pathways (Lagueux et al., 2000). It remains to be seen whether 
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Drosophila TEPs directly act as opsonins in a complement-like system and the precise 

regulatory mechanisms controlling their action. 

2.4  Systemic response:  production of antimicrobial peptides 

A hallmark of Drosophila host defense is the inducible systemic response involving the 

secretion of potent antimicrobial peptides in the open circulatory system. It is the best 

understood aspect of the humoral innate immune response in insects. Although they do not 

have adaptive immune responses and lack antibodies for the immunological memory of 

microbial attack, several groups in the 1920s demonstrated that insects exhibit “immunological 

priming” as a consequence of prior infection and can withstand otherwise lethal doses of 

bacteria if previously “vaccinated” using heat-attenuated or small doses of live cultures 

(Cantacuzène ,1923; Metalnikov 1927, Porchet 1928). Once “vaccinated,”  the insect mounts an 

antibacterial defense against a broad spectrum of microbes as evident even 3 hours post 

infection in the hemolymph (Metalnikov 1927; Porchet 1928).  

After these pioneering studies in the 1920s, it was not until 1970s that the study of insect 

immunity gained more traction with work from H. Boman laboratory in Stockholm. The Boman 

group revealed that when D. melanogaster were infected with the Gram-negative bacteria A. 

cloacae, they were protected by subsequent infection by the same bacterial strain or by a 

different strain (E. coli or P. aeruginosa) (Boman et al., 1972). This bactericidal activity was 

inhibited by treatment with protein translation inhibitor cycloheximide, but was not inhibited by 

cell division inhibitor colchicine, suggesting that the antimicrobial activity involved a humoral 

defense mechanism possibly mediated by protein factors instead of a cellular defense 

mechanism (Boman et al., 1972).  

The Boman group results on the possible “immunological priming” of insects were 

corroborated by results from the J. Hoffmann group working with the grasshopper L. migratoria. 

The J. Hoffmann group in Strasbourg, France showed that infection of a non-lethal dose of B. 
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thuringensis protects against subsequent lethal bacterial challenge and that infection triggers 

strong proliferation of hemocytes (D. Hoffmann et al., 1974).  

In 1981, the Boman group reported another important discovery in the isolation and 

characterization of the first inducible antimicrobial immune peptide in the pupae of the giant 

silkworm moth (Hyalophora cecropia). The antimicrobial activity was revealed to be due to small 

peptides termed antimicrobial peptides (AMPs) (Steiner et al., 1980, Steiner et al.., 1981). 

These first AMPs were called cecropins and attacins (Hultmark et al., 1983; Steiner et al., 1980; 

Steiner et al., 1981). At the time, the advantage of using larger insects was that larger amounts 

of protein yields could support these early biochemical and functional studies on AMPs. The 

Boman group’s discovery of antibacterial proteins led to the discovery of many more (~150) 

antimicrobial peptides in different insect groups such as Lepidoptera and eventually in smaller 

Dipteran species including Drosophila (Bulet et al., 1993; Kylsten et al., 1990; Levashina et al., 

1995; Samakovlis et al., 1990). Subsequently, AMPs were identified in vertebrates and in plants 

(Cammue et al., 1992; Selsted et al., 1984).  Thus, AMPs are ubiquitously distributed 

throughout the animal and plant kingdoms, contributing a major role in the arsenal of 

multicellular host defense (Ganz, 2003).  

Shortly after the identification of insect AMPs, the molecular characterization and cloning 

of AMP cDNAs was undertaken. In particular, cloning techniques pioneered by the Boman 

group paved the way for the sequencing of full genomic clones (Kylsten et al., 1990; Reichhart 

et al., 1992). This led to the characterization of promoter sequences that could induce their 

expression. In 1991, Ingrid Faye was the first to report the presence of a sequence motif 

resembling an NF-κB consensus sequence (5’-GGGGATTCCT-3’) at an upstream region of 

attacin genes in H. cecropia (Sun et al., 1991). These sequence motifs were subsequently 

discovered in the promoter region of cecropin genes and the diptericin gene (Reichhart et al., 

1992; Sun et al., 1992). Several groups, using Drosophila and other insect models, identified the 
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presence of nuclear proteins that bound to κB-like motifs and that these motifs were required for 

immune inducibility in cells and in vivo (Engström et al., 1993; Kappler et al., 1993; Kobayashi et 

al., 1993; Sun et al., 1992). 

In Drosophila, three NF-κB family members have been identified:  Dorsal, Dif, and 

Relish.  These NF-κB proteins rapidly translocate to the nucleus upon infection and bind to κB-

like motifs to drive the expression of immune response genes (Gross et al., 1996; Ip et al., 1993; 

Petersen et al., 1995; Reichhart et al., 1992, Reichhart et al., 1993). The dorsal gene was first 

described in a developmental context rather than in immunity as Dorsal was named for its role 

in dorsal-ventral patterning (Santamaria et al., 1983). Through hybridization screening of the 

Drosophila genome using the dorsal Rel sequence, another NF-κB protein was identified by the 

M. Levine group in the US (Ip et al., 1993). This NF-κB protein was named Dorsal related 

immunity factor (Dif) which bears ~31% identity and ~46% similarity tos Dorsal. Dif is expressed 

in larva, pupae, and adults, but unlike Dorsal is not expressed in the female germline and early 

embryo (Ip et al., 1993). Also unlike Dorsal, Dif does not appear to control developmental 

genes. A third member of the NF-κB family of transcription factors in Drosophila was discovered 

in D. Hultmark’s group and was named Relish (Dushay et al., 1996). Relish contains both an N-

terminal Rel homology domain (RHD) and C-terminal inhibitory ankyrin repeats in a similar 

protein architecture to mammalian p100 and p105 (Dushay et al., 1996).  

In response to infection by bacteria and fungi, two classical signaling cascades, the IMD 

and the Toll pathways control the inducible systemic response through regulation of AMP gene 

expression.  Both pathways are mediated by distinct NF-κB transcription factors, Dorsal and Dif 

in the Toll pathway, and Relish in the IMD pathway.  Both pathways involve microbial sensing 

by genome-encoded PRRs. The PGRP and GNBP receptor families are the two principal PRRs 

in the Drosophila systemic immune response. 
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C.  Drosophila IMD pathway 

One of the major evolutionarily conserved signaling cascades involved in the Drosophila 

immune response is the immune deficiency (IMD) pathway. This pathway regulates the 

activation of the NF-κB protein Relish and controls the expression of five of seven known 

classes of antimicrobial peptides in Drosophila. Thus, the IMD pathway is indispensable for 

proper immune function in Drosophila.  

Efforts to link Toll pathway mutants to the regulation of antimicrobial peptide expression 

had failed. Nevertheless, in 1995, Lemaitre et al., in the J. Hoffmann group discovered the imd 

gene from genetic screens utilizing the D. melanogaster fly line 1046Bc which was homozygous 

for the Bc (black cells) mutation and generated by ethyl methylsulfanate mutagenesis (EMS) in 

the lab of E. H. Grell (Lemaitre, 2004). These mutants were impaired in phenoloxidase activity 

and had a thermosensitive tumor phenotype (Lemaitre et al., 1995). Bacterial infection resulted 

in severely impaired antibacterial peptide gene expression (Lemaitre et al., 1995). This 

phenotype was not the result of the Bc mutation, but was found to be due to a mutation only 3.5 

centimorgans away from Bc which was termed “immune-deficiency” or imd (Lemaitre et al., 

1995). This was the first reported mutant in flies that was found to alter antibacterial peptide 

expression. 

Homozygous imd-mutant flies were viable, but highly susceptible to bacterial infection as 

the mutation diminished the inducibility of all known antibacterial peptide genes (Diptericin, 

Cecropin, Defensin, Attacin, and Drosocin) in the Drosophila immune response (Lemaitre et al., 

1995). Upon bacterial challenge, flies that had a mutation in the recessive gene imd were more 

susceptible to infection and had lower survival rate compared to wild-type flies (Lemaitre et al., 

1995). This observation was the first functional evidence that antimicrobial peptides are critical 

for fighting bacterial infection in vivo. However, drosomycin induction was unaffected in imd 
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mutant flies, suggesting that another signaling pathway may be controlling expression of the 

antifungal peptide Drosomycin. 

Additional genetic screens by several laboratories using EMS mutagenesis revealed 

other potential genes involved in the IMD pathway with phenotypes mirroring imd and relish 

mutants. These mutants exhibit extreme sensitivity to bacterial infection and fail to produce 

antimicrobial peptides (Hedengren et al., 1999; Lemaitre et al., 1995). Four additional IMD 

pathway genes were identified under the EMS approach:  dTAK1 (ortholog of mammalian 

TAK1), DREDD (ortholog of mammalian caspase-8) as well as orthologs of the mammalian IKK 

subunits IKKβ and IKKγ/NF-κB essential modulator (NEMO) encoded by genes ird5 and kenny 

(Kim et al., 2000; Leulier et al., 2000; Lu et al., 2001; Rutschmann et al., 2000; Silverman et al., 

2000; Vidai et al., 2001). Both ird5 and kenny mutant flies were severely compromised in 

inducibility of antibacterial peptides, but not antifungal peptides (Lu et al., 2001; Rutschmann et 

al., 2000). Kenny mutants are particularly highly sensitive to bacterial infection as they die only 

two days after infection by E. coli, but had a similar response to wild-type flies upon fungal 

infection (Rutschmann et al., 2000). These genetic results demonstrated that the Drosophila IKK 

subunits are essential for proper immune induction.  

The mammalian IKK subunits have also been shown to be absolutely essential in 

immune responses upon pro-inflammatory stimuli such as TNF-α, IL-1, LPS, phorbol myristate 

acetate, and many other stimuli that initiate the canonical NF-κB activation pathway. Elegant 

gene-knockout studies of IKKβ and IKKγ in mice resulted in embryonic lethality similar to NF-κB 

p65 knockout phenotype (Q. Li et al., 1999; Z. W. Li et al., 1999; Tanaka et al., 1999). Thus, the 

essentiality of IKK subunits is conserved in flies and mammals, constituting a major regulatory 

step in immune responses mediated by NF-κB in the Drosophila IMD pathway and in the 

mammalian canonical NF-κB activation pathway. 
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Soon after the discovery of key proteins in the IMD pathway, the K. Anderson group 

discovered that the principal PRR in this pathway is PGRP-LC, a member of the peptidoglycan 

recognition protein (PGRP) family (Choe et al., 2002). PGRPs are a highly conserved protein 

family with homologs identified in mollusks, echinoderms, arthropods and mammals (Dziarski, 

2004). PGRPs share a ~160 amino acid long PGRP domain homologous to N-acetylmuramoyl-

L-alanine amidases (also known as type 2 amidases) common to bacteria, bacteriophages, and 

T7 lysozyme (Dziarski, 2004; Kang et al., 1998). The Drosophila genome encodes 13 PGRP 

genes which are alternatively spliced into 19 isoforms (Royet et al., 2007). 

PGRPs recognize peptidoglycan, a constituent of most bacterial cell walls in both gram-

negative and gram-positive bacteria. Bacterial PGN is composed of a network of conserved 

polymers consisting of alternating sugar residues of N-acetylglucosamine and N-acetylmuramic 

acid linked by a β-(1,4)-glycosidic bond. N-acetylmuramic acid is cross-linked by a short stem 

peptide of 3-5 amino acids long (Kaneko et al., 2005). Gram-positive bacteria typically have 

lysine at the third position of the stem peptide, while most gram-negative bacteria have meso-

diaminopimelic acid (DAP) at this position. This third amino acid is typically cross-linked to D-

alanine, which is the fourth amino acid in the stem peptide (Kaneko et al., 2005). Naturally, PGN 

is shed from the bacterial cell wall during cell division and cell death. 

PGRP-LC is the main receptor that binds directly to DAP-type PGN to trigger the 

activation of the IMD pathway in the systemic immune response (Figure 1.1). PGRP-LC is a 

transmembrane receptor that is alternatively-spliced into three known isoforms:  PGRP-LCa, 

PGRP-LCx, and PGRP-LCy (Werner et al., 2003).  These isoforms have identical 

transmembrane and cytoplasmic regions, but have different PGRP domains that contribute to 

ligand specificities (Kaneko et al., 2005). PGRP-LCx contains a deep PGN binding cleft which is 

typical of PGRP family of proteins and type 2 amidases accommodating both polymeric and 

monomeric DAP-PGN (Chang et al., 2005; Kleino et al., 2014). Structural and biochemical 
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studies have shown that PGRP-LCx binds to monomeric DAP-PGN known as tracheal cytotoxin 

(TCT) which then recruits the PGRP domain of PGRP-LCa to form a PGRP-LCx/a heterodimer 

(Chang et al., 2005, Chang et al., 2006). On the other hand, the function of PGRP-LCy, its 

mode of PGN recognition, and its specificity for a particular type of PGN ligand is not yet known, 

though some antagonistic effects on AMP expression upon bacterial challenge have been 

observed in vivo (Neyen et al., 2012).  

Somewhat surprisingly, it was also shown that PGRP-LC mutant flies can still mount a 

reduced response against TCT infection (Neyen et al., 2012, Royet and Dziarski, 2007).  

Genetic studies revealed that PGRP-LE can contribute to the response against TCT leading to 

downstream signaling of the IMD pathway (Neyen et al., 2012; Royet et al., 2007). PGRP-LE 

can either be secreted extracellularly or reside intracellularly in the cytoplasm (Neyen et al., 

2012; Royet et al., 2007). Extracellular PGRP-LE can bind to circulating TCT via its PGRP 

domain and can form a dimer with PGRP-LCx at the plasma membrane to act as a co-receptor 

and enhance PGRP-LCx mediated response to TCT (Neyen et al., 2012). PGRP-LCx:PGRP-LE 

mediated TCT recognition is reminiscent of mammalian MD-2 acting as a co-receptor for TLR-4 

in the sensing of lipopolysaccharide. However, this PGRP-LCx-PGRP-LE mediated response is 

not as potent as the PGRP-LCa/x heterodimer in mediating AMP expression (Kleino et al., 

2014; Royet et al., 2007).  

Moreover, intracellular PGRP-LE functions independently of PGRP-LCx and binds to 

TCT that has crossed the cell membrane or is released from intracellular infection (Kleino et al., 

2014; Royet et al., 2007). Intracellular binding of TCT to PGRP-LE results in PGRP-LE 

homodimerization and downstream signaling (Kleino et al., 2014). It has been proposed that 

PGRP-LE-mediated signaling plays a more prominent role in the midgut, while PGRP-LC 

mediates signaling primarily in the fat body as well as in the local responses in the respiratory 

and gut epithelia. This is corroborated by AMP expression levels in intestinal tissues of Gram- 
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infected flies with a greater reduction in PGRP-LE mutants than PGRP-LC mutants (Neyen et 

al., 2012). This effect is accompanied by a higher level of PGRP-LE expression than PGRP-LC 

in intestinal tissues (Neyen et al., 2012).  

After sensing of DAP-type PGN by PGRP-LC or PGRP-LE, the signal is transduced to 

the adaptor protein Imd, which contains a C-terminal death domain homologous to mammalian 

RIP1. For many years, it was not known how PGRP-LC and PGRP-LE propagate downstream 

signaling through is N-terminal intracytoplasmic region as a homologous signaling domain had 

not yet been identified and functionally characterized. It was thought that the mechanism 

involved clustering of PGRP-LCx dimers and multimerization of PGRP-LE, though the precise 

molecular interactions and nature of assembly remained uncertain (Kleino et al., 2014).  

Recently, N. Silverman’s group at the University of Massachussets in Worcester showed that 

PGRP-LC and PGRP-LE, along with Imd, activate the IMD pathway through a conserved 

mechanism in mammals involving formation of functional amyloids (Kleino et al., 2017).  

The assembly of functional amyloid fibrils is a necessary step in the IMD pathway and is 

mediated by homotypic interactions of cryptic RIP homotypic interaction motifs (cRHIM) 

composed of a core VXXG sequence at the N-termini of the receptors PGRP-LC and PGRP-LE, 

as well as at the N-terminus of the adaptor protein IMD (Kleino et al., 2017). The Drosophila 

cRHIM domains bears weak homology with amyloidogenic mammalian RHIMs of RIP1/RIP3 

proteins that mediate formation of functional signaling amyloid fibrils in necroptosis (Kleino et 

al., 2019). A putative cRHIM has been identified within the N-terminus of Relish, but has yet to 

be biochemically and functionally characterized (Kleino et al., 2017). Disruption of amyloid 

formation of the cRHIMs through mutation or small-molecule inhibition strongly interfered with 

IMD signaling and AMP expression in cells and in flies, but did not interfere with Toll signaling 

and induction of Drosomycin expression (Kleino et al., 2017). The cRHIM-containing protein Pirk 

is a potent negative regulator of the IMD pathway and is under transcriptional control by Relish. 
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It was not known for several years how Pirk can interfere with the pathway until these recent 

studies from the N. Silverman group showed its role in the inhibition of cRHIM-containing 

amyloid fibril formation. The cRHIM of Pirk interacts with the cRHIM motifs in PGRP-LC:Imd 

fibrils and interferes with formation of the signaling amyloids perhaps by destabilization and/or 

capping of nascent fibrils (Kleino et al., 2017). 

Ligand binding to PGRP-LC or PGRP-LE dimers triggers receptor aggregation and 

amyloid formation through receptor cRHIM interactions (Kleino et al., 2017). Imd cRHIMs are 

recruited to the amyloid fibrils and forms a filamentous platform for the recruitment of 

downstream factors. It is not yet known whether nucleation of this amyloid fibril starts with 

PGRP cRHIM homoamyloid or a heteroamyloid with IMD cRHIMs. After formation of the 

amyloid fibrils, Imd then forms a signaling complex with dFADD through homotypic death 

domain (DD) interactions, while dFADD enlists the caspase Dredd via death effector domain 

(DED) interactions (Hu et al., 2000). Unlike most caspases that require proteolytic processing 

for activation, Dredd is activated by K-63-linked polyubiquitination by the E3-ubiquitin ligase 

dIAP2 (Meinander et al., 2012). Activated Dredd cleaves IMD after aspartate 30 within a 

caspase recognition motif 27LEKD/A31, exposing a highly-conserved IAP-binding motif (IBM) at 

the neo-N-terminus of IMD (Paquette et al., 2010). A functional IBM acts as a docking site for 

dIAP2 which associates with the E2 ubiquitin conjugating enzymes UEV1a, Bendless (Ubc13), 

and Effete (Ubc5) and rapidly conjugates K-63 polyubiquitin chains onto IMD at lysine residues 

137 and 153 (L. Chen et al., 2017; Paquette et al., 2010). K-63 polyubiquitination recruits and 

activates the Tab2-Transforming growth factor β-activated kinase-1(Tak1) complex which 

functions to activate the DmIKKβ:γ complex (L. Chen et al., 2017). It is also possible that the 

DmIKK complex is recruited to the amyloid fibrils through interactions with IMD-conjugated K-63 

polyubiquitin chains and DmIKKγ, which harbors putative ubiquitin binding domains 

(Rutschmann et al., 2000). The activated DmIKK complex phosphorylates multiple sites within 
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the N-terminus of Relish (Ertürk-Hasdemir et al., 2009; Silverman et al., 2000).  Signal-

dependent phosphorylation of Relish at Serines 528 and 529 by the DmIKK complex is required 

for the efficient recruitment of RNA polymerase II at Relish target genes (Ertürk-Hasdemir et al., 

2009).  On the other hand, Dredd cleaves Relish after aspartate 545 within the cleavage site 

542LQHD/G546 leaving an N-terminal portion of Relish known as Rel-N or Rel-68 and the C-

terminal portion called Rel-C or Rel-49 (Paquette et al., 2010). Both DmIKK-mediated 

phosphorylation and Dredd-mediated cleavage of Relish is required for proper transactivation of 

antimicrobial peptide genes. The newly liberated Rel-N can translocate into the nucleus to 

induce expression of most AMPs including Dipericin, Defensin, Cecropins, Drosocin, and 

Attacins in addition to other effector genes, while Rel-C remains in the cytoplasm (Gregorio et 

al., 2002; J. L. Imler et al., 2005; Stöven et al., 2000). 
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Figure 1.1:  Schematic overview of Drosophila IMD signaling  
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D.  Drosophila Toll pathway  

A series of semi-saturating mutagenesis screens carried out by C. Nusslein-Volhard’s 

group in Tubingen, Germany and by the T. Schüpbach and E. Wieschaus groups at Princeton 

University identified several genes that control early embryonic development in Drosophila 

(Lemaitre, 2004). Nusslein-Volhard and Wieschaus along with E. B. Lewis at Caltech were 

awarded the Nobel Prize in Physiology or Medicine in 1995 for discoveries in the genetic control 

of early embryonic development in Drosophila.  Genetic screens carried out by K. Anderson in 

Nusslein-Volhard’s group identified the “dorsal group” of twelve genes which include toll, tube, 

pelle, cactus, dorsal, and seven genes upstream of toll in the pathway: nudel, gastrulation 

defective, windbeutel, pipe, snake, grass, and easter (Anderson, Bokla, et al., 1985; Anderson, 

Jürgens, et al., 1985; Anderson et al., 1984; Belvin et al., 1996). Loss of function mutations of 

11 of these genes affected dorsal-ventral polarity resulting in “dorsalized” embryos that lack 

ventral structures, while loss of function mutations in cactus resulted in “ventralized” embryos 

(Anderson, Bokla, et al., 1985; Anderson, Jürgens, et al., 1985; Schupbach et al., 1989).   

After the initial identification of these “dorsal group” genes, K. Anderson’s and other 

groups molecularly characterized the genes and their functions using a variety of genetic, 

molecular, and immunohistochemical approaches. Dorsal was found to encode for an NF-κB 

transcription factor with close homology to vertebrate c-rel (Steward et al., 1988).  The toll gene 

was cloned in the lab of K. Anderson and found to encode a single-pass type-I transmembrane 

protein receptor with a large N-terminal ectodomain containing leucine-rich repeats (LRR) 

flanked by cysteine-rich motifs (Hashimoto et al., 1988).  At the C-terminus, the Toll receptor 

was discovered to harbor a 105-amino acid intracytoplasmic domain which was noted to bear 

homology to the intracellular signaling domain of the mammalian IL-1 receptor, the sequence of 

which was reported at around the same time that toll was cloned (Gay et al., 1991; Sims et al., 

1988). This domain was termed the “Toll/IL-1-R (TIR) homology domain” due to significant 



 

 21 

similarity with the intracytoplasmic domains of mammalian interleukin-1 receptor (IL-1R) family 

of proteins (Bowie et al., 2000). 

9 toll genes have been discovered in Drosophila.  Toll encodes the prototypical Toll-1 

receptor involved in regulating dorso-ventral (DV) patterning and production of AMPs through 

the Toll pathway. 8 other toll genes also encode for single-pass transmembrane receptor 

proteins (Tauszig et al., 2000). 18 wheeler (Toll-2), tehao (Toll-5), and toll-9 have been shown to 

play a role in supporting immune responses and AMP expression (Dushay et al., 2000; J. L. 

Imler et al., 2000; Luo et al., 2001; Ooi et al., 2002; Tauszig et al., 2000). On the other hand, 

tollo (Toll-8) has been shown to negatively regulate the IMD pathway in respiratory epithelium 

(Akhouayri et al., 2011).  In addition, it was shown that the Toll-7 receptor interacts directly with 

vesicular stomatitis virus (VSV) and induces signaling in a similar fashion to the direct binding of 

ligands to mammalian TLRs (Nakamoto et al., 2012).  Neveretheless, most members of the 

Drosophila Toll receptor family do not play major roles in immunity, rather they primarily control 

developmental processes (Tauszig et al., 2000). 

The Toll pathway is initiated by gram-positive bacteria and fungi (Figure 1.2). However, 

unlike mammalian TLRs, the Drosophila Toll receptor does not directly sense microbially-

derived molecular components. Instead, Drosophila Toll-1 is a cytokine receptor that recognizes 

an endogenous ligand produced in the host, a mature form of the cytokine Spaetzle, a homolog 

of the vertebrate β-nerve growth factor (βNGF). Under basal conditions, the Spaetzle pro-

domain occludes the Toll-binding surface within the C-106 cystine knot domain, a predominantly 

hydrophobic region of the protein consisting of the last C-terminal 106 amino acids of the 

protein. Circulating extracellular recognition factors act as pattern recognition receptors to 

initiate proteolytic cascades activating Spaetzle in both embryonic patterning and the immune 

response though the extracellular factors leading to Spaetzle activation are distinct. Gram-

negative binding protein-3 (GNBP-3) recognizes long β-1,3 glucans from the cell wall of fungi 
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and yeast while a complex of PGRP-SA and GNBP-1 sense Lysine-type peptidoglycan from 

gram-positive bacteria (Gobert et al., 2003; Gottar et al., 2006; Mishima et al., 2009). PGRP-SD 

is another circulating PRR involved in the Toll pathway, but with specificity for DAP-type 

peptidoglycan from Gram-negative bacteria. It also participates in the detection of Lys-type 

peptidoglycan via an unknown mechanism to induce the Toll pathway (Leone et al., 2008). 

PGRPP-SD, however, is not required in the IMD pathway (Leone et al., 2008). Activation of 

Spaetzle involves proteolytic cleavage causing a conformational change allowing the Toll 

ectodomain to associate with the now exposed Spaetzle C106 domain (Hu et al., 2004; Weber 

et al., 2003).  

In DV patterning, a proteolytic cascade involves the serine proteases Nudel, Gastrulation 

Defective (GD), Snake, and Easter. The protein disulfide isomerase (PDI)-related protein 

chaperone Windbeutel and the sulfo-transferase Pipe are other factors that are essential in 

regulating the protease cascade leading to Easter activation. In particular, a Windbeutel 

homodimer interacts directly with Pipe to facilitate its export from the endoplasmic reticulum 

(Barnewitz et al., 2004). Pipe was found to be essential in the development of ventral cues and 

facilitating the activation of Easter by stabilizing the Snake:Easter complex (Cho et al., 2010). 

Once activated by proteolytic processing by Snake, Easter directly cleaves Spaetzle. 

In response to microbial infection, three different proteolytic cascades trigger Spaetzle 

processing depending on the type of activating microbe. Fungal β-glucan binds to GNBP-3, 

while gram-positive lysine-type peptidoglycan binds to either a complex of PGRP-SA:GNBP-1 or 

to monomeric PGRP-SD (Bischoff et al., 2004). In all three of these variations of the recognition 

step in the Toll pathway, the serine protease Mod-SP is responsible for integrating these 

microbial signals to Grass which activates SPE. The serine proteases Spirit, Spheroide, and 

Sphinx 1/2 have been shown to be involved in this cascade by RNAi-based experiments, but the 

exact molecular mechanism is not currently known, though is likely to function in between Grass 
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and activation of SPE (Kambris et al., 2006).  Activated SPE cleaves the pro-domain of 

Spaetzle to allow its C-106 cysteine knot domain to bind to the extracellular domain of Toll. 

Damage and stress signals elicited by fungal and Gram-positive proteolytic virulence 

factors penetrate the insect body cavity via subtilisin-like proteolytic activity. This leads to 

activation of a serine protease cascade mediated by the host serine protease Persephone 

(Chamy et al., 2008). Interaction of microbial virulence factors and the zymogen form of 

Persephone leads to cleavage and maturation of Persephone by these virulence factors (Gottar 

et al., 2006).  Matured Persephone then cleaves and activates SPE which can then process 

Spatzle. Thus, Persephone has dual roles as a sensor of virulence factors and as activator of 

the Spatzle-activating proteolytic cascade to guard against virulence factors and abnormal 

proteolytic activity. The detection of damage or stress signals in response to virulence factors as 

well as tissue injury and cell death also exists in mammals. Endogenous factors known as 

damage-associated molecular patterns (DAMPs) are released and are recognized by specific 

receptors and PRRs to initiate inflammatory responses (Boyer et al., 2011; Heil et al., 2014; 

Tang et al., 2012). In Drosophila larvae, it was shown that endogenous factors released by 

necrotic cells initiate a Persephone-dependent pathway resulting in active Spaetzle (Ming et al., 

2014).  

Once activated, Spaetzle, as a dimer, can then bind to the N-terminal extracellular 

ectodomain of a Toll receptor (Parthier et al., 2014). Formation of this complex initiates 

conformational changes in the Toll receptor resulting in an active Toll dimer for downstream 

signaling. The activated Toll receptor can then associate with the adaptor protein Myd88 

through homotypic TIR domain interactions. Myd88 then recruits another adaptor protein Tube 

which then enlists the protein kinase Pelle to form a complex mediated by death-domain (DD) 

interactions. Formation of this signalosome leads to autophosphorylation of Pelle. The signaling 

cascade then proceeds to Cactus, a homolog of mammalian IκB which forms a complex with 
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NF-κB transcription factors Dorsal-related immunity factor (Dif) in adult flies and Dorsal in adult 

flies and larvae thus sequestering NF-κB in the cytoplasm. Activation of Dif and Dorsal requires 

phosphorylation of Cactus. However, the mechanism of signal-dependent Cactus 

phosphorylation in the Toll pathway is not yet clear, though an in vitro study points to Pelle, a 

homolog of mammalian IKK regulator IRAK-1, as the Cactus kinase in this pathway (Daigneault 

et al., 2013). However, signal-responsive phosphorylation of Cactus by Pelle has yet to be 

demonstrated in vivo. While the DmIKK complex was shown to phosphorylate Cactus in vitro, 

this does not seem to occur in vivo as cell-based and fly studies with mutant DmIKK did not 

impair drosomycin induction (Lu et al., 2001; Rutschmann et al., 2000; Silverman et al., 2000). 

Thus, the Toll pathway does not seem to involve components of the DmIKK complex, but is 

clearly involved in the regulation of the IMD pathway (Lu et al., 2001; Rutschmann et al., 2000; 

Silverman et al., 2000).  

Nonetheless, signal-responsive Cactus phosphorylation triggers ubiquitination and rapid 

degradation by the 26S proteasome to permit the nuclear translocation of the NF-κB proteins Dif 

and Dorsal. This leads to the expression of immune response genes such as AMPs and genes 

involved in DV patterning.  In adult flies, primarily in the fat body and in hemocytes, Dif is 

essential for the expression of immune-responsive genes, while Dif and Dorsal function 

redundantly in larval innate immunity (Manfruelli et al., 1999; Rutschmann et al., 2000).  In both 

larvae and adult flies, the Toll pathway is essential for the induction of the antimicrobial peptides 

Drosomycin and Metchnikowin as well as the full induction of some antimicrobial peptides genes 

that include Cecropin, Defensin, and Attacin which are induced by the IMD pathway (Imler, 

2014). 
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Figure 1.2:  Schematic overview of Drosophila Toll Signaling in innate immunity and 
embryonic patterning 
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E.  Antimicrobial peptides 

Insect-derived AMPs are small (<100 amino acids), cationic peptides that are mainly 

produced in the fat body, an analogue of the mammalian liver.  Microbial infection triggers the 

rapid secretion of an arsenal of antimicrobial peptides into the hemocoel or body cavity of the 

open circulatory system. Gram-positive bacteria and fungi activate the Toll pathway, while gram-

negative bacteria trigger the IMD pathway.  AMPs are often secreted in high concentrations into 

the hemolymph, the bodily fluid of the insect open circulatory system where they are maintained 

at such concentrations of up to 400 micromolar for several hours (Chamy et al., 2010). 

Moreover, insect AMPs can also be produced locally by barrier epithelial cells similar to the 

vertebrate AMP system (Buchon et al., 2014).   

In Drosophila, seven distinct families of AMPs have been characterized and are active 

against specific types of microbes (Figure 1.3) (Imler et al., 2005). Three of these AMP families:  

the Diptericins, Attacins, and Drosocin, target gram-negative bacteria (Åsling et al., 1995; Bulet 

et al., 1993; Charlet et al., 1996; Reichhart et al., 1992; Wicker et al., 1990). On the other hand, 

Defensin and Metchnikowin target gram-positive bacteria (Dimarcq et al., 1994; Levashina et 

al., 1995). In contrast to other AMP families exerting bactericidal activity on either gram-negative 

or gram-positive bacteria, Cecropins target both types (Dushay et al., 1996; Dan Hultmark et al., 

1982; Lemaitre et al., 1995). To combat fungi, Drosophila elicit the Toll pathway and induce the 

expression of Drosomycin (Fehlbaum et al., 1994; Michaut et al., 1996). In addition, the 

antibacterial peptides Cecropins, Metchnikowin, and Defensin have dual specificity and can also 

target fungi (Ekengren et al., 1999; Levashina et al., 1995; Samakovlis et al., 1990; Tzou et al., 

2002). 

Mutagenesis studies on flies lacking both IMD and Toll pathways demonstrate that 

AMPs are critical for proper immune responses (Lemaitre et al., 1996; Tzou et al., 2002). These 

mutant flies do not produce any of the known antimicrobial peptides and are extremely 
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susceptible to bacterial and fungal infection (Lemaitre et al., 1996). Constitutive expression of a 

single AMP gene such as attacin A or drosomycin in these IMD and Toll deficient flies can 

rescue the ability to mount a response against the target class of microorganism (gram-negative 

bacteria, and fungi, respectively) (Tzou et al., 2002). 

In general, AMPs kill microbes by a variety of mechanisms to disrupt membrane integrity 

or by non-membrane targeting mechanisms to block microbial growth. Most AMPs are 

membrane-active by virtue of their amphipathic as well as cationic nature. It is thought that 

clusters of positive charges allows them to interact with the negatively charged phospholipid 

head groups while hydrophobic patches allow interaction with the fatty acids of the microbial 

membrane (Nakatsuji et al., 2012). For example, the cationic and amphipathic insect defensins 

are highly toxic relying on cellular destruction by disrupting membrane permeability and exerting 

immediate lysis (Bulet et al., 1999; Yi et al., 2014). In addition, post-translational modifications 

can also play a role in AMP activity as it was shown that the broad-spectrum Cecropin is 

amidated at its C-terminus and that this moiety stabilizes interaction with phospholipids of 

liposomes derived from E. coli (Nakajima et al., 1987; Yi et al., 2014). In contrast, the 19 amino 

acid peptide Drosocin exhibits a non-membrane targeting mechanism by binding to the bacterial 

heat shock protein DnaK. This interaction interferes with DnaK’s function of folding mis-folded 

proteins and leads to disruption of metabolic processes and cell death (Bikker et al., 2006). 

Furthermore, O-glycosylation at threonine 11 is required for Drosocin activity as removal of this 

moiety significantly reduces bactericidal activity (Bulet et al., 1993). 
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Figure 1.3:  Seven classes of Drosophila antimicrobial peptides secreted by the fat body 
in the systemic immune response. 
The 3D structures are from PDB files of D. melanogaster Drosomycin (1MYN), ortholog of 
Defensin (1ICA) from P. terranova, and ortholog of Cecropin A (2LA2) from of P. xuthus. 
The 3D structures of Diptericin, Attacin, and Metchnikowin have not been determined and 
were modeled using the default settings on SWISS-MODEL 
(https://swissmodel.expasy.org/). 
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F.  Evolutionary conservation of NF-κB activation pathways  

NF-κB activation pathways are characterized by signaling cascades in which ligand 

binding to receptors trigger changes in conformation or receptor stoichiometry. This facilitates 

binding of receptor-proximal adaptor proteins, recruitment of intermediary adaptors via protein-

protein interactions and transduction to downstream factors including kinases. As such, the 

recruitment and activation of IKK is a key regulatory event and is thought to be dependent upon 

induced proximity effects or conformational changes mediated by association of adapter 

proteins. Intriguingly, before the mammalian IKK complex was identified and isolated, the 

activity was dependent on non-degradative ubiquitination by ubiquitin machinery involving the 

E2 ubiquitin conjugating enzymes Ubc4/Ubc5 and was hypothesized to lead to IKK activation 

(Z. J. Chen et al., 1996). It is now known that non-degradative poly-ubiquitin linked through K-

63, linear (M-1), or even mixed linkages has been shown to be integral in the early events of 

NF-κB signaling, mediating protein-protein interactions with other adaptors and other upstream 

factors and also propagating signaling to NEMO and activation of the IKK complex (Clark et al., 

2013; Ea et al., 2006; Fujita et al., 2014; Kensche et al., 2012; Skaug et al., 2009; Tokunaga et 

al., 2009; Xia et al., 2009). Hence, poly-ubiquitin plays a major signaling role outside of protein 

degradation. In contrast to other signaling cascades, these early signaling events in NF-κB 

activation pathways do not primarily rely on kinase cascades that are characteristic of classical 

signal transduction pathways such as JAK-STAT, MAPK/ERK, and JNK pathways. 

Instead, the NF-κB signaling module requires, at its simplest, a dimeric NF-κB 

transcription factor, an upstream IκB kinase (IKK), and an inhibitor of κB (IκB) protein that 

sequesters NF-κB in the cytoplasm, keeping it inactive. Physiological stimuli activates IKK which 

then phosphorylates the IκB protein resulting in sequential ubiquitination and degradation. 

Liberation of NF-κB from the inhibitory protein IκB is an activating event allowing it enter the 
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nucleus and bind to a DNA sequence motif in promoter/enhancer regions known as “κB-sites” to 

control the expression of target genes. 

The intracellular signaling cascades leading to NF-κB activation have been strikingly well 

conserved throughout evolution (Gilmore et al., 2012; Lemaitre et al., 2007). High-throughput 

genomic sequencing of the metazoan lineage including basal metazoan taxa such as sponges, 

corals, and sea anemones have revealed that NF-κB is likely to have originated one billion 

years ago and arose in an ancestral organism on the cusp of multicellularity (Gilmore et al., 

2012). It is known that sponges (phylum:  Porifera) are among the most earliest metazoan life 

forms appearing in the Precambrian era about 800 million years ago (Hedges et al., 2006; 

Kumar et al., 2017, 2011; Roy et al., 2013). Recently, NF-κB has been functionally 

characterized in protists which are primitive unicellular eukaryotic taxa that pre-date metazoans, 

originating about 1 billion years ago (Hedges et al., 2006; Kumar et al., 2017, 2011; Roy et al., 

2013; Williams et al., 2021). The unicellular holozoan Capsaspora owczarzaki and the 

choanoflagellate Acanthotheca spectabilis have been shown to have NF-κB-like transcription 

factors that bind to κB sites and exhibit transactivation ability (Williams et al., 2021, 2020b). C. 

owczarzaki is thought to be the closest living unicellular relative to the metazoans and are basal 

to the sponges. It will not be surprising to discover more NF-κB-like homologs as well as 

homologs of core components in NF-κB signaling pathways in pre-metazoan taxa as more 

genome sequencing data is continuing to be revealed. Characteristic core components of the 

NF-κB signaling module exists throughout the metazoan phylogenetic spectrum and is present 

in the basal metazoans such as sponges, but has been lost in C. elegans and other taxa in 

Ecdysozoa such as Tardigrada (Gilmore et al., 2012; J. Hoffmann, 2011; Mapalo et al., 2020; 

Williams et al., 2020a). The conserved core components include the dimeric NF-κB transcription 

factors, the inhibitory protein IκB, and the IκB kinase (IKK) complex known as the “master” 

regulator of NF-κB (Gilmore et al., 2012; Hayden et al., 2012; M. Karin et al., 2000).  In the 
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following section, I describe conserved structural and mechanistic features of the core elements 

in the NF-κB signaling module. 

1.  NF-κB proteins 

Proteins of the Rel/NF-κB family are highly conserved transcription factors that control 

the expression of stress response genes involved in many physiological processes such as cell 

survival, innate immunity, induction of adaptive immunity, inflammation, cellular proliferation and 

many others (Hayden et al., 2012; Karin et al., 2000). Emerging from the prolific period of 

transcription factor discovery in the mid-1980’s, NF-κB was the first transcription factor that was 

identified whose sequence-specific DNA binding capability could be induced by extracellular 

stimuli via a post-translational mechanism (Sen et al., 1986). NF-κB was discovered as a 

nuclear activity that was rapidly induced by LPS and with DNA-binding specificity towards the 10 

base pair sequence 5’-GGGACTTTCC-3’ within the enhancer of the immunoglobulin κ light 

chain gene in mature antibody-producing B cells (Sen et al., 1986). Since this pivotal discovery, 

NF-κB has been extensively studied and is a master transcription factor responding to a 

plethora of cellular stimuli and coordinating responses in different cell types and disease states 

(T. Liu et al., 2017). 

There are five members in mammals: p65/Rel-A, Rel-B, c-Rel, p50 (derived from 

precursor p105), and p52 (derived from precursor p100), while three members exist in 

Drosophila:  Dorsal, Dif, and Relish (Figure 1.4).  All members of the NF-κB family of proteins 

share a ~300 amino acid Rel homology region (RHR) at the N-terminus which is comprised of 

two folded domains: an amino-terminal domain and a dimerization domain that both adopts an 

immunoglobulin-like fold. The RHR also harbors a nuclear localization signal (NLS). As a whole, 

the RHR is responsible for homo- or hetero-dimerization with other NF-κB subunits, recognition 

of sequence-specific DNA, nuclear localization, and binding to IκB. The mammalian NF-κB 

subunits p65, Rel-B, and c-Rel as well as the Drosophila Dorsal and Dif subunits have a 
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transcription activation domain (TAD) at their C-termini which is responsible for directing target 

gene expression. After the initial discovery of NF-κB, it was noted that the N-terminal RHR of 

NF-κB subunits exhibits significant homology with the viral oncogene v-Rel (Gilmore et al. 1999, 

Gilmore et al. 2012). On the other hand, the mammalian precursor proteins p105 and p52 in 

addition to the Drosophila precursor Relish contain C-terminal ankyrin repeats, the signature 

structural domain of IκB proteins. These precursors must undergo processing and proteolysis of 

the ankyrin repeats for full activation, otherwise the ankyrin repeats can be inhibitory as a bona 

fide IκB protein in contact with NF-κB dimers keeping them inactive and in the cytoplasm, 

thereby sequestered from transcriptional targets. 

NF-κB family members are often grouped into subclasses with the precursor proteins 

grouped into “Class I” or also known as the “NF-κB” subclass and the TAD-containing members 

grouped into “Class II”  also known as the “Rel” subclass (Gilmore et al., 2012; Huxford et al., 

2009). NF-κB dimers that contain a “Class II” subunit have inherent potential to activate 

transcription, while homodimers consisting of “Class I” subunits can act as repressors or recruit 

additional transcriptional regulators such as co-activation machinery or general transcription 

machinery to activate gene expression (Ghosh et al., 2012; Smale, 2010, 2011). NF-κB dimers 

are directed to 10 base pair consensus DNA sequence motifs known as “κB sites” or “κB 

elements” present in promoter or enhancer regions composed of the sequence “5’-

GGGRNNYYCC-3’” in which R is purine, Y is pyrimidine, and N is any base. Viruses such as 

HIV-1, herpesviruses, adenoviruses, and other viruses have evolved to abuse NF-κB 

transactivation by recruiting NF-κB to κB sites present in their genes (Pahl, 1999). 
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Figure 1.4:  Domain structures of NF-κB proteins 
 
2.  IκB proteins 

In view of the fact that NF-κB plays a vital role in the expression of a variety of genes 

that modulate overall cellular homeostasis, it must be tightly controlled. This control is 

accomplished by high-affinity non-covalent interactions with members of the IκB family of 

inhibitory proteins (Figure 1.5). IκB proteins can be functionally classified into three separate 

groups:  the cytoplasmic “classical IκBs” (consisting of  mammalian IkBα, IkBβ, IkBε, and 

Drosophila Cactus),  the NF-κB precursors (comprising mammalian p100 also known as IκBδ, 

p105, as well as Drosophila Relish), and the nuclear or “atypical IκBs” (consisting of the seven 
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mammalian members IκBα, IκBβ, IκBε; Bcl-3, IκBζ, IκBη, IκBNS and a newly identified 

Drosophila IκB named Pickle/Charon) (Ji et al., 2020; Morris et al., 2016). 

 IκB proteins are distinguished by their signature structural motif, an ankyrin repeat 

domain (ARD) consisting of a stretch of 6-7 ankyrin repeats through which they exert their 

potent inhibition. Ankyrin repeats are sequence stretches of a ~33 amino acid consensus 

sequence that form repeating helix-loop-helix structures that often mediate protein-protein 

interactions. Specifically, the ankyrin repeats of one IκB molecule bind to the NLS of one NF-κB 

dimer to prevent nuclear translocation. Of these family members, IκBα is the most studied, 

regulating the activity of the prototypical p50:p65 heterodimer involved in the canonical NF-κB 

response. 

Classical IκB proteins contain an ARD with 6 ankyrin repeats that are flanked by 

unstructured regions. N-terminal to the ARD is a flexible region containing the signal response 

region and C-terminal to the ARD is the PEST domain that is rich with proline, glutamic acid, 

serine, and threonine residues. The PEST domain is the target of several kinases and is 

involved in rapid proteolytic turnover with the 20S proteasome (Mathes et al., 2010). Within the 

signal response region are two conserved serine residues in the consensus sequence 

“DSGXXS” in a βTRCP degron that undergo signal-dependent phosphorylation. In mammals, 

upon stimulation, the catalytic IKKβ subunit in the IKK complex phosphorylates the two 

conserved serine residues within the consensus sequence which results in K-48 

polyubiquitination on adjacent lysine residues and proteolytic degradation. In Drosophila, 

however, the kinase responsible for phosphorylation of these signal-dependent serine residues 

in Cactus is not known. There is, however, in vitro evidence that the IRAK4 homolog Pelle can 

phosphorylate these signal-responsive sites (Daigneault et al., 2013) 

In contrast, “atypical”  or “nuclear” IκB proteins typically accumulate in the nucleus and 

bind to NF-κB dimers that have translocated in the nucleus. Like classical κB proteins, nuclear 
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IκBs contain an ARD, often containing 7 ankyrin repeats. In mammals, nuclear IκB protein 

expression is inducible and regulated by NF-κB.  These family members can coordinate 

expression of a “second wave” of NF-κB gene expression with a binding preference for p50 or 

p52 homodimers to repress or activate another subset of NF-κB target genes (Hatada et al., 

1992; Trinh et al., 2008; Yamazaki et al., 2001). The mechanisms of this secondary wave of NF-

κB gene regulation by nuclear IκBs is not fully understood.  Nonetheless, it was shown that IκBζ, 

in concert with Akirin2, recruits the SWI/SNF chromatin remodeling complex to p50 homodimers 

that then leads to expression of proinflammatory cytokines IL-6 and IL12-b (Tartey et al., 2014, 

2015). The Drosophila homolog of Akirin also was found to regulate the expression of a subset 

of Relish target genes in the IMD pathway through the recruitment of the Osa-containing-

SWI/SNF-like Brahma complex (BAP) (Bonnay et al., 2014). Whether Drosophila Akirin exerts 

this regulatory function with a nuclear IκB homolog as was observed in the mammalian system 

with IκBζ remains to be seen. Inasmuch, one recently described Drosophila nuclear IκB, called 

Pickle or Charon preferentially binds to Relish homodimers in the nucleus and can either 

repress or activate specific Relish target genes (Morris et al. 2016, Ji et al. 2020). In particular, it 

was shown that Pickle/Charon can repress Relish homodimers by interacting with the histone 

deacetylase dHDAC1 and can also interact with Poly [ADP-ribose] polymerase 1 (PARP-1) to 

activate Relish-dependent expression of AMP genes (Morris et al. 2016, Ji et al. 2020). Thus, 

the interplay between Drosophila nuclear IκB proteins, chromatin-remodeling machinery and 

other transcriptional regulators such as the conserved protein Akirin in gene regulatory 

mechanisms remains to be seen. 



 

 36 

 
 
 
Figure 1.5:  Domain structures of IκB proteins 
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3.  IκB kinases (IKK)  

Although multiple types of NF-κB dimers can be formed and regulated by different 

members of the IκB family under diverse stimuli, only one kinase complex composed of the 

same subunits is responsible for signal-dependent phosphorylation of IκB (Zandi, 1998). In 

1997, multiple groups identified the kinase complex responsible for this activity and the complex 

was named the IκB kinase complex (IKK). The IKK complex was initially purified and 

characterized as a high molecular weight complex whose activity was dependent upon 

stimulation (Didonato et al., 1997; Mercurio et al., 1997; Régnier et al., 1997; Woronicz et al., 

1997; Zandi et al., 1997). Upon stimulation of TNFα in HeLa cells, this IKK complex was purified 

and exhibited an apparent molecular weight of 700-900 kDa according to size-exclusion 

chromatography. Microsequencing and mass spectrometry revealed the presence of two highly 

similar serine kinases with 50% primary sequence identity and molecular weights of 85 kDa and 

87 kDa corresponding to IKK1 (also named IKKα) and IKK2 (also named IKKβ), respectively 

(Didonato et al., 1997; Zandi et al., 1997). IKK1 was the first IKK subunit identified and was 

recognized to be the same protein as CHUK which was discovered two years prior as a novel 

and highly conserved serine-threonine kinase ubiquitously expressed in tissues (Connelly et al., 

1995). Soon after the identification of the kinase-containing IKK subunits, several groups 

identified a third subunit of the IKK complex called NEMO (also named IKKγ, FIP3, and IKAP1) 

through biochemical purification, complementation of NF-κB-unresponsive cell lines, and as a 

factor that interacts with an adenoviral protein that inhibits NF-κB (Y. Li et al., 1999; Mercurio et 

al., 1999; Rothwarf et al., 1998; Yamaoka et al., 1998). In contrast, NEMO is a 48 kDa protein 

that does not contain a kinase domain and preferentially interacts with IKKβ over IKKα 

(Mercurio et al., 1999). Instead, NEMO functions as an adaptor to link the catalytic IKK subunits 

to receptor proximal factors, thus playing a role in the propagation of signaling towards IKK 

(Schröfelbauer et al., 2012). Mice knockout studies have clearly shown that NEMO is an 
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absolute requirement for NF-κB activation by IKK (Makris et al., 2000; Rudolph et al., 2000; 

Schmidt-Supprian et al., 2000).  

A few years after the mammalian IKK complex was discovered, orthologs were identified 

in Drosophila and are a necessary component of NF-κB activation in the IMD pathway (Kim et 

al., 2000; Lu et al., 2001; Rutschmann et al., 2000; Silverman et al., 2000). IKK orthologs exist 

throughout metazoa, present in arthropods and other invertebrates such as hydra and sea 

anemone (Gilmore et al., 2012).  

The IKK proteins constitute a small family of protein kinases consisting of the 

aforementioned catalytic subunits IKKα and IKKβ in addition to the IKK-like kinases TBK1 and 

IKKε (also known as IKK-i). These four IKK protein kinases are homologous, sharing a ~300 

amino acid kinase domain and a unique domain architecture not observed in other protein 

kinases. TBK1 and IKKε exhibit 48% identity and 63% similarity globally, while the kinase 

domains show 69% identity and 83% similarity. In addition, the kinase domain of TBK1 and IKKε 

only have 30% identity with the kinase domain of IKKβ (Kishore et al., 2002).  Within the kinase 

domain, IKKα/IKKβ and TBK1/IKKε have similar activation loops and specific serine residues 

must be phosphorylated to become active. Two serine residues undergo activation loop 

phosphorylation in IKKα/IKKβ:  Serine residues 176 and 180 in IKKα and serine residues 171 

and 181 in IKKβ. However, only serine residue 172 is phosphorylated in the activation loop of 

TBK1/IKKε.  

Structural studies of Xenopus and human IKKα and IKKβ revealed a domain architecture 

with three main modules: an N-terminal kinase domain (KD) followed by a ubiquitin-like domain 

(ULD) and the scaffold dimerization domain (SDD) through which IKK subunits dimerize (Xu et 

al., 2011; Liu et al., 2013; Polley et al., 2013; Polley et al., 2016). A helical motif known as the 

NEMO-binding domain (NBD) present at the C-terminus of both IKKα and IKKβ mediates a 

high-affinity binding site for the N-terminus of NEMO (Drew et al., 2007; May et al., 2002; Rushe 
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et al., 2008). The X-ray crystal structure of mouse TBK1 revealed that like IKKα/IKKβ, it also 

has an N-terminal KD, ULD, and C-terminal SDD but does not have an NBD (Larabi et al., 

2013). While serine residues 32 and 36 of IκBα is the main target of IKKβ, all IKK protein 

kinases can phosphorylate these sites, though TBK1/IKKε preferentially phosphorylates serine 

residue 36 suggesting some overlap in substrate sequence specificity (Kishore et al., 2002). 

TBK1 and IKKε are seen to be functionally redundant and phosphorylate the same main 

substrates, the transcription factors IRF3 and IRF7 which regulate the expression of Type I 

interferons in response to recognition of foreign nucleic acid species, viral and infection by other 

pathogens. TBK1/IKKε respond to stimuli recognized by TLRs, RLRs, and the cGAS-STING 

pathway (Honda et al., 2006; X.-D. Li et al., 2013). A TBK1 ortholog has been identified in 

Drosophila called IK2 and is involved in cytoskeleton assembly during oogenesis in a pathway 

independent of NF-κB (Shapiro et al., 2006). Moreover, the cGAS-STING pathway is a 

conserved signaling module recently described in Drosophila and in mammals (Goto et al., 

2018; X.-D. Li et al., 2013).  Both mammalian and Drosophila utilize cGAS to generate cyclic 

GMP-AMP (cGAMP) though mammalian cGAS senses cytosolic DNA, while Drosophila cGAS 

has been shown to respond to picorna-like viruses (Goto et al., 2018; X.-D. Li et al., 2013). 

However, in both systems, cGAMP binds to STING, though subsequent steps in the pathway 

differ. In mammals, upon cGAMP-STING binding, TBK1 is recruited and phosphorylates IRF3 

for induction of immune response genes such as cytokines and type I interferons.  The IKK 

complex and the catalytic activity of IKKβ is also critical in the cGAS-STING pathway and found 

to phosphorylate the activation loop serine 172 in TBK1/IKKε in addition to its role in the 

activation of NF-κB in this pathway (Fang et al., 2017). In Drosophila where IRFs and 

interferons are absent, DmIKKβ independent of DmIKKγ mediates Relish activation to induce 

expression of antiviral effector genes in a separate cGAS-STING pathway not involving the IMD 

pathway or IK2 (Goto et al., 2018). It remains to be seen whether Drosophila IK2 plays 
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additional regulatory roles, especially in the immune response. Despite this, in both Drosophila 

and mammals, there is significant cross-talk with other signaling pathways and the list of stimuli 

and pathways that converge upon the IKK complex continues to grow.  

IKK-like kinases have been described not only in flies and mammals but also in the most 

basal metazoan group, the sponges (Gilmore et al., 2012). The IKK ortholog in the sponge, 

Amphimedon queenslandica is more similar in primary sequence to the IKK-like kinases TBK1 

and IKKε (Gilmore et al., 2012). Consequently, the ancestral IKK may have been more similar to 

the sponge TBK1/IKKε and duplicated, diverging into an IKKα/IKKβ-like gene in a 

sponge/cnidarian ancestral lineage. It will be of interest to see if this hypothesis holds as more 

genomes of basal metazoans are being sequenced and characterized.  
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Figure 1.6:  Domain structure of IKK and IKK-like proteins 

G.  Homology of NF-κB signaling cascades in mammals and Drosophila  

NF-κB signaling pathways are evolutionarily ancient and play a major role in innate 

immune, developmental and cell survival mechanisms within the animal kingdom. From flies to 

mammals, the IκB kinase (IKK) complex responds to extracellular threats and transduces this 

signal to activate dimeric NF-κB transcription factors. The major differences in NF-κB activation 

pathways across the phylogenetic spectrum are in the terminal ends of pathways which are the 

receptors that initiate the pathway and the effector genes targeted.  Unlike the mammalian 

system in detecting pathogens through TLRs, the Drosophila IMD and Toll pathways rely on 

PGRPs and GNBPs as pattern recognition receptors. In mammals, the activation of NF-κB 

induces expression of stress response genes such as cell-survival genes, cytokines and other 

“acute phase response” genes to clear infection as well as induction of co-stimulatory 

molecules. In Drosophila, the NF-κB homologs Dif, Dorsal, and Relish are known primarily for 

their role in initiating the expression of AMPs in the humoral innate immune response although 
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hundreds of other genes are induced and are involved in physiological processes such as 

aging, tumorigenesis, brain function, microbiome homeostasis, and others (Buchon et al., 2014; 

Gregorio et al., 2002; Hanson et al., 2020; Parvy et al., 2019). As more NF-κB target genes 

induced by the Toll and IMD pathways are characterized, it will not be surprising to continue to 

discover overlap as well as some differences in Drosophila and mammalian gene expression 

programs regulated by NF-κB signaling modules.  

It is clear that there are significant differences in the microbial sensing and the effector 

genes expressed in NF-κB signaling in flies and mammals. This may be reflective of different 

evolutionary constraints and selective pressures experienced between the two groups. Given 

the striking conservation of NF-κB signaling components, it appears as though metazoans have 

started with a common background of basic macromolecular components and molecular 

modules of which they have utilized following the constraints and selective pressures 

encountered in evolution by natural selection. Understanding of molecular-level details of NF-κB 

activation in flies and in other basal and pre-metazoan species will undoubtedly continue to 

illuminate our understanding of the signaling and regulation of the vital NF-κB transcription 

factor underlying innate immunity and whole organism physiology.  In this section, I compare the 

conserved features of Drosophila Toll and IMD pathways with that of mammalian NF-κB 

activation pathways. 

1.  Homology between the Drosophila IMD pathway and mammalian TNFR1 pathway 

The IMD pathway exhibits similarities with the intracytoplasmic signaling factors and 

organization of the mammalian TNFR1/TNFR2 pathway with some molecular components also 

bearing similarity with mammalian TLR pathways (Figure 1.7, Figure 1.8). Although the 

receptors and ligand recognition are dissimilar given that PGRP-LC recognizes DAP-PGN in the 

IMD pathway and TNFR1 or TNFR2 senses the cytokine tumor necrosis factor α (TNFα) in the 

TNFR pathway, the receptor proximal adaptors bear striking homology. For instance, Imd bears 
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homology with both the death domains and RHIM motif of the TNFR adaptor Receptor-

interacting protein kinase 1 (RIP1) forming necessary signaling complexes and assemblies in 

their respective pathways. 

Recognition of TNFα by TNFR1/2 leads to receptor trimerization and recruitment of 

downstream adaptors. Unlike mammalian RIP kinases, Imd does not harbor a kinase domain. 

Despite this, both Imd and RIP1 facilitate the formation of functional signaling amyloids. RIP1, 

along with RIP3, form filamentous structures that form a scaffold for downstream signaling to 

trigger a form of inflammatory cell death called necroptosis. Imd and PGRP-LC form similar 

signaling amyloids through a cRHIM interaction for AMP gene induction. In both pathways, 

RHIM-mediated formation of signaling amyloids is necessary for NF-κB activation.  

In mammals, The Tab1-Tab2/3-Tak1 complex functions to activate the IKK complex 

through phosphorylation of the IKK activation loop (human IKKβ serine 177) which may prime 

IKKβ activation through trans-autophosphorylation of serine residue 181. (Zhang et al., 2014). In 

Drosophila, orthologs of Tab2 and Tak1 exist and also form a complex to phosphorylate and 

activate the DmIKK complex (Kleino et al., 2005; Lu et al., 2001; Rutschmann et al., 2000; 

Silverman et al., 2000). However, Tab1 has been lost in Drosophila. In addition, both the TNFR 

and IMD pathways bifurcates to activate the c-Jun N-terminal kinase (JNK) pathway at the level 

of Tab-Tak1 in response to stress stimuli and contributes to inflammatory responses (Delaney et 

al., 2006; Silverman et al., 2003; Vlahopoulos et al., 2004). 

Drosophila Dredd is a homolog of mammalian caspase-8, the latter of which functions as 

a molecular switch for apoptosis and nectroptosis. Caspase-8 inhibits MLKL and RIP3-mediated 

necroptosis, but facilitates receptor-mediated apoptosis as well as other functions in T-cell 

homeostasis and anti-tumor roles (Shalini et al 2015). Fadd, in both Drosophila and in 

mammals, has two domains that function to propagate signaling via homotypic interactions:  the 

death domain (DD) and the death effector domain (DED).  As such, Fadd functions as a death 
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adaptor that uses its DD to interact with the DD of receptor proximal adaptors (such as Imd and 

RIP1) and links a caspase (caspase-8 in mammals and Dredd in Drosophila) to its substrate 

(Imd or Relish in Drosophila and RIPK1/RIPK3 in mammals) by utilizing its DED to interact with 

the caspase DED (Shalini et al., 2015).  

Ubiquitination is an important regulatory signaling molecule in a multitude of pathways 

and is critical in the regulation of NF-κB. The E3-ligase inhibitor of apoptosis 2 (IAP2) functions 

to ubiquitinate caspases such as Dredd in Drosophila and Caspase-8 in mammals. IAP2 E3 

ligases also ubiquitinate other substrates such as Imd and TAB proteins (Silke et al., 2013).  

Drosophila dIAP2 and mammalian cIAP2 associates with E2 conjugating enzymes Uev1a, 

Ubc13 (Bendless in Drosophila), and Ubc5 (Effete in Drosophila) to transfer K-63-linked 

polyubiquitin to its substrates. Upon TNF signaling, mammalian NEMO/IKKγ is both poly-

ubiquitinated and binds to poly-ubiquitin chains thereby propagating inducing signals to the IKK 

complex (Fujita et al., 2014; Xia et al., 2009). The Drosophila IKKγ ortholog has primary 

sequence similarity to mammalian NEMO, though mostly in the C-terminal half which harbors 

ubiquitin-binding domains (Rutschmann et al., 2000; Silverman et al., 2000). The linear ubiquitin 

chain assembly complex (LUBAC) is an important factor in the regulation of the IKK complex 

(Fujita et al. 2014). LUBAC is the only known E3 ligase that assembles linear (methionine-1) 

linked polyubiquitin and is composed of three subunits:  the catalytic subunit HOIP, HOIL-1, and 

SHARPIN. (Dondelinger et al. 2016). LUBAC is known to add linear poly-ubiquitin to TNFR, 

RIP1, NEMO and TRADD. A Drosophila homolog of LUBAC was identified, called linear 

ubiquitin E3 ligase (LUBEL) that works in concert with DIAP2 to modify DmIKKγ with linear and 

K-63-linked poly-ubiquitin (Aalto et al. 2019).  LUBEL, however, is not required in the systemic 

immune response upon septic injury, but is required in oral infection (Aalto et al. 2019). It would 

be of interest to see whether other ubiquitinylation machinery is involved in the systemic 

response and whether K-63 and linear polyubiquitin chains play significant roles in the activation 
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of the DmIKK complex as it does in the activation of the mammalian IKK complex. Nevertheless, 

the catalytic IKK subunits exhibit significant homology with the kinase domains of Drosophila 

and human IKKβ having ~50% similarity in amino acid sequences. The IKKβ orthologs both 

phosphorylate serines in the N-terminus of NF-κB proteins Relish in Drosophila and p65 in 

mammals for NF-κB activation (Ertürk-Hasdemir et al., 2009; Sakurai et al., 2003; F. Yang et al., 

2003). 

Additional factors exist in the mammalian TNFR1/2 pathway that have been lost in 

Drosophila (Figure 1.4). In the TNFR1 signaling cascade, the adaptor protein TRADD is a 

death-domain containing adaptor that interacts with the intracytoplasmic death domains of 

TNFR1 upon TNFα stimulation. A Drosophila ortholog of TRADD has not been identified. Three 

different signaling complexes are formed in the TNFR1 pathway that are either pro-survival, 

apoptotic, or necroptotic. TRADD recruits both RIP1 and TRAF2 through death domain 

interactions to form the pro-survival signaling module called “complex 1”. Two TRAF homologs 

have been found in the Drosophila genome, but none have yet to be shown to interact with 

members of the IMD pathway. Rather, dTRAF1 has been shown to interact with Pelle in the Toll 

pathway and is necessary for maximal AMP induction, while dTRAF2 regulates the JNK 

pathway (Cha et al., 2003; Zapata et al., 2000). In the TNFR pathway, within the TRADD-

mediated signaling complex, TRADD recruits FADD through DD interactions and the complex 

can then bifurcate into signaling pathways leading to apoptosis or necroptosis (Peltzer et al., 

2019). Recruitment of Caspase-8 to form “complex 2a” leads to apoptosis, while recruitment of 

RIP3 leads to the formation of RHIM-mediated RIP1-RIP3 amyloids and formation of “complex 

2b”. The kinase domains of RIP1-RIP3 are activated and then phosphorylate MLKL which then 

forms tetramers and oligomers that function to induce necroptosis (S. Liu et al., 2017). 
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It is noteworthy to mention that a homologous pathway of the mammalian 

alternative/non-canonical NF-κB activation pathway has been lost in Drosophila. The 

noncanonical NF-κB activation pathway involves signaling through receptors in the TNFR 

superfamily such as lymphotoxin β-receptor (LTβR), BAFF or RANKL receptors (Figure 1.4). 

Binding of cognate ligands to this subset of TNFR receptors leads to poly-ubiquitination of 

TRAFs such as TRAF2 and TRAF3 by CIAP1/2 which leads to its destruction via the 26S 

proteasome (Sun, 2011; Yang et al., 2015). This results in stabilization, accumulation, and 

activation of NF-κB inducing Kinase (NIK) which is necessary for the activation of IKKα, the 

chief catalytic IKK subunit involved in this pathway. In unstimulated conditions, NIK undergoes 

constitutive processing through K-48-linked ubiquitination by CIAP1/2 and subsequent 

proteolytic degradation. The alternative pathway is NEMO-independent and does not seem to 

involve the catalytic IKKβ subunit. Only one catalytic IKK subunit has been identified in 

Drosophila, and DmIKKβ has greater similarity to human IKKβ than to IKKα (Silverman et al., 

2000). Activation of IKKα results in phosphorylation of p100 in a cluster of serines at both the N- 

and C-terminus (Xiao et al., 2004). Phosphorylation of Serines 860 and 870 facilitates binding of 

the β-TrCP E3-ligase for ubiquitination and proteolytic processing of the C-terminal IκB-like 

ankyrin repeat domains (Liang et al., 2006).  This critical processing event liberates the N-

terminal RHD-containing p52 subunit and permits nuclear translocation of p52:RelB dimers to 

drive the expression of genes involved in processes such as lymphoid organogenesis, B-cell 

homeostasis, activation of dendritic cells, osteoclastogenesis, and the circadian clock (Boyce et 

al., 2015; Lopez et al., 2016; Sun, 2011). 

2.  Homology between the Drosophila Toll and mammalian IL-1-R/TLR pathways 

Starting with Toll, the intracellular signaling cascade of the Toll and TLR pathway is 

nearly identical with Drosophila orthologs present in nearly each component (Figure 1.8).  

However, mammalian TLRs directly interact with microbial PAMPs and Toll interacts with the 
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cytokine Spaetzle, a product of extracellular protease cascade initiated by recognition by 

PAMPs or through positional cues in embryonic development. Drosophila Toll and mammalian 

TLR and IL-1R receptors contain an intracytoplasmic TIR domain that mediate downstream 

signaling. IL-1R, Toll and TLRs differ in their extracellular domains as  both the Toll and TLRs 

receptor families have an extracellular leucine-rich repeat (LRR) domain while the IL-1R family 

of receptors have an immunoglobulin-like (Ig) domain to bind to PAMPs. Although the 

extracellular domains recognize different ligands, many of the intracellular signaling proteins are 

the same because of the shared intracellular TIR domain. In all three of these receptors, ligand 

binding results in the recruitment of the receptor proximal adaptor protein called Myd88. In 

general, Myd88 proteins have a C-terminal TIR domain that interacts with the Toll/TLR/IL-1R 

TIR domain and an N-terminal death domain that interacts with the death-domain of IRAK 

proteins. The Drosophila Toll-induced signaling complex composed of Myd88, Tube, and Pelle 

are orthologs of mammalian Myd88, IRAK4, and IRAK1 and interact via death-domains in both 

systems. A major difference, however, is that the Drosophila IKK complex is not a component of 

the Toll pathway, while IKK is required for the activation of NF-κB in the TLR and IL-1R 

pathways (Lu et al., 2001; Silverman et al., 2000).  

Mammalian TLR and Il-1R signaling relies on signal transduction through the ubiquitin 

E3 ligase TRAF6, which interacts with IRAK1 and also attaches K-63 poly-ubiquitin onto the 

TAB1/2-TAK1 complex via its RING domain. Recruitment of Tab1/2-TAK1 results in the 

phosphorylation and activation of IKK. Drosophila TRAF2, homologous to mammalian TRAF6, 

was shown to interact with Pelle and regulate AMP expression (Cha et al., 2003; Zapata et al., 

2000). It is not yet known whether dTRAF2 utilizes E3-ligase activity as part of its regulatory 

action. The activated IKK complex then phosphorylates serines 32 and 36 of IκB which recruits 

the E3 ligase β-TrCP for K-48 poly-ubiquitination at lysines 21 and 22 for rapid proteasomal 

degradation.  Slimb is the Drosophila ortholog of mammalian β-TrCP in the SCF E3 ubiquitin 
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ligase complex and is shown to play a role in Cactus degradation (Daigneault et al., 2013). The 

identity of the Drosophila Cactus kinase remains equivocal. Despite this, Cactus undergoes 

signal-dependent phosphorylation at N-terminal serines resulting in polyubiquitination and 

destruction by the 26S proteosome (Belvin et al., 1995; Bergmann et al., 1996; Cardoso et al., 

2017; Daigneault et al., 2013; Spencer et al., 1999). Drosophila Dorsal and Dif are RHD-

containing Rel proteins with ~35% and ~30% identity to RelA/p65, respectively. Release of Rel 

proteins from IκB allows nuclear translocation and binding to κB-motifs to induce expression of 

effector genes. 
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H.  Focus of study 

The multi-subunit IKK complex is a necessary component in all cells to be able to 

respond to stresses and extracellular stimuli.  Since its discovery 27 years ago, there are still 

some fundamental questions regarding regulation of this complex as well as substrate 

specificity.  Structural studies on mammalian IKK subunits have revealed that the catalytic 

subunits form dimers in solution and can form transient, higher-order oligomers that may 

support trans-autophosphorylation. In addition, structural studies of portions of the non-catalytic 

subunit NEMO show a primarily alpha-helical protein with distinct modules that function to 

interact with different components along the signaling pathway.  These distinct modules in 

NEMO interact with poly-ubiquitin, IκB and with the catalytic subunits to support IKK complex 

regulation and activity. Nevertheless, the nature of IKK complex assembly has been uncertain 

since it was discovered as a very large 700-900 kDa activity, suggesting formation of multiple 

copies of each subunit and higher-order oligomerization. Nevertheless, there is very little 

structural information on a multi-subunit IKK complex as the mammalian complex is difficult to 

purify to homogeneity and also visualize by three-dimensional structural techniques due to 

instability in solution.  In efforts to understand IKK biochemistry and regulation, I have 

undertaken structural and biophysical approaches on a multi-subunit IKK complex from the 

model organism Drosophila melanogaster. In this work, I also identify structural features that are 

shared with mammalian IKK and also some features that are unique to the DmIKK complex to 

better understand its mechanism of regulation as a key component of the Drosophila IMD innate 

immune pathway. 
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A.  Preparation of expression plasmids 

1.  Drosophila melanogaster IKK expression plasmids 

 DmIKKβ cDNA was graciously provided by N. Silverman (University of Massachussetts 

Medical School). The full-length DmIKKβ cDNA was amplified by PCR and inserted into the 

pFastBacHtB plasmid within BamHI and NotI restriction sites to generate a construct containing 

an N-terminal hexa-histidine tag followed by TEV-protease recognition site.  DmIKKγ was 

cloned by using RT-PCR of mRNA from LPS stimulated S2 cells, amplified using PCR with a 

reverse primer encoding a C-terminal FLAG epitope, and ligated into pFastBacHtB plasmid 

within BamHI and NotI restriction sites containing an N-terminal hexa-histidine tag followed by a 

TEV-protease recognition site. pFastBacHtB- DmIKKβ and pFastBacHtB-DmIKKγ plasmids 

were used to sub-clone His-DmIKKβ and FLAG-DmIKKγ constructs into pFastBacDual between 

BamHI and xx restriction sites for co-expression of the complex.  

2. Relish expression plasmids 

 The Relish cDNA was kindly provided by Dr. Tony Ip (University of Massachussetts 

Medical School). The full-length Relish cDNA was amplified by PCR and ligated into the 

pFastBacHtA plasmid within EcoRI and NotI restriction sites to generate a construct containing 

an N-terminal hexa-histidine tag followed by TEV-protease recognition site.  A His-Rel68 

construct was generated by introducing a stop codon in place of glycine 546. GST-tagged 

Relish constructs were ligated into the pGEX-4T2 plasmid between the EcoRI and NotI 

restriction sites for bacterial expression. For S2* cell-based assays, a Relish construct with both 

N-terminal and C-terminal FLAG tags were ligated into the pMT vector (Invitrogen) with a 

copper-inducible promoter between the SpeI and NotI sites. 
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3.  Human NEMO expression plasmid 

Full-length human NEMO in the bacterial expression plasmid pET15b was kindly 

provided by Dr. Gourisankar Ghosh. The NEMO cDNA was sub-cloned between BamHI and 

EcoRI restriction sites. The pET15b expression vector is under the control of a T7 promoter and 

contains an N-terminal hexa-histidine tag. 

4.  GST-Tetra-ubiquitin expression plasmid 

 Tetra-ubiquitin was sub-cloned into pGEX-4T2 between the BamHI and NotI restriction 

sites from the bacterial expression plasmid pET24B-HTTEV-NFGE6-TetraUbi kindly provided by 

Eric Rogers. The pGEX-4T2 expression vector is under the control of a T7 promoter and 

contains an N-terminal GST tag. 

B. Mammalian and fruit fly sequence comparison 

The amino acid sequences of human (Hs) and D. melanogaster (Dm) IKK proteins were 

compared using FASTA sequences obtained from UniProt using the following UniProt IDs:  

Q9VEZ5 for DmIKKβ; O14920 for HsIKKβ; O15111 for HsIKKα; Q9GYV5 for DmIKKγ; and  

Q9Y6K9 for HsNEMO. Global alignment was performed using MUSCLE 

(https://www.ebi.ac.uk/Tools/msa/muscle/) for multiple sequence alignment and visualized using 

ESPript 3.0 (http://espript.ibcp.fr/ESPript/ESPript/). Pair-wise local alignment was performed 

using Lalign (https://www.ebi.ac.uk/Tools/psa/lalign/). 

C. Multiple sequence alignment (MSA), evolutionary analysis, and structural 

conservation analysis 

Multiple sequence alignments were performed using MUSCLE 

(https://www.ebi.ac.uk/Tools/msa/muscle/). The Jpred 4 server was used to predict human 

NEMO and DmIKKγ secondary structural elements (http://www.compbio.dundee.ac.uk/jpred/). 

Pair-wise sequence identity and similarity matrices were constructed using the default settings 

on the SIAS server (http://imed.med.ucm.es/Tools/sias_help.html).  Pair-wise p-distances and 

number of amino acid differences were calculated using MEGA X. All positions containing gaps 
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and missing data were eliminated (complete deletion option). Using the MSA, maximum 

likelihood phylogenetic trees were built from the multiple sequence alignment of eight metazoan 

IKKβ orthologs and separate analysis using six metazoan IKKγ orthologs in MEGA X. Bootstrap 

analysis with 1000 replicates were performed to evaluate the support for the phylogenetic 

reconstruction. Neighbor-joining and BioNJ algorithims were applied in the initial heuristic 

search. The MSA file was input into the ConSurf server for positional amino acid conservation 

scoring and mapping (Ashkenazy et al., 2010, 2016; Berezin et al., 2004; Celniker et al., 2013; 

Glaser et al., 2003; Landau et al., 2005). Figures were made in PyMol (DeLano, 2002). 

D. Recombinant virus production 

Preparation of recombinant baculovirus and titering was performed using a modified 

version of the Bac-to-Bac system (Invitrogen) as detailed previously (Shaul et. al 2008). Sf9 cell 

cultures used for recombinant baculoviral production were grown in ESF 921 insect cell media 

(Expression systems) containing 10% fetal bovine serum (Gibco). 

E. Protein expression and purification 

Sf9 cell suspension cultures were grown in ESF 921 insect cell media (without fetal 

bovine serum) to a density of ~2 million cells/mL and infected with recombinant baculovirus for 

72 hours. 500 mL of infected cells were harvested at 500g for 5 min and resuspended in 60 mL 

of lysis buffer (25mM Tris pH 8.0, 250mM NaCl, 10mM imidazole, 10% Glycerol, 0.5% Triton X-

100, 5mM β-Mercaptoethanol and protease inhibitor cocktail (MedChemExpress). Lysis was 

performed by gentle sonication in two 10 second intervals with 1 minute rest at 20% duty cycle 

and power output of 3 using a Branson Sonifier 450 outfitted with a microtip. 0.17 mM PMSF 

was added prior to and after sonication.  Lysate was clarified by centrifugation at 12,000 rpm 

(Sorval; SS-34 rotor) for 40 min at 4°C.  Supernatant was passed through a 0.8 µm syringe-tip 

filter (Sartorius) and combined with Nickel Sepharose Fast Flow resin (GE Life Sciences) pre-

equilibrated with lysis buffer (0.9 mL slurry per 500 mL culture).  The filtered lysate and resin 

were batch-incubated with end-over-end mixing for 1.5-2 hours in 4°C. 0.17 mM PMSF was 
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again added prior to batch-incubation. Nickel resin was gently pelleted at 1000 x g for 2 min.  

Resin was then washed two times with 25 mL wash buffer (25mM Tris pH 8.0, 250mM NaCl, 30 

mM imidazole, 10% Glycerol, 5mM β-Mercaptoethanol) at 1000g for 2 min. Resin was then 

loaded onto an empty column and washed with an additional 50-100 mL wash buffer by gravity 

flow. Proteins were eluted in 500 µL fractions using elution buffer (25mM Tris pH 8.0, 200mM 

NaCl, 250 mM imidazole, 10% Glycerol, 5mM β-Mercaptoethanol).  Peak fractions were 

combined at a total volume of 0.5 mL for the DmIKK complex and 2 mL for His-DmIKKβ 

construct and were treated with 1 mM ATP, 20 mM MgCl2, 10 mM NaF, and 1 mM Na3VO4 for 

30 minutes at room temperature. The eluates were centrifuged at 15,000g in 4°C and loaded 

onto the appropriate size-exclusion column connected to an ÄKTA purifier (GE Life Sciences) 

pre-equilibrated with size-exclusion buffer (25 mM HEPES pH=7.2, 250 mM NaCl, 5% glycerol, 

and 5 mM β-Mercaptoethanol). For the DmIKK complex, a Superose 6 10/300 increase column 

(GE Life Sciences) was used at a flow rate of 0.5 mL/min, while a Superdex 200 16/60 size-

exclusion column (GE Life Sciences) was used at a flow rate of 1.0 mL/min for the His-DmIKKβ 

construct. His-Relish and His-Rel-68 were expressed and purified in a similar manner as His-

DmIKKβ, but was not treated with ATP and purified with a size-exclusion buffer containing 25 

mM Tris pH=7.5, 150 mM NaCl, 0.5 M EDTA, 5% glycerol, and 10 mM β-Mercaptoethanol. The 

affinity tags were not removed in the described studies. 

GST fusion proteins (Rel-49 and tetra-ubiquitin) and His-HsNEMO were expressed in E. 

coli BL21(DE3) and purified using Glutathione Sepharose 4B (GE Healthcare) and Ni 

Sepharose 6 Fast Flow (GE Healthcare) resins, respectively. 

F. In vitro kinase assay and LC/MS/MS 

Kinase (20-200 ng) and Relish substrate (1.5 μg) were incubated in reaction buffer (20 

mM Tris-HCl, 15 mM MgCl2, 10 mM KCl, 1 mM DTT, 1 mM NaVO4, and 1 μM ATP) at a total 

reaction volume of 20 μL.  For autoradiography, 0.5 μCi of γ-32P ATP (Perkin Elmer) was added 

to each reaction and the tubes were gently mixed and incubated at room temperature for one 
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hour. The reactions were resolved by SDS-PAGE and dried onto #3 Whatman filter paper. The 

dried gels were exposed to autoradiography film for 24 hours and developed. For LC/MS/MS, 

the reactions were prepared by in-solution trypsin digestion and mass spectrometry was 

performed at the Scripps Center of Metabolomics. A total of 51 peptides were detected with 

45% coverage of Rel-68 and Rel-49 constructs analyzed. 

G. Drosophila S2* cell culture 

Schneider S2* cells were kindly supplied by K. McNamara from the W. Stumph Lab (San 

Diego State University) and kept in an incubator at 27°C. S2* cells were cultured in S2 media 

(Gibco) supplemented with 10% FBS (Gibco) in 10 cm plates and were passaged upon 

reaching 80% confluency, about every four days.  

H. S2* cell cleavage assay 

 Schneider S2* cells were transiently transfected with full length Relish constructs (WT, 

D545A, and SR1AAA) and induced with 100 mM copper sulfate. 24 hours after induction, cells 

were stimulated with LPS (100ng/mL) for 30 min or at the indicated time points. For immunoblot 

analysis, cells were lysed in lysis buffer (25 mM Tris-HCl pH 8, 50 mM Nacl, 0.1% Triton X-100) 

and then incubated on ice for 30 minutes.  Lysates were cleared by centrifugation and total 

protein concentration was determined by Bradford protein assay. 10μg of total protein was 

resolved by SDS-PAGE and transferred onto a nitrocellulose membrane. Anti-FLAG antibody 

was used to probe for FLAG-Relish-FLAG cleavage.  

I. Analytical size-exclusion chromatography 

 The apparent molecular weights of His-DmIKKβ, His-DmIKKβ:DmIKKγ-FLAG, and His-

DmIKKγ-FLAG were estimated by analytical-scale size exclusion chromatography using a pre-

equilibrated (25 mM Tris pH=8.0, 150 mM NaCl, and 1 mM DTT) Superose 6 10/300 GL column 

connected to an ÄKTA Basic chromatograph GE Healthcare). First, a calibration curve was 

prepared using the proteins ovalbumin (10 mg/mL), bovine serum albumin (10 mg/mL), aldolase 

(5 mg/mL), catalase (5 mg/mL), and ferritin (0.5 mg/mL) loaded in pairs at a volume of 0.5 mL 
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and flow rate of 0.5 mL/min under the same buffer conditions. Determination of the total column 

volume (Vc) void volume (Vo) was performed using 10µM ATP and Blue Dextran 2000 (0.5 

mg/mL), respectively. Samples of freshly purified DmIKK proteins (0.5 mL) were centrifuged at 

15,000g for 10 minutes at 4°C and loaded onto the Superose 6 column under identical 

conditions as the standards. Peak retention (elution) volumes (Ve) were determined by Unicorn 

5 software. The logarithm of molecular weight (kDa) was plotted against Kav and fitted using 

least squares regression to the linear equation Kav = -0.121Log(MW) + 2.0819 (R2=0.9539). Kav 

is calculated for each of the proteins using the equation Kav = (Ve – Vo)/(Vc – Vo). The apparent 

molecular weights of the recombinant proteins were obtained by interpolating the Kav values on 

the standard curve. 

 A second calibration curve was generated to estimate the Stokes radius (Rs) of the 

recombinant DmIKK proteins using the Laurent and Killander method (Laurent and Killander 

1964). Using the elution volumes and Kav values determined from the molecular weight 

estimation, the known Rs of the standard proteins were plotted against the square root of -logKav 

to the linear equation Rs = 14.31(-log Kav)1/2 - 1.316 (R2=0.9842). The apparent Rs of the 

recombinant proteins were obtained by interpolating the (-logKav)1/2 values on the standard 

curve.                                                                                                                

J. SEC-MALS 

 One hundred microliters of freshly purified proteins was centrifuged at 15,000g for 10 

minutes at 4°C and loaded onto a pre-equilibrated (25 mM HEPES pH=7.2, 250 mM NaCl, and 

5 mM β-Mercaptoethanol) Superose 6 10/300 increase column at a flow rate of 0.5 mL/min 

connected to an ÄKTA Purifier coupled to a miniDAWN TREOS light scattering detector (Wyatt 

Technology). Protein extinction coefficients at 280 nm were calculated based on the primary 

sequence using ExPASy ProtParam (https://web.expasy.org/protparam/). Astra VI (Wyatt 

Technology) software was used to collect data and analyze light scattering from elution peak(s) 

for molecular weight determination.  
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K. Analytical Ultracentrifugation  

Analytical ultracentrifugation experiments were performed at Sanford Burnham Prebys 

Medical Discovery Institute using a ProteomeLab XL-I (BeckmanCoulter) analytical 

ultracentrifuge. Absorbance at 280 nm was used for detection.  

For sedimentation velocity (SV) runs protein samples from SEC peak fractions at O.D. 

280nm of 0.15-0.2 for the DmIKK complex and an O.D at 280nm of 0.3 for His-DmIKKβ in buffer 

containing 25mM HEPES pH 7.15, 250mM NaCl and 5mm beta mercaptoethanol were loaded 

in 2-channel cells and span in An-50 Ti 8-place rotor at 25,000 rpm, 20 oC for 20 hours. SV data 

were analyzed using Sedfit software (P. Schuck, NIH/NIBIB). 

For sedimentation equilibrium (SE) runs protein samples from SEC peak fractions at O.D. 

280nm of 0.15-0.2 for the DmIKK complex and an O.D at 280nm of 0.3 for His-DmIKKβ in 

addition to two serial dilutions of them were loaded in 6-channel equilibrium cells and spun in 

An-50 Ti 8-places rotor at 4,000, 6,000 and 8,000 rpm, 20 oC until equilibrium was reached for 

each speed. AUC samples also contained 25 mM HEPES pH 7.15, 250 mM NaCl, 5mM beta 

mercaptoethanol and 5% glycerol. SE data were analyzed using HeteroAnalysis software (by 

J.L. Cole and J.W. Lary, University of Connecticut). 

L.  Negative stain transmission electron microscopy (TEM) sample and grid preparation 

Prior to applying TEM on our recombinant DmIKKβ:γ complex, I utilized horse spleen 

ferritin as a control for preparation of grids and visualization of proteins using this structural 

method. Horse spleen ferritin (GE Healthcare, Chicago, IL) was purchased as part of a gel 

filtration column calibration kit and stored at a concentration of 5.0 mg/ml in storage buffer (50 

mM phosphate buffer pH=7.2, 150 mL NaCl), aliquot to 100 μL in microcentrifuge tubes, flash 

frozen in liquid nitrogen, and stored at -80°C. For negative stain sample preparation, an aliquot 

of frozen ferritin was thawed and centrifuged for 10 minutes at 15,000 x g prior to dilution. Ten-

fold serial dilutions were made using freshly filtered (0.2 μm) size-exclusion buffer (25 mM 

HEPES pH=7.2, 250 mM NaCl, and 5 mM β-Mercaptoethanol) and kept on ice. 
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Baculovirus-expressed His-DmIKKβ:γ-FLAG complex was purified according to methods 

described above. The samples were kept on ice overnight in a temperature controlled room at 

4°C. The next morning, samples from peak fractions eluted from size-exclusion chromatography 

at a concentration of 1-2 mg/ml were used to prepare samples for negative staining. The 

samples were centrifuged for 10 minutes at 15,000 x g prior to dilution. Two ten-fold serial 

dilutions were made using freshly filtered (0.2 μm) size-exclusion buffer (25 mM HEPES 

pH=7.2, 250 mM NaCl, and 5 mM β-Mercaptoethanol) and kept on ice. 

The samples were taken to the SDSU Electron Microscopy Facility for grid preparation 

and imaging. 300 mesh hexagonal carbon/formvar coated copper grids (Electron Microscopy 

Sciences,  Hatfield, PA) were placed carbon side up on a parafilm-lined glass slide in the 

vacuum chamber of the glow discharge apparatus and glow discharged with 5 second pulses of 

electric charge repeated 2 times. 2% uranyl acetate solution was prepared each time prior to 

negative staining and centrifuged for 10 seconds at maximum speed to remove any precipitates. 

Sample adsorption onto the freshly glow discharged grids followed “side blot” method described 

previously (Booth et al., 2011; Scarff et al., 2018). In this sample adsorption method, 10 μL of 

sample was placed on the carbon support side and allowed to adsorb for 2 minutes. The excess 

sample was blotted on filter paper. A 20 μL drop of 2% uranyl acetate was allowed to adsorb for 

10 seconds and immediately blotted on excess filter paper. Staining and blotting was repeated 

with another drop of 20 μL of 2% uranyl acetate. After staining, the grid was placed carbon side 

down on a clean piece of filter paper and allowed to dry for 5 minutes before storage. The 

prepared grids were examined using a FEI Tecnai T12 transmission electron microscope (FEI, 

Hillsboro, OR) operating at an accelerating voltage of 120 kV.  Micrographs were taken using a 

pneumatic AMT HX41 side-mounted digital camera (Advanced Microscopy Technique, Woburn, 

MA). 
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Chapter III 

Primary sequence comparison and phylogeny of DmIKK with metazoan orthologs 
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A.  Introduction 

Innate immunity is a potent, yet phylogenetically ancient defense strategy against 

microbial infection. It is estimated that 5-10 million metazoan species, including the most 

speciose metazoan group, the insects, rely only on innate immune defenses (J. A. Hoffmann et 

al., 2002). In particular, many insect species live in hostile environments amongst bacterial, 

fungal, and viral pathogens, yet rarely succumb to infection despite the lack of an 

adaptive/acquired immune system (Faye et al., 2016; Ferrandon et al., 2007; J. A. Hoffmann et 

al., 2002). A common feature of metazoan innate immunity is the pivotal role of the IKK-NF-κB 

signaling hub in coordinating the expression of immune response genes such as cationic 

antimicrobial peptides (AMPs) in insects and pro-inflammatory cytokines in mammals (J. A. 

Hoffmann et al., 2002; Michael Karin et al., 2000).  

In Drosophila, there are two distinct intracellular signaling pathways that govern immune-

responsive AMP expression:  the immune deficiency (IMD) and the Toll pathways. Infection of 

gram-negative bacteria and some gram positive Bacillus species containing meso-

diaminopimelic acid-type peptidoglycan initiates the IMD pathway eliciting the activation of a 

DmIKK complex containing the catalytic DmIKKβ subunit encoded by ird5 (homologous to 

mammalian catalytic subunits IKKβ and IKKα, but more homologous to mammalian IKKβ) and 

the non-catalytic DmIKKγ subunit encoded by kenny (homologous to mammalian NEMO/IKKγ) 

(Lu et al., 2001; Rutschmann et al., 2000; Silverman et al., 2000). Activated DmIKKβ 

phosphorylates the NF-κB precursor protein Relish (homologous to mammalian p100 and p105) 

on serines 528 and 529 leading to processing and activation (Ertürk-Hasdemir et al., 2009). 

Unlike proteasome-mediated processing of mammalian NF-κB precursors p100 and p105, 

Relish is endoproteolytically cleaved by the Death related ced-3/Nedd2-like caspase (Dredd; a 

homolog of mammalian Caspase-8) into two fragments:  a fragment called Rel-68/Rel-N 

containing the DNA-binding Rel-homology region and another fragment known as Rel-49/Rel-C 

containing IκB-like inhibitory ankyrin-repeats (Dushay et al., 1996; Ertürk-Hasdemir et al., 2009; 
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Stöven et al., 2000, 2003). Both phosphorylation by the DmIKK complex and proteolytic 

cleavage by Dredd are required for full Relish activation. Active Rel-68 regulates the expression 

of immune-responsive genes that include antimicrobial peptides such as diptericin (Ertürk-

Hasdemir et al., 2009). 

Upon infection of fungus and gram-positive bacteria containing lysine-type 

peptidoglycan, the Toll pathway is activated, resulting in phosphorylation of the IκB protein 

Cactus (orthologous to mammalian IκBα) and activation of NF-κB proteins Dorsal or Dorsal 

related immunity factor (Dif). The Toll pathway was first discovered to play a role in embryonic 

development involving Dorsal as a morphogen to regulate genes involved in dorsoventral 

patterning (Anderson, Bokla, et al., 1985; Anderson, Jürgens, et al., 1985; Hashimoto et al., 

1988). Both Dorsal and Dif rapidly translocate into the nucleus following infection (Ip et. al 

1993).  However, it was found that Dif  is the principal NF-κB subunit that acts in adult flies to 

regulate the expression of AMPs including the antifungal peptide drosomycin (Manfruelli et al., 

1999; Meng et al., 1999; Rutschmann et al., 2000). 

Although DmIKKβ has been shown to phosphorylate Cactus in vitro, cell-based and fly 

studies have shown that Toll pathway activation does not involve components of the DmIKK 

complex, but is clearly involved in the regulation of the IMD pathway (Lu et al., 2001; 

Rutschmann et al., 2000; Silverman et al., 2000). Nevertheless, mutation of ird5 or kenny in 

cells and in vivo impairs Relish processing and blocks the induction of five of the seven classes 

of antimicrobial peptides in Drosophila, but does not block the expression of antifungal peptides 

that are primarily controlled by the Toll pathway (Ertürk-Hasdemir et al., 2009; Lu et al., 2001; 

Rutschmann et al., 2000; Silverman et al., 2000). Thus, the DmIKK complex is essential for 

proper immune responses in fruit flies.  

In both mammals and fruit flies, a multi-subunit IKK complex is required for the 

regulation of NF-κB target gene expression (J. A. Hoffmann et al., 2002; Michael Karin et al., 

2000). IKK1 and IKK2 double knockout mouse embryonic fibroblasts  are severely impaired in 
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IκBalpha degradation and NF-κB activation upon stimulation of classical NF-κB activators such 

as LPS and TNFalpha in (Li et al 2002). In the immune response from flies to humans, the IKK 

complex responds to extracellular signals such as microbial infection and transduces this signal 

to activate NF-κB.  Thus, the IKK complex has retained its role as the chief regulator of NF-κB 

before the evolutionary divergence of these two taxa, so we wonder whether they are 

structurally homologous. We would like to investigate specific structural features that are shared 

between the two taxa and those that are unique and whether these features are involved in the 

regulation mechanism specific to the two taxa. 

Significant homology with mammalian IKK subunits was reported to be limited to specific 

regions of the subunits:  the kinase domain of DmIKKβ was found to be 50% similar with the 

kinase domain of human (Hs)IKKβ while the DmIKKγ subunit displayed 45% similarity with 

human (Hs)NEMO at the C-terminal half of the protein sequence (Rutschmann et al., 2000; 

Silverman et al., 2000). Despite limited sequence similarity, the fruit fly and mammalian multi-

subunit IKK complex are functionally homologous acting in nearly identical intracellular signaling 

pathways with a conserved function in phosphorylating ankyrin-repeat containing IκB protein 

modules. In this study, we sought out to investigate the structural features of the Drosophila 

melanogaster IKK complex by an in silico comparison of primary amino acid sequences with 

human and other metazoan taxa.  With our bioinformatics approach, we aim to identify 

regulatory features that are conserved as well as unique to this enzyme to better understand its 

mechanism of regulation and biochemical functions as a key regulatory component of the IMD 

innate immune pathway.  

B.  Results 
 
1. Identification of conserved structural features in DmIKK subunits by sequence 

comparison with human IKK  

 To investigate the structure and function of the DmIKK complex, we first examined the 

amino acid sequence of the individual subunits by comparison with sequences of human (Hs) 
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IKK orthologs. Structures of IKKα and IKKβ have been solved, while only portions of 

NEMO/IKKγ structures have been determined. DmIKKβ is a polypeptide of 751 amino acids in 

length, while DmIKKγ is a polypeptide of 387 amino acids (Figure 3.1, Figure 3.2, Figure 3.3). 

The mammalian catalytic subunits, IKKα and IKKβ, are organized into four ordered protein 

domains: an N-terminal kinase domain (KD) followed by a ubiquitin-like domain (ULD), scaffold 

dimerization domain (SDD), and NEMO binding domain (NBD). CD spectroscopy of mammalian 

NEMO/IKKγ revealed that it is primarily alpha helical in secondary structure (Catici et. al 2015). 

Mammalian NEMO/IKKγ is divided into seven segments:  the amino-terminal segment (N), an 

IKK binding domain (KBD), an intervening domain (IVD), coiled-coil region 1 (CC1), coiled-coil 

region 2 (CC2), and a C-terminal CCHC-type zinc finger (ZF) Sequence comparison reveals 

that the catalytic and non-catalytic DmIKK subunits contain structural features that are similar 

with that of its mammalian counterparts (Figure 3.1, Figure 3.2, Figure 3.3). 

 Local sequence alignment of the β subunits revealed that there is a region of significant 

homology at the N-terminus spanning the kinase domain and part of the ULD (residues 36-392 

in DmIKKβ and residues 10-350 in HsIKKβ) with 35% amino acid identity and 64% amino acid 

similarity (Figure 3.1A, Figure 3.2). However, throughout the length of the two polypeptides, the 

similarity weakens with global sequence identity at 27% and global similarity at 42% (Table 3.2). 

Within the individual domains of the β subunit, the similarity varies (Figure 3.1A). The kinase 

domains are homologous with 34% identity and 50% similarity (Figure 3.1A). It is notable to 

mention that in the kinase domain of mammalian catalytic subunits IKKα and IKKβ have a 

“DLG” motif in the magnesium binding loop instead of “DFG” that is present in most protein 

kinases such as PKA and CDKs (Figure 3.2). This motif is a critical regulatory sequence for 

protein kinases as the phenylalanine can pack into a hydrophobic pocket between a residue in 

the N-lobe and another in the C-lobe forming a “hydrophobic spine” that is a characteristic of 

active protein kinases important for a conformation conducive toward catalysis. In DmIKKβ the 

magnesium binding loop reverts to a typical “DFG” motif, suggesting that there might be 
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differences in enzyme regulation and catalysis. In addition, there is a stretch of N-terminal 

residues in DmIKKβ (amino acids 1-26) that does not align with the human catalytic subunits, 

suggesting another unique structural feature present in DmIKKβ. Moreover, there is weak-to-

moderate similarity in the region spanning the scaffold-dimerization domain (SDD) with 25% 

identity and 41% similarity (Figure 3.1A).  

Another domain present in IKKα and IKKβ is a ubiquitin-like domain (ULD) with distant 

homology to ubiquitin, but with strong resemblance to ubiquitin in 3D structure (Polley et. al 

2013, Polley et. al 2016). The putative ULD of DmIKKβ has weak-to-moderate similarity with the 

ULD of HsIKKβ at 25% identity and 37% similarity (Figure 3.1A). Comparison of the ULDs with 

human ubiquitin primary sequences reveals that the HsIKKβ ULD exhibits 34% identity and 48% 

similarity, while the putative ULD in DmIKKβ has a weaker similarity to ubiquitin with 24% 

identity and 37% similarity. It remains to be seen whether the putative ULD in DmIKKβ adopts 

this fold.  

At the C-terminus of mammalian IKKα and IKKβ, there is a high-affinity binding interface 

at the NEMO binding domain (NBD) (residues 701-745) and the N-terminus of NEMO known as 

the IKK binding domain (KBD) (residues 49-110) (May et. al 2002, Drew et. al 2007, Rushe et. 

al 2008). Sequence alignment of DmIKKβ with human IKKβ and IKKα show that the NBD is 

absent in DmIKKβ (Figure 3.2). Comparison of DmIKKγ and HsNEMO sequences reveal 

conservation of some residues throughout the length of the KBD with 24% identity and 42% 

similarity (Figure 3.3). The lack of an NBD in DmIKKβ and the moderate level of similarity in the 

region corresponding to the KBD in DmIKKγ suggests a different mode of binding between the 

two subunits than in mammalian NEMO. 

On the other hand, like mammalian NEMO, analysis of the amino acid sequence of 

DmIKKγ predicted a primarily alpha-helical secondary structure comprised of coiled coil 

domains (Figure 3.3, Silverman et. al 2000, Rutschmann et. al 2000). Local sequence alignment 

of the IKKγ subunits indicated that the most similar region is within the predicted alpha-helical 
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region comprised of a portion of the IVD to the end of the sequence (residues 142-387 in 

DmIKKγ and residues 178-419 in HsNEMO) with 26% identity and 55% similarity (Figure 3.1B). 

Globally, the IKKγ subunits are weakly similar with 21% identity and 38% similarity 

demonstrating that homology is limited to the C-terminus as has been previously reported  

(Rutschmann et al., 2000; Silverman et al., 2000)(Table 3.2, Figure 3.3).  

An LC3-interacting region (LIR) motif has been identified at the N-terminus of DmIKKγ 

spanning residues 5-10 (Tusco et. al 2017).  The LIR motif in DmIKKγ was shown to mediate an 

interaction with Atg8a for the autophagic degradation of the DmIKK complex (Tusco et. al 2017).  

An LIR motif has not been identified in mammalian NEMO and it does not directly interact with 

any of the mammalian Atg8 family proteins (Tusco et. al 2017).  Thus, this the LIR motif appears 

to be a unique regulatory region in the fruit fly IKK system which functions in the recruitment of 

autophagy machinery. 

The remaining regions of the N-terminus are weakly similar. The N-terminal region 

exhibits weak similarity with 24% identity and 34% similarity (Figure 3.1B).  The IVD, which is 

well-conserved within vertebrate IKKγ/NEMO proteins, is moderately similar at 28% identity and 

39% similarity (Figure 3.1B). The two coil-coiled regions called CC1 and CC2 in mammalian 

NEMO exhibit some similarity in DmIKKγ:  CC1 has 31% identity and 41% similarity, while the 

second coil-coiled region has 35% identity and 47% similarity (Figure 3.1B).  Structural and 

biochemical studies of the mammalian CC2 show that it is a key regulatory region and that 

binding of poly-ubiquitin chains to the CC2 is a critical step in activation of the IKK complex 

(Fujita et al., 2014; Kensche et al., 2012; Rahighi et al., 2009; Tokunaga et al., 2009). Given that 

the C-terminus, especially the CC2, exhibits the most homology in the protein sequence, it may 

play similar regulatory role in DmIKKγ as a ubiquitin-binding region. 

At the C-terminus, there is a proline-rich region that is weakly similar at 26% identity and 

36% similarity (Figure 3.1B). This is accompanied by a lower percentage of proline residues 

(8%) in DmIKKγ compared to HsNEMO (21%) in this region (Figure 3.1B) A C-terminal zinc 
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finger was also identified in  DmIKKγ by Rutschmann et al 2000 and with our sequence analysis 

we find that this region exhibits moderate similarity with 26% identity and 43% similarity (Figure 

3.1B) (Rustchmann et. al 2000).  

 

 
 
Figure 3.1:  Structural features and homologous regions of human (Hs) and D. 
melanogaster IKK subunits. A) Domain architecture and regions of significant homology 
in IKKβ subunits. B) Domain architecture and regions of significant homology in IKKγ 
subunits. 
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Figure 3.2:  MUSCLE sequence alignment of D. melanogaster and human IKK catalytic 
subunits (IKKβ and IKKα). Identical residues are boxed in black and homologous 
substitutions are light grey.  Boxes and labels correspond to functional/structural 
classifications of elements within the human subunits. 
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Figure 3.3:  MUSCLE sequence alignment of D. melanogaster and human IKKγ/NEMO. 
Identical residues are boxed in black and homologous substitutions are light grey.  
Boxes and labels correspond to functional/structural classifications of elements within 
the human subunit. 
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2.  Phylogenetic analysis reveals Drosophila IKK evolutionary divergence in the 

metazoan lineage 

 Since our comparison of fruit fly and mammalian IKK showed global primary sequence 

divergence in both subunits but some conserved regions such as the kinase domain in the 

catalytic IKKβ subunit and the CC2 domain in the IKKγ subunit, we wanted to examine these 

putative regulatory regions in the context of other metazoan taxa and examine the evolutionary 

structural divergence of DmIKK. We performed phylogenetic analyses of eight IKKβ and six 

IKKγ orthologs (accession numbers are listed in Table 3.1). For evolutionary and phylogenetic 

analyses, we first performed a multiple sequence alignment (MSA) using the MUSCLE 

algorithm (Figure 3.4, Figure 3.5). Using the multiple sequence alignments, we conducted pair-

wise sequence identity and similarity comparisons using the Sequence Identity And Similarity 

(SIAS) server. Evolutionary analyses calculating interspecific pair-wise p-distances and number 

of amino acid differences were performed by the Molecular Evolutionary Genetics Analysis X 

(MEGA X) software package.  

The phylogenetic reconstruction of the IKKβ orthologs revealed two distinct clades, one 

clade containing solely DmIKKβ and the other containing the vertebrates grouped together with 

two cnidarian species:  N. vectensis and P. damicornis (Figure 3.6A). This result is surprising 

given that the cnidarian lineage diverged approximately 824 million years ago (mya) before the 

origin of Drosophila (~796 mya) (Figure 3.6C). Pair-wise sequence comparison of DmIKKβ 

reveals a range of only 24%-27% identity and 41%-43% similarity with other metazoan 

orthologs (Figure 3.6A). Following the trend observed in the phylogenetic reconstruction, IKKβ 

orthologs from the cnidarians (P. damicornis and N. vectensis) exhibited higher similarity and 

identity percentages when compared to vertebrate IKKβ orthologs with ~43-44% identity and 

59-61% similarity to human IKKβ (Table 3.2). Furthermore, pair-wise analysis of DmIKKβ 

evolutionary distance estimations (p-distance) measuring the proportion of the number of amino 

acid differences (n) over the number of sites compared ranged from 0.75-0.77 with the number 
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of amino acid differences ranging from 492-501 (Table 3.3). However, the cnidarian species had 

lower p-distance values when compared to human IKKβ with values of 0.62 for P. damicornis 

and 0.6 for N. vectensis (Table 3.3). This trend is accompanied by a lower n value when 

compared to human IKKβ with n=406 for P. damicornis and n=398 for N. vectensis (Table 3.3). 

Thus the IKKβ orthologs from basal metazoans exhibit more structural similarity to vertebrate 

IKKβ than does DmIKKβ. Taken together, phylogenetic reconstruction, evolutionary analysis, 

and time tree analysis suggesst that the Drosophila catalytic IKKβ subunit has diverged from 

other metazoan IKKβ proteins by evolving novel structural features. 

Phylogenetic analysis of IKKγ follows a similar trend as that observed in IKKβ of 

Drosophila evolutionary sequence divergence. However, IKKγ orthologs in “basal” metazoans 

outside of the bilaterian clade have not yet been identified. The first known appearance of a 

IKKγ-like protein is in Drosophila with homologs identified throughout the arthropod lineage 

(Gillmore and Wolenski 2012, Palmer and Jiggins 2015). The results show an evolutionary 

partitioning in which DmIKKγ is the sole member of one clade while the other clade comprises 

the vertebrate IKKγ orthologs (Figure 3.6B). In the MSA, we observe long stretches of insertions 

within the IVD in T. guttata, X. laevis, and D. rerio that are not similar in sequence (Figure 3.5).  

Nevertheless, other regions exhibited significant similarity especially within the CC1, CC2, and 

the zinc finger (Figure 3.5).  Pair-wise comparison of the DmIKKγ amino acid sequence with 

metazoan orthologs shows a range of 21%-25% identity and range of 35%-38% similarity which 

are lower values than pair-wise % similarity and % identity comparisons amongst the vertebrate 

IKKγ orthologs (Table 3.4). Pair-wise DmIKKγ evolutionary distance estimations (p-distance) 

ranges from 0.77-0.80, which are much higher distance values than observed with pair-wise 

comparisons amongst the vertebrates as the next largest p-distance value is between X. laevis 

and D. rerio at a value of 0.49 (Table 3.5).  In addition, comparison of the number of amino acid 

differences (n) with DmIKKγ and the other orthologs ranged from 236-245, which are larger 

values than pair-wise comparisons amongst the vertebrates as the next largest value is 
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between X. laevis and D. rerio at a value of n=151 (Table 3.5). Thus, DmIKKγ exhibits structural 

divergence from the metazoan taxa described in this study, suggesting that like DmIKKβ, fruit 

flies have adapted new functions within their IKKγ subunit. 

 

 
 
 
 
  

Table 3.1:  List of reference sequences and lengths of proteins used in this study 
Reference sequence ID: Length (residues): 
UniProtKB ID: 
Q9VEZ5 (IKKβ D. melanogaster) 

751 

UniProtKB ID: 
O14920 (IKKβ H. sapiens) 

756 

UniProtKB ID: 
O15111 (IKKα H. sapiens) 

745 

UniProtKB ID: 
O88351 (IKKβ M. musculus) 

757 

UniProtKB ID: 
Q6INT1 (IKKβ X. laevis) 

742 

UniProtKB ID: 
B0R199 (IKKβ  D. rerio) 

779 

UniProtKB ID: 
H0Z516 (IKKβ  T. guttata) 

757 

UniProtKB ID: 
A0A1D5PFV1 (IKKβ G. gallus) 

753 

UniProtKB ID: 
A0A3M6V6P6 (IKKβ P. damicornis) 

732 

NCBI Reference Sequence: 
XP_032238097.1 (IKKβ N. vectensis) 

718 

UniprotKB ID: 
Q9Y6K9 (NEMO H. sapiens) 

419 

UniprotKB ID: 
O88522 (NEMO M. musculus) 

412 

UniprotKB ID: 
Q9GYV5 (IKKγ D. melanogaster) 

387 

UniprotKB ID: 
Q58EN3 (NEMO  D. rerio) 

586 

UniprotKB ID: 
Q58EW6 (NEMO X. laevis) 

495 

NCBI Reference Sequence: 
XP_032601643.1 (NEMO T. guttata) 

537 
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Figure 3.4:  IKKβ MUSCLE sequence alignment of eight orthologs. Color indicates 
consensus with black text having no consensus, red text as highly conserved, and white 
text with red background as strictly conserved. Amino acid numbering is by human IKKβ 
sequence.  The MSA is depicted using ESPript 3.0 
(https://espript.ibcp.fr/ESPript/ESPript/). 
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Figure 3.5:  IKKγ MUSCLE sequence alignment of six orthologs. Color indicates 
consensus with black text having no consensus, red text as highly conserved, and white 
text with red background as strictly conserved. Amino acid numbering is by human 
NEMO sequence.  Jpred 4 was used to depict secondary structure elements of human 
NEMO and DmIKKγ. The MSA is depicted using ESPript 3.0 
(https://espript.ibcp.fr/ESPript/ESPript/) 
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Figure 3.6:  Evolutionary analysis of IKK orthologs reveals sequence divergence of 
Drosophila IKK in the metazoan lineage. A) Phylogenetic tree of IKKβ orthologs using 
sequences indicated and performed using maximum likelihood (ML) analysis with 1000 
bootstrap replicates. Nodes indicate bootstrap support. B) Phylogenetic tree of IKKγ 
orthologs using sequences indicated and performed using ML analysis with 1000 
bootstrap replicates. Nodes indicate bootstrap support C) Phylogenetic tree showing 
lineage diversification calculated using the TimeTree database (Hedges et al., 2006; 
Kumar et al., 2017, 2011; Roy et al., 2013). Nodes indicate divergence time in million 
years ago (MYA) Silhouette images were obtained from PhyloPic (http://phylopic.org). 
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Table 3.4:  Comparison of sequence identity and similarity percentages among 6 
metazoan IKKγ orthologs. 
A multiple-sequence alignment (MSA) was performed by MUSCLE. The MSA was input 
into the SIAS server (http://imed.med.ucm.es/Tools/sias.html) to calculate pairwise 
sequence identities (light gray box)  and similarities (dark grey box).  DmIKKγ and 
HsNEMO identity and similarity percentage values are in bold. 
 

 
Table 3.5:  IKKγ pairwise estimates of evolutionary divergence.  
The number of amino acid differences between the two sequences compared are shown 
(unshaded boxes) and the p-distance or the proportion of amino acid differences per site 
is shown (in shaded boxes). This analysis involved 6 amino acid sequences. All 
positions containing gaps and missing data were eliminated (complete deletion option). 
There were a total of 306 positions in the final dataset. Evolutionary analyses were 
conducted in MEGA X. 

Table 3.4:  Interspecific pairwise identity and similarity of IKKγ primary 
sequences 

Species  1. 2. 3. 4. 5. 6. 
1.  D. melanogaster 
  

    25.21% 24.35% 21.79% 23.93% 22.64% 

2.  D. rerio 
  

35.89%   57.26% 58.11% 59.40% 58.97% 

3.  X. laevis 
  

38.46% 71.36%   62.82% 64.10% 64.10% 

4.  T. guttata 
  

35.47% 71.36% 74.35%   64.52% 64.10% 

5.  H. sapiens 
  

35.47% 73.93% 73.93% 75.64%   94.01% 

6.  M. musculus 
  

35.89% 73.93% 74.78% 76.49% 95.29%   

Table 3.5:  Interspecific pairwise distances of IKKγ primary sequences 
Species  1. 2. 3. 4. 5. 6. 
1.  D. melanogaster 
  

 236 236 245 243 239 
2.  D. rerio 
  

0.7712 
 151 141 136 135 

3.  X. laevis 
  

0.7712 0.4935 
 149 148 147 

4.  T. guttata 
  

0.8007 0.4608 0.4869 
 133 132 

5.  H. sapiens 
  

0.7941 0.4444 0.4837 0.4346 
 

27 
6.  M. musculus 
  

0.7810 0.4412 0.4804 0.4314 0.0882 
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3.  ConSurf analysis reveals distinct regions of structural similarity and regions of 

divergence in DmIKK subunits 

Our phylogenetic and evolutionary analyses revealed that the DmIKK subunits have 

diverged in the metazoan lineage, suggesting that DmIKK subunits have evolved unique 

structural features that may be involved in its regulation. To identify conserved regions that may 

be of functional relevance, we utilized the ConSurf server with our multiple sequence alignments 

used in the phylogenetic and evolutionary analyses to assign conservation scores at each 

position in the MSA (Ashkenazy et al., 2010, 2016; Berezin et al., 2004; Celniker et al., 2013; 

Glaser et al., 2003; Landau et al., 2005). One difference in the IKKβ ConSurf analysis was that 

the Gallus gallus (chicken) sequence (UniProtKB ID: A0A1D5PFV1) was used instead of T. 

guttata (zebra finch) to represent a bird taxa.  

In general, high conservation scores were assigned to structural regions that were 

shown in the sequence alignments to have significant similarity percentages such as the IKKβ  

kinase domain and the CC2 in IKKγ (Figure 3.3, Figure 3.4, Figure 3.7, Figure 3.8, Figure 3.9). 

In our analysis of IKKβ, the conservation scores determined by ConSurf calculations were 

mapped onto the three-dimensional structure of human IKKβ (PDB 4e3c) 

(https://www.rcsb.org/). We observe that within the kinase domain, the activation segment 

(human IKKβ residues 166-194 and DmIKKβ residues 206-234) is highly conserved (Figure 3.7, 

Figure 3.8). There are some differences in the activation loop containing the signal-dependent 

phosphorylation sites (serines 177 and 181) within the signature phosphorylation motif of 

“SLCTS” (residues 171-181) in human IKKβ. For instance, in the cnidarians there is only one 

serine residue in the corresponding motif (“SLATT” in P. damicornis and “SMATT” in N. 

vectensis) (Figure 3.7, Figure 3.8). On the other hand, in fruit flies, the corresponding sequence 

is “TMVQS” (Figure 3.7, Figure 3.8). It would be of interest to see whether the threonine, serine, 

or both residues within the activation loop motif are phosphorylated as part of the DmIKK 

activation mechanism. At the extreme N-terminus, the 26 amino acid stretch in DmIKKβ is 
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unique among the metazoan taxa in this analysis, showing that this may be another evolved 

structural feature that would be of interest to functionally characterize (Figure, 3.4, Figure 3.7, 

Figure 3.8). Another unique feature of DmIKKβ is the lack of an NBD motif “LDWSWLQ” 

corresponding to human IKKβ residues 737-742 (Figure 3.4, Figure 3.7, Figure 3.8). Moreover, 

sequences at the extreme C-terminus flanking the NBD show lower conservation as a whole, 

though there are some residues that are highly conserved and are interspersed in this region. 

(Figure 3.7, Figure 3.8). 

As observed in the IKKγ MSA, regions of significant structural similarity are CC1, CC2, 

and the zinc finger (Figure 3.5). The rest of the sequence alignment is variable and there are 

long stretches of non-conserved regions in the IVD of non-mammalian vertebrates (Figure 3.5). 

Since the human NEMO CC2 and the zinc finger domains have been shown to be critical in 

mammalian IKK activation by binding to ubiquitin, we sought to investigate the possible 

functional conservation of these domains through ConSurf analysis. High conservation scores 

are mapped to a region within the CC2 called the “CoZi” domain (human NEMO residues 257-

346) using the x-ray crystal structure (PDB 3f89) (https://www.rcsb.org/) (Figure 3.9). Within the 

CoZi domain, polar residues D311, R316, R319, and E324 (human NEMO numbering) that 

mediate binding to linear di-ubiquitin are conserved in the orthologs, including DmIKKγ (Figure 

3.9). High conservation scores are also observed in the zinc finger (human NEMO residues 

394-419) mapped to a solution NMR structure (PDB 2jvx), especially with residues shown to be 

functionally important in ubiquitin binding and NF-κB signaling (M407, Q411, V415, and M415 

human NEMO numbering), although the M415 position is N381 in DmIKKγ (Figure 3.9). 

Nonetheless, these results suggest a conserved binding interface for ubiquitin at both the zinc 

finger and the CoZi regions (Figure 3.9).   
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Figure 3.7:  Color-coded MSA of IKKβ with ConSurf conservation scores on each amino 
acid site from turquoise indicating a variable site (1) to dark pink representing a 
conserved site (9). Domains are indicated according to the human sequence. 
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Figure 3.7:  continued  
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Figure 3.8:  ConSurf analysis for IKKβ using same color and conservation scheme as in 
Figure 3.7. Amino acid sites in which there was insufficient data (calculation using less 
than 10% of sequences) are denoted in yellow lettering. A) The PDB 4e3c file from the 
Protein Databank (https://www.rcsb.org/) was used to structurally map conservation 
scores and is shown using the PyMol output file generated by the ConSurf server. Only 
one β subunit within the dimer is colored in the conservation scheme, and the partner β 
subunit is colored in grey. On the left is the amino acid conservation displayed on the 
surface of human IKKβ after rotation of 180 degrees about the y axis. B) The color-coded 
MSA with ConSurf conservation scores on each amino acid site for the activation 
segment and the C-terminal NEMO binding motif (NBD) reveals high conservation in the 
activation segment and absence of an NBD in Drosophila. 
 

A 

B 
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Figure 3.9:  ConSurf analysis for IKKγ using the same color and conservation scheme as 
in Figure 3.7 and Figure 3.8. Amino acid sites in which there was insufficient data 
(calculation using less than 10% of sequences) are denoted in yellow lettering. A) The 
CoZi structural model (PDB 3f89) from the Protein Databank (https://www.rcsb.org/) was 
used to structurally map conservation scores and is shown using the PyMol output file 
generated by the ConSurf server. Only one γ subunit within the CoZi dimer is colored in 
the conservation scheme, and the partner γ subunit is colored in grey. On the bottom is 
the amino acid conservation displayed on the surface of the CoZi domain after rotation of 
180 degrees about the x axis B) The zinc finger (PDB 2jvx) from the Protein Databank was 
used to structurally map conservation scores and is shown using the PyMol output file 
generated by the ConSurf server. On the left is the amino acid conservation displayed on 
the surface of zinc finger after rotation of 180 degrees about the y axis. C) Color-coded 
MSA with ConSurf conservation scores on each amino acid site for the CoZi region (top) 
and the zinc finger (bottom) showing high degree of conservation in these regions 
overall. Asterisks (*) denote residues shown to be important in mediating ubiquitin 
binding in mammalian NEMO. 
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C.  Discussion 

 IKK is evolutionarily ancient, with orthologs of IKKβ catalytic subunits present in basal 

metazoans such as the cnidarians, which originated over 800 million years ago (Hedges et al., 

2006; Kumar et al., 2017, 2011; Roy et al., 2013). However, the non-catalytic IKKγ subunit has 

not yet been found in the genomes of basal metazoans such as the cnidarians, but appears in 

the panarthropod lineage. This suggests that IKK regulation mechanisms involving the non-

catalytic subunit first appear in the common ancestor to panarthropods which originated ~700 

million years ago (Hedges et al., 2006; Kumar et al., 2017, 2011; Roy et al., 2013). Unless IKKγ 

orthologs from more basal metazoans are discovered, this remains a plausible hypothesis. 

Nonetheless, it is clear that the IKK-NF-κB signaling hub is a key component in innate immune 

responses throughout the metazoan phylogenetic spectrum.  Each taxa has utilized this 

signaling hub under their own selective pressures to derive a functional IKK activity in the rapid 

response to microbial infection. 

 In this study, I show that both catalytic DmIKKβ and non-catalytic DmIKKγ subunits are 

divergent in the metazoan lineage in terms of primary amino acid sequences. I identified specific 

structural features that are shared and features that are unique to the multi-subunit, Drosophila 

IKK complex.  When compared to the mammalian IKK orthologs, the regions that correspond to 

known structural domains are largely conserved in both subunits (Figure 3.8, Figure 3.9). An 

exception to this is the NEMO binding domain (NBD) at the C-terminus of mammalian catalytic 

IKK subunits as this sequence is completely absent in DmIKKβ. In mammals, the NBD mediates 

a high-affinity interaction surface (KD of 3-25 nM) with the N-terminus of NEMO (May et al., 

2002). The specific interaction surfaces that mediate DmIKK complex formation between the 

two subunits remains to be seen.  Given the lack of homology in the C-terminus of the DmIKKβ, 

the mode of interaction is likely to be significantly different than that of the mammalian system. 

Moreover, it was shown that full-length human IKKβ elutes as a tetramer in SEC analysis, but a 

construct with the last 92 amino acids removed (1-664) ran as a dimer (Shaul et al., 2008). This 
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suggests that the sequence containing the human IKKβ NBD may be a structural feature that 

mediates oligomerization. This observation guided the structural determination of the human 

IKKβ and the construct that was crystallized (11-669) lacked the NBD and surrounding serine-

rich cluster (Polley et al., 2013). Additionally, the serine-rich cluster was found to be 

hyperphosphorylated upon TNF stimulation, playing a role in negative regulation of IKK catalytic 

activity to prevent prolonged activation (Delhase et al., 1999). In contrast, full length DmIKKβ 

was used in this study and we observe a single species in our biophysical measurements 

suggesting that in DmIKKβ the lack of the IKKβ NBD and the serine rich environment 

surrounding this motif supports dimerization. There are some serine residues interspersed 

throughout the extreme C-terminus of DmIKKβ so we cannot rule out the possibility that these 

residues might be phosphorylated as part of a regulatory mechanism. In addition, the 26 amino 

acid region in DmIKKβ that is not present in the metazoan taxa analyzed in this study further 

suggests a novel structural feature that may somehow be involved in DmIKK regulation. 

Structural and biochemical characterization of this region may reveal its functional significance 

and add to our understanding of IKK regulation.   

 Sequence comparison of the non-catalytic IKKγ subunit reveals that the C-terminal half 

of the protein containing CC2 and the zinc finger is the most conserved region in all of the 

metazoan IKKγ orthologs in this study.  MSA and ConSurf analysis demonstrated that within the 

N-terminal half of the protein, large stretches of insertions are present in the IVD of T. guttata, 

D. rerio, and X. laevis suggesting that there are particular sequences that have evolved in these 

taxa under specific selection pressures that may be useful for  activity and/or regulation of these 

multi-subunit IKK complexes. Another point of divergence is in the presence of an LIR motif 

involved in autophagic degradation at the N-terminus of DmIKKγ (residues 5-10) which 

regulatory feature that is truly novel in this taxon. Moreover, I observed high conservation in two 

ubiquitin binding domains that are functionally significant in mammalian NEMO:  the CoZi 

domain and the zinc finger domain. Given the conservation of many components in mammalian 
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and fruit fly IKK signaling, it would be of interest to characterize ubiquitin binding in DmIKKγ and 

whether it plays a role in regulation. As a whole, a biochemical and structural assessment of 

these unique and shared structural features may reveal functional significance and illuminate 

our understanding of DmIKK complex regulation within the immune response.   
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Chapter IV 

In vitro characterization of a multi-subunit Drosophila melanogaster IκB Kinase complex 
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A.  Introduction 

Innate immunity evolved early in evolution as the “first line of defense” against microbial 

aggressors. This defense relies on genome-encoded pattern recognition receptors (PRRs) to 

recognize molecular components of pathogens (Janeway, 1989). In the signaling pathways that 

regulate innate immune defenses, there is remarkable similarity in the receptors and molecular 

signaling components from flies to humans (J. A. Hoffmann et al., 1999). The IKK-NF-κB 

signaling hub is a major component of the innate immune response throughout the animal 

kingdom acting in the control of immune response genes and its rapid induction upon infection 

(Chamy et al., 2010; Gilmore et al., 2012; Hayden et al., 2012; Michael Karin, 1999). Thus, 

basic mechanisms of pattern recognition and quick activation of the response is highly 

conserved in metazoans. 

Insect innate immunity is a potent and multifaceted response against a broad spectrum 

of pathogens. For instance, Drosophila can withstand and clear large bacterial burdens that, 

relative to size, would otherwise be lethal to humans (Cantacuzène,1923; Hoffmann, Jules A et 

al., 1997). Within 3 hours of bacterial infection, protection is observed and a strong, heat-stable, 

and massive bacteriolytic activity is apparent in the hemolymph (Metalnikow 1927; Porchet 

1928). This rapid bacteriolytic activity is from the action of secreted antimicrobial peptides 

(AMPs) in the systemic response with circulating concentrations as high as 300 μM in the fly 

hemolymph (J. L. Imler et al., 2000).  

In Drosophila, the expression of antimicrobial peptide genes is controlled by members of 

the NF-κB transcription factor family via the Toll and Immune Deficiency (IMD) pathways. Flies 

that are deficient in Toll or IMD signaling are highly susceptible to infection and cannot produce 

any of the known AMPs (Lemaitre et al., 1996). The Toll pathway is initiated upon fungal 

infection and by bacteria with lysine-type peptidoglycan (PGN) controlling the expression of 

antifungal peptides drosomcyin and metchnikowin.  On the other hand, the IMD pathway is 

known as the “antibacterial arm” of the Drosophila systemic innate immune response and is 
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activated by infection of bacteria with meso-diaminopimelic-type PGN controlling the expression 

of five classes of AMP genes including diptericin, cecropin, defensin, drosocin, and attacin. 

Thus, the IMD pathway is critical for the Drosophila immune response. A multi-subunit IKK 

complex is the principal regulator of NF-κB and is an integral component of AMP induction in the 

IMD pathway.  

There has been extensive research into the identification of key signaling components 

within the Toll and IMD pathways, but the molecular details of regulation are still poorly 

understood. In the previous chapter, I showed that the DmIKK complex shares many structural 

features with mammalian IKK and other metazoan orthologs, but exhibits some unique 

structural elements that might play a role in its regulation and activation. In this chapter, as part 

of our effort to understand the biochemistry, substrate specificity, and activation mechanism of 

this unique small family of regulated signaling kinases, I report the in vitro characterization of a 

multi-subunit Drosophila melanogaster (Dm) IKK complex. I have undertaken recombinant 

expression, purification, and biophysical characterization of this enzyme complex.  

B.  Results 

1.  DmIKKβ:γ can be expressed and purified as a stable recombinant protein complex 

In order to perform in vitro studies on the DmIKK complex, I have optimized large-scale 

recombinant expression and purification of His-DmIKKβ:γ-FLAG complex from Baculovirus-

infected Sf9 insect cell suspension cultures (Figure 4.1, Figure 4.2). For co-expression, the 

DmIKKβ and DmIKKγ cDNA were sub-cloned into the pFastBac Dual plasmid. Specifically, 

DmIKKβ with an N-terminal hexa-histidine tag, is under the control of one of the two promoters, 

the polyhedrin promoter. In addition, we designed the construct to have DmIKKγ with a C-

terminal FLAG tag under the control of the p10 promoter, the second promoter in the pFastBac 

Dual plasmid. The DmIKKγ cDNA was isolated from LPS-stimulated Drosophila S2 cells through 

RT-PCR. The individual subunits were also subcloned into pFastBacHT B expression plasmids 

with an N-terminal hexa-histidine tag (Figure. 4.5). Two pFastBacHT B constructs with DmIKKγ-
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FLAG were created: one with an N-terminal hexa-histidine tag (His-DmIKKγ-FLAG) and another 

without (DmIKKγ-FLAG). These pFastBacHT B and pFastBac DUAL constructs were used to 

generate Baculovirus for the infection of 0.4-0.5L Sf9 insect cell suspension cultures. With these 

constructs in hand, we tested two different expression and purification methods to produce 

recombinant DmIKK complex:  1) co-expression with subsequent purification and 2) expression 

of individual subunits in separate suspension cultures followed by mixing of lysates which was 

then subjected to purification.  In both methods, we use a two-step purification scheme starting 

with nickel affinity chromatography in batch binding mode and polishing of the sample by size-

exclusion chromatography. Purification under our two-step scheme shows a pure, homogenous 

protein complex (Figure 4.1) Both subunits elute together as visualized by Coomassie-stained 

SDS-PAGE (Figure 4.1). Purification of the individual subunits via nickel affinity chromatography 

and SEC shows pure, homogenous proteins (Figure 4.2). Either co-expression or expression of 

subunits separately in insect cells followed by mixing of lysates individually expressing DmIKKβ 

and DmIKKγ yielded a stable complex of both subunits as shown by FLAG immunoprecipitation 

and nickel-NTA affinity pull-down (Figure 4.3, lanes 4 and 5). We also purified His-DmIKKβ and 

His-DmIKKγ-FLAG constructs separately using our two-step purification method for in vitro 

analysis. Typically, we obtained ~5 mg of DmIKK complex per 0.5 L of infected Sf9 cell 

suspension cultures. Lower yields (<5 mg) of highly pure, homogenous protein were obtained 

with individually expressed DmIKKγ-FLAG, while 10-15 mg of His-DmIKKβ were obtained per 

0.5 L of infected Sf9 cell suspension cultures. We utilized our co-expressed DmIKKβ:γ complex 

for subsequent biophysical and biochemical characterization.  

2.  Purified recombinant DmIKKβ:γ is catalytically active 

To assess the stability of our purified kinase complex and whether our recombinant 

DmIKKβ:γ complex is folded properly, we tested its catalytic activity using in vitro kinase assays. 

In these assays, we utilized recombinant Relish proteins His-Rel-68 (expressed in Baculovirus-

infected Sf9 insect cells) and GST-Rel-49 constructs (expressed in E. coli) (Figure 4.4A). As 
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shown in the autoradiographs of the kinase assays, DmIKKβ:γ phosphorylates Relish in both 

His-Rel-68 and GST-Rel-49 constructs (Figure 4.4B-D). To identify the sites of phosphorylation, 

we performed LC/MS/MS of samples from the in vitro kinase assays (Figure 4.4E).  Mass 

spectrometric analysis shows that recombinant DmIKKβ:γ phosphorylated some of the same 

sites (Serine 32 and 528) as identified previously (Ertürk-Hasdemir et. al 2009). It has been 

shown that DmIKKβ phosphorylates serines 528 and 529 in vitro and upon immune challenge in 

cells (Ertürk-Hasdemir et al., 2009). In addition to the immune-responsive phosphorylation site 

at the N-terminus of Relish, our LC/MS/MS analysis revealed that recombinant DmIKKβ:γ 

phosphorylated serine 517 in Rel-68 and serine 828 in Rel-49 within a serine-rich region (Figure 

4.7E). Kinase assays show that mutation of serine 826, 827, and 828 to alanine 

(SSS826/827/828AAA) in this serine-rich region inhibited phosphorylation of a GST-Rel-49 

constructs in vitro (Figure 4.4C, D). Mutation of serine 831 and 832 to alanine (SS831/832AA) 

within the serine-rich region, however, did not inhibit phosphorylation of GST-Rel-49 suggesting 

that S828 is the only site that can be phosphorylated within Rel-49 in vitro. Upon LPS 

stimulation, the same serine to alanine mutations (SSS826/827/828AAA and SS831/832AA), 

however, did not inhibit Relish processing in cells (Figure 4.5). The result of these in vitro 

assays are consistent with results showing that C-terminal serine and threonine residues in the 

last 107 amino acids are not the major target of DmIKKβ upon immune stimulation and that 

processing and phosphorylation are independent events in the activation of Relish (Ertürk-

Hasdemir et al., 2009). It has been proposed that these non-signal-dependent sites of Relish 

phosphorylation may play a role in mediating interactions with DmIKKβ (Ertürk-Hasdemir et al., 

2009) 
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Figure 4.1:  Co-expression and purification of recombinant DmIKKβ:γ complex. A) 
Plasmid map showing construction of recombinant Baculovirus vector for co-expression 
of His-DmIKKβ:γ-FLAG in Sf9 insect cells. B) A coomassie-stained SDS-PAGE gel 
monitoring the Ni-NTA affinity purification of co-expressed His-DmIKKβ:γ-FLAG. Lanes 
1-6 represent the purification (lanes 1 and 2 are column flow and combined washes lanes 
3-6 are 0.5 mL eluted fractions). C) A coomassie-stained SDS-PAGE gel monitoring the 
size exclusion chromatography of Ni-NTA-purified His-DmIKKβ:γ-FLAG. Lanes 2-14 
represent the purification (lane 2 is the input using Ni-NTA eluted fraction #2 and lanes 3-
14 are 0.5 mL eluted fractions from size-exclusion chromatography. D) Chromatogram for 
His-DmIKKβ:γ-FLAG purification on a Superose 6 10/300 column (GE Healthcare). 
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Figure 4.2: Expression and purification of individual DmIKK subunits. A) Plasmid maps 
showing construction of recombinant Baculovirus vectors for expression of His-DmIKKβ 
and His-DmIKKγ-FLAG in Sf9 insect cells. B) Coomassie-stained SDS-PAGE gels 
monitoring the size exclusion chromatography of Ni-NTA-purified His-DmIKKβ (left) and 
His-DmIKKγ-FLAG (right). For His-DmIKKβ (left), lanes 1-6 represent the purification from 
size exclusion chromatography (lane 1 is the input from pooled Ni-NTA elution fractions 
and lanes 2-6 are from 2 mL eluted peak fractions from size exclusion chromatography. 
For His-DmIKKγ-FLAG (right), lanes 1-4 represent the purification from 2 mL eluted peak 
fractions from size exclusion chromatography. C) Chromatogram for His-DmIKKβ 
purification on a Superdex 200 16/60 column (GE Healthcare). D) Chromatogram for His-
DmIKKγ-FLAG purification on a Superdex 200 16/60 (GE Healthcare). 
 
 

 
 

Figure 4.3:  FLAG and Ni-NTA affinity pull-down assays show that both individually 
expressed His-DmIKKβ and DmIKKγ-FLAG (construct lacks a His-tag) or co-expressed 
DmIKK subunits associate to form the DmIKKβ:γ complex.  
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Figure 4.4:  Catalytic activity of recombinant DmIKKβ:γ. A) Schematic diagrams of 
substrate constructs used in in vitro kinase assays. His-tagged or GST-tagged Relish 
substrates contain three possible segments depending on the construct: an N-terminal 
Rel homology region (RHR), a central ankyrin repeat-containing domain (ARD), and a C-
terminal PEST domain that is rich with proline, glutamic acid, serine, and threonine 
residues. Adjacent to the RHR is a region that is phosphorylated by DmIKK, followed by 
a motif targeted by the caspase Dredd for Relish proteolytic processing. B) 
Autoradiography of in vitro kinase assay shows Rel-68 as a substrate for DmIKK (left).  
Western blot with anti-His antibody and Coomassie blue (CB) stained SDS-PAGE gel of 
Rel-68 substrate (right). C) Autoradiography (top) and Coomassie-stained SDS-PAGE gel 
(bottom) of in vitro kinase assays with purified DmIKK complex and GST-Rel-49 as 
substrate.  SR1 and SR2 refer to serine-rich regions at the carboxy-terminal ankyrin 
repeats of Rel-49. Serines within these regions were mutated to alanine for SR1AA and 
SR1AAA constructs. B) The same experiment as in C) but performed on GST-Rel49ΔC 
construct lacking the PEST domain showing that serine residues in SR1 are the main 
target of GST-Rel-49. E) LC/MS/MS on purified and Rel-68 and Rel-49 proteins after they 
had been separately phosphorylated in vitro by recombinant DmIKKβ:γ complex revealed 
phosphorylation sites within the SR1 loop of Rel-49 and at three additional sites in Rel-68 
including the known signal-dependent phosphorylation site of serine 32.  
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3.  DmIKKβ:γ complex size characterization by analytical-scale SEC 

 Having established that our recombinant DmIKKβ:γ complex can be purified to 

homogeneity and is a stable enzyme with the ability to phosphorylate Relish on multiple sites, 

we examined its structural characteristics through biophysical methods. We first used analytical 

scale size-exclusion chromatography (SEC) to determine the solution molecular weight (Mw) 

and to characterize the size of the DmIKKβ:γ complex. Analytical SEC was performed utilizing 

the calibration of globular protein standards (Figure 4.5, Table 4.1). Recombinant DmIKKβ:γ 

eluted at a peak with volume corresponding to a globular protein of Mw of ~1.2 MDa and a 

calculated Stokes radius (Rs) of 8.47 nm (Figure 4.5, Table 4.1). This suggests that DmIKKβ:γ 

forms a large complex composed of multiple copies of each subunit since DmIKKβ has a 

predicted monomeric molecular weight of 86.373 kDa and DmIKKγ has a predicted monomeric 

molecular weight of 43.879 kDa. Analytical SEC analysis of the DmIKKβ subunit alone resulted 

in as a single peak at a volume corresponding to a Mw of 175.7 kDa with an Rs of 5.43 nm, 

suggesting that it exists as a β2 dimer (Figure 4.5). His-DmIKKγ-FLAG runs as a very large 

species with a molecular weight of 1.0 MDa and Rs of 8.15 nm (Figure 4.5). Because size 

characterization by analytical SEC is based on hydrodynamic elution volume of globular protein 

standards, MW determination from SEC analysis of non-globular, elongated proteins or proteins 

with non-ideal column interactions is often overestimated (Erickson, 2009; Kunji et al., 2008; 

Štulík et al., 2003). In a recent report, human NEMO has been shown to have a short retention 

time in SEC, eluting as a particle >700 kDa, while their SEC-MALS analysis demonstrates that 

human NEMO (monomer weight of 48 kDa) is primarily a dimer with a molecular weight of ~100 

kDa, suggesting that the elongated coiled coil structure is responsible for the discrepancies in 

SEC analysis (Ko et al., 2020). Because DmIKKγ is predicted to be largely alpha-helical with 

coiled coil domains like its mammalian ortholog, we then pursued shape-independent 

biophysical techniques for DmIKK complex molecular weight characterization.  
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Figure 4.5:  Cleavage assays reveal that mutation of phosphorylation sites is not 
sufficient to inhibit processing of Relish. A) Immunoblot with anti-FLAG antibody shows 
the proteolytic processing of a FLAG-Relish-FLAG construct transiently transfected into 
Drosophila S2 cells. Induction by LPS/peptidoglycan leads to Relish processing and 
production of Rel-68 and Rel-49 fragments (Left panel, Lane 3).  Processing is dependent 
upon Dredd proteolytic activity at Asp545 of Relish as confirmed by lane 4. B) 
Immunoblot reveals that Relish proteolysis proceeds even when serines within the SR1 
of Rel-49 are mutated to Ala.  These mutations inhibit Rel-49 from being phosphorylated 
in vitro by the DmIKK complex. 
 
4.  Shape-independent size analysis by SEC-MALS 
 
 For shape-independent size characterization, we employed size-exclusion 

chromatography coupled to multi-angle light scattering (SEC-MALS). The SEC-MALS 

chromatogram for the complex at 16 μM protein concentration shows a single species with a 

solution molecular weight (Mw) of 271.57±4.5 kDa (Figure 4.7A). This is in agreement with the 

theoretical molecular weight of a β2:γ2 heterotetramer which is calculated to be 260.5 kDa. SEC-

MALS of DmIKKβ subunit alone at 23 μM protein concentration resulted in a Mw of 161.1±6.5 

kDa suggesting that it assembles primarily as a dimer in solution (Figure 4.7A). We did not 

observe the presence of minor peaks in the SEC-MALS chromatograms for the complex and the 

DmIKKβ subunit alone at the protein concentrations used. 
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5.  AUC-SV analysis of DmIKK solution properties 

Analytical ultracentrifugation sedimentation velocity (AUC-SV) further confirm DmIKK 

complex subunit stoichiometry of two β and two γ subunits (Figure 4.7C) The C(s) distribution of 

the DmIKK complex was dominated by a single peak (~80% total protein) with an apparent Mw 

of 248.26±9.14 kDa (Figure 4.7C). We observed a minor peak (~2% of total protein) with an 

apparent Mw of 586.6 kDa that may be due to the detection of a trace contaminant or 

nonspecific aggregation. The presence of a large, dominant peak in the AUC-SV data 

demonstrate that our DmIKK complex preparation is highly pure and monodisperse as this 

technique is sensitive to impurities. AUC-SV also reveals an extremely elongated shape for the 

complex with a prolate axial (a/b) radius ratio (ratio of semimajor axis a to semi-minor axis b) of 

18.7. The a/b radius ratio is derived from frictional coefficients calculated from AUC-SV data 

using Perrin’s analysis of molecules modeled as an ellipsoid of revolution. Perrin’s analysis of 

AUC-SV data has been suggested to overestimate the asymmetry of molecules when compared 

to the protein dimensions obtained by other biophysical and structural techniques such as 

electron microscopy, atomic force microscopy, and small angle x-ray scattering (Erickson 2009, 

Hesterberg et. al 1981, Martin et. al 2003, Li et. al 2006). It has, however, been used to observe 

general trends about protein shape such as asymmetry (Godamudunage et. al 2017).   

AUC-SV analysis of the DmIKKβ subunit alone show a major peak (85.3% of total 

protein) with an apparent Mw of 261.25±5.30 kDa and an a/b radius ratio of 15.3 suggesting an 

elongated trimer (Figure 4.7B). We also detected a few minor peaks (~2% each of total protein) 

with apparent Mw of 22.0 kDa and 114.6 kDa that may be due to detection of contaminants. The 

apparent Mw of the major peak are in contrast to the Mw values obtained from analytical SEC 

(175.7 kDa, Figure 4.6, Table 4.1) and SEC-MALS (161.1±6.5 kDa, Figure 4.7A).  
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Figure 4.6:  Analytical size-exclusion chromatography (SEC) of recombinant DmIKK 
constructs. A) Analytical SEC chromatograms of His-DmIKKβ:γ-FLAG (gray line), His-
DmIKKγ-FLAG (black dashed line), and His-DmIKKβ (solid black line). B) Molecular 
weight analysis of DmIKK constructs based on elution volume of calibration standards. 
C) Determination of hydrodynamic radius (Stokes radius) by comparison with calibration 
standards. 
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Table 4.1:  Data for size determination of DmIKK protein constructs in solution by 
analytical size-exclusion chromatography 

Species Molecular 
weight 
(MW) 

Elution 
vol. Ve 
(mL) 

Kav * Calculated  
MW † 

Stokes 
Radius 
(Rs) (nm) 
  

Calculated 
Rs (nm)  

Standards used to determine total column volume (Vc ) and void volume (Vo ) 

Column vol. 
 

20.37 (Vc) 
  

    

Void volume >5,000,000 7.56 (Vo) 
  

    

Standards used to determine column calibration curve 

RNase A 13,700 19.42 0.926 
 

1.64   

Ovalbumin 43,000 17.56 0.781 
 

3.05   

Albumin 68,000 16.86 0.726 
 

3.55   

Aldolase 158,000 16.22 0.676 
 

4.81   

Ferritin 440,000 14.71 0.558 
 

6.10   

Thyroglobulin 669,000 12.71 0.402  8.60  

Experimental samples 

DmIKKβ 
 

15.51 0.621       175,756   5.43 

DmIKKγ 
 

12.76 0.406    1,036,092   8.15 

DmIKK 
complex 

 
12.47 0.383    1,249,265   8.47 

 

Kav = (Ve – Vo)/(Vc – Vo)                                                                                                                                 
† Determined from the equation: Kav = -0.121Log(MW) + 2.0819  

 
In AUC-SV, it is known that molecular shape influences sedimentation in that two 

proteins with the same mass but different shape (i.e. globular vs. elongated) can sediment at 

different rates leading to distorted Mw estimations. In asymmetric proteins, there is increased 

drag and larger frictional coefficients that are attributed to this distortion in Mw observed in AUC-

SV (Herr and Conrady 2011). It may be that the discrepancies observed in the Mw 

measurements from AUC-SV for our recombinant His-DmIKKβ is due to the influence of 

increased drag and friction as a result of asymmetry in DmIKKβ. For asymmetric molecules, 



 

 106 

analytical ultracentrifugation sedimentation equilibrium (AUC-SE), is often performed as a 

complementary experiment to AUC-SV (Cole et. al 2008, Lebowitz et. al 2009, Zhao et. al 

2013).  In AUC-SE, the molecular weight is determined independent of the hydrodynamic shape 

by analysis of the protein concentration distribution at equilibrium when the rate of diffusion is 

balanced by the rate of sedimentation (Herr and Conrady 2011).   

6.  DmIKK subunit stoichiometry analysis by AUC-SE  

Since AUC-SV revealed that both the DmIKK complex and the DmIKKβ subunit alone 

exhibit extreme asymmetry, we performed AUC-SE on these proteins. The apparent molecular 

weight of the DmIKKβ:γ complex from AUC-SE was measured to be 265.77±0.74 kDa (Figure 

4.7D). This agrees with AUC-SV and SEC-MALS analysis (Figure 4.7). For DmIKKβ 

stoichiometry, the apparent molecular weight from AUC-SE (Mw, app=153.37±11.4 kDa) confirms 

that it assembles as a dimer in solution in absence of the non-catalytic subunit DmIKKγ (Figure 

4.7D). This is in agreement with analytical-scale SEC and shape-independent SEC-MALS 

analysis (Figure 4.7D). 

7.  The DmIKKβ:γ complex interacts with linear poly-ubiquitin 

Our primary sequence comparison and ConSurf analysis described in Chapter III reveals 

that DmIKKγ harbors two putative ubiquitin binding domains:  one in the CC2 region and the 

other at the zinc finger (Figure 3.9). The CoZi domain of mammalian NEMO preferentially binds 

to linear-polyubiquitin over K-63-linked polyubiquitin (Hadian et al., 2011; Komander et al., 2009; 

Lo et al., 2009; Rahighi et al., 2009). A ubiquitin-binding zinc finger (UBZ) domain is present in 

HsNEMO (residues 407-417) which was shown to bind to linear and K-63 linked poly-ubiquitin, 

with a preference for the latter type (Cordier et al., 2009, Laplantine et al., 2009). Furthermore, 

core residues in the CoZi domain that mediate non-covalent association with linear and K-63 

linked di-ubiquitin are conserved in DmIKKγ (Figure 3.9). Both ubiquitin binding domains have 

been shown to regulate mammalian IKK and ablation of either domains results in diminished 
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IKK activation (Cordier et al., 2009; Rahighi et al., 2009). In this study, we chose to focus on 

whether linear poly-ubiquitin interacts with DmIKKβ:IKKγ complex in a non-covalent manner. To 

test this, we performed an in vitro GST pulldown binding assay using our purified, recombinant 

DmIKK proteins and a recombinant GST-tetra-ubiquitin construct that acts as a mimic for linear 

(M1-linked) tetra-ubiquitin. Full-length, recombinant His-tagged human NEMO was used as a 

positive control for GST-tetra-ubiquitin binding (Figure 4.8, lanes 4 and 8). GST was used as a 

control of nonspecific binding (Figure 4.8, lanes 5-8).  We note, however that there is some 

background binding with His-DmIKKγ-FLAG as seen in the anti-His and anti-FLAG 

immunoblots, but this background is much lower in intensity than the experimental lane (Figure 

4.8, lanes 3 and 7). GST-tetra-ubiquitin pulled down the DmIKKβ:IKKγ complex, but not the 

DmIKKβ subunit alone (Figure 4.8, lanes 1 and 2). We also show that the DmIKKγ subunit alone 

can interact with GST-tetra-ubiquitin (Figure 4.8, lane 3). We conclude that the DmIKKβ:IKKγ 

complex can non-covalently interact with linear poly-ubiquitin in vitro via the DmIKKγ subunit.  
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Figure 4.7:  Biophysical characterization of DmIKK constructs. A) Shape-independent 
molecular weight analysis by SEC-MALS reveals DmIKKβ dimerization and hetero-
tetramerization of the complex (DmIKKβ2:γ2) in solution. Chromatograms show His-
DmIKKβ:γ-FLAG (gray line) and His-DmIKKβ (black line). B) AUC-SV of His-DmIKKβ from 
peak fractions in SEC purification. C) AUC-SV of His-DmIKKβ:γ-FLAG from peak 
fractions in SEC purification. Data for AUC-SV is represented by peaks assigned to a 
percentage value of total protein detected, approximate molecular weight, and a/b major 
axis ratio. AUC-SV a/b radius ratio data from B) and C) reveal elongated shape of 
DmIKKβ and DmIKKβ:γ which may affect molecular weight estimation by this method. D) 
Shape-independent molecular weight analysis by AUC sedimentation equilibrium (AUC-
SE) experiments confirms model of DmIKKβ dimerization and a hetero-tetramer 
assembly of DmIKKβ2:γ2. AUC-SE profiles and residuals of His-DmIKKβ (left) and His-
DmIKKβ:γ-FLAG (right). 
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Figure 4.8:  In vitro GST pull-down assay of recombinant DmIKK purified protein 
constructs shows that DmIKKβ:γ and DmIKKγ, but not DmIKKβ can associate with linear-
tetraubiquitin. DmIKK constructs were pulled down by GST-M1 linked tetraubiquitin. 
Immunoblot (IB) panels indicate primary antibodies used to probe possible interactions. 
	
C.  Discussion 

The IKK complex was first isolated in stimulated HeLa cells and characterized to be a 

700-900 kDa activity by SEC analysis suggesting an arrangement of multiple copies of the 

catalytic and non-catalytic subunits (Zandi et al., 1997). Since this initial characterization of the 

mammalian IKK complex, the assembly and subunit stoichiometry of a multi-subunit IKK 
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complex has been controversial. Soon after the discovery of the mammalian IKK complex, the 

Drosophila IKK complex was discovered as an essential regulatory component in the IMD 

innate immune pathway (Lu et al., 2001; Rutschmann et al., 2000; Silverman et al., 2000). Our 

analytical SEC analysis of purified recombinant DmIKKβ:γ showed that it eluted as a ~1 MDa 

complex exhibiting short retention times in SEC as observed with the mammalian IKK complex.  

Three-dimensional structures and biochemical studies of human catalytic IKKα and IKKβ 

has revealed much about the structural organization, homodimerization, as well as its 

propensity of catalytic IKK subunits to form higher-order oligomers in solution (Polley et al., 

2013; Polley et al., 2016). Structures of domains and specific fragments of the mammalian non-

catalytic subunit NEMO have been solved, revealing extensive homodimerization through coil-

coiled domains (Rushe et al., 2008; Bagnéris et al., 2008; Lo et al., 2009; Rahighi et al., 2009; 

Yoshikawa et. al 2009).  Structures of free NEMO dimer segments and bound to other factors 

have been solved including structures of the IKKβ binding Domain (KBD) of NEMO bound to the 

NEMO binding domain (NBD) of IKKβ/α in addition to structures of dimeric coiled-coil regions of 

NEMO bound to linear di-ubiquitin, lysine-63-linked di-ubiquitin, and the viral activator vFLIP 

(Rahighi et. al 2009, Yoshikawa et. al 2009, Bagnéris et al 2008). These studies have revealed 

that NEMO can act as a scaffolding protein to interact with different macromolecular 

components and to transduce signaling towards activation of IKK. The three-dimensional 

structures and biochemical studies of the individual subunits have given some insight into the 

architecture and regulatory interactions within each subunit, but without a high-resolution three-

dimensional structure of a multi-subunit IKK complex, the regulation mechanism remains 

equivocal. 

In this study, we focused on the solution characteristics of the multi-subunit DmIKK 

complex to gain insight into subunit assembly and features of its regulation mechanism. 

Recombinant expression and purification of the DmIKKβ:γ complex from Baculovirus-infected 

Sf9 cells yielded a homogenous complex that phosphorylates the NF-κB substrate Relish on 
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multiple sites. Size characterization via analytical size-exclusion chromatography (SEC) 

indicates that the DmIKKβ:γ complex migrates as a high molecular weight particle with a large 

hydrodynamic radius. SEC analysis of the DmIKKβ subunit alone revealed that, like mammalian 

IKKβ, it primarily assembles as a dimer. 

Shape-independent molecular weight analysis by size-exclusion chromatography 

coupled to multi-angle light scattering (SEC-MALS) and analytical ultracentrifugation (AUC-SV 

and AUC-SE) reveals that the complex assembles as a hetero-tetramer containing two copies of 

each subunit, while the DmIKKβ subunit assembles as a dimer thereby corroborating analytical 

SEC results. A recent report shows that the human IKK complex also primarily assembles as a 

hetero-tetramer of IKKβ2:NEMO2, but higher-order oligomers of (IKKβ2:NEMO2)n are also 

observed (Ko et al., 2020). However, unlike mammalian IKK solution behavior, we did not 

observe any evidence of oligomerization with our recombinant DmIKKβ either alone or in 

complex with DmIKKγ. This reveals a unique feature of DmIKK complex regulation mechanism 

in that activation does not seem to involve higher-order oligomerization. Instead, the DmIKK 

complex exerts is function as a distinct heterotetrameric module of IKKβ2:IKKγ2. 

In chapter III, I showed that DmIKKγ contained putative ubiquitin-binding domains in the 

CC2 and zinc finger by primary sequence comparison and ConSurf analysis. The ubiquitin-

binding properties of mammalian NEMO have been structurally and biochemically 

characterized. Linear-ubiquitin chains have been shown to be essential for IKK activation in 

cells (Lo et al., 2009; Rahighi et al., 2009; Fujita et al., 2014).  NEMO mutations as well as 

disease-linked mutations in the linear-ubiquitin-binding interface in the CC2 fail to induce NF-κB 

activation (Rahighi et al., 2009; Fujita et al., 2014). Because of the functional importance of 

linear-ubiquitin non-covalent association with NEMO at the CC2, we sought to test whether this 

association also occurs in DmIKKγ. Our in vitro GST pull-down reveals that the DmIKKβ:γ 

complex can non-covalently interact with linear poly-ubiquitin suggesting, a conserved role of 

linear-ubiquitin:DmIKKγ association in the IMD pathway. Future work delineating the molecular 
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determinants of poly-ubiquitin binding to the DmIKK complex and the structural consequences 

upon its binding will undoubtedly provide insights into its activation mechanism. 
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Chapter V 
 

Electron microscopy of the multi-subunit DmIKK complex 
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Introduction 

Structural elucidation and molecular size characterization are necessary to understand 

mechanisms involving macromolecular assemblies. Transmission electron microscopy (TEM) is 

a common technique used to image macromolecules and gain essential structural information to 

uncover molecular features important for protein function and regulation.  Although it is limited in 

resolution to ~18-20 Å, TEM is often used as a relatively simple and quick method to assess the 

homogeneity, quality of protein preparation and assembly of complexes for high resolution 

structural techniques such as cryo-electron microscopy (Cryo-EM). A major goal of the Huxford 

Laboratory is to attain a high-resolution structure of a multi-subunit IKK complex. The 

Drosophila melanogaster IKK complex is an attractive choice for high-resolution structural 

studies because the fruit fly system is simpler for two reasons: 1) it has only one catalytic 

subunit, unlike the vertebrate IKK complex which contains two catalytic subunits (IKKα and 

IKKβ) and 2) we do not see evidence of higher-order oligomerization in this complex so it allows 

for investigation of the intra-complex interactions between the β and γ subunits within the 

tetrameric complex separate from any signal-induced oligomerization of the complex (as is 

evident in the mammalian complex). This is also important as it is difficult to perform high-

resolution structural studies on heterogenous mixtures of complexes of different sizes. After 

optimization of purification and storage conditions, the DmIKK complex is also a relatively stable 

particle in solution and we observe no evidence of aggregation in our biophysical 

measurements as has been observed when working with mammalian IKK complexes in our 

laboratory.  

As such, a prerequisite for any three-dimensional structural study is the purification of 

homogenous protein in milligram amounts. In the previous chapter, we have shown that our 

recombinant  D. melanogaster IKK proteins expresses well in the baculoviral system and can be 

purified to homogeneity. With our optimized purification scheme, we can attain ~5 milligrams of 

highly pure His-DmIKKβ:γ-FLAG complex from 0.5 L of baculovirus infected cultured Sf9 insect 
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cells. Our biophysical characterization has also shown that the DmIKK proteins are stable in 

solution and that the His-DmIKKβ:γ-FLAG primarily assembles as a single hetero-tetrameric 

species composed of β2:γ2. We have also shown that DmIKKγ is a highly-elongated 

macromolecule that migrates with a large hydrodynamic radius in SEC and AUC, contributing to 

the initial biophysical observations that the DmIKK complex elutes as a very large complex >1 

MDa in size. In contrast, we have shown that DmIKKβ primarily exists as a dimer with no 

indication of any higher order oligomeric assemblies using the same biophysical methods. This 

is in contrast to human IKKβ, which is also primarily dimeric but was also shown to have some 

populations of oligomeric species in solution (Polley et. al 2013).  A recent biophysical study 

from our laboratory revealed that the human IKKβ:γ complex also primarily assembles as a 

heterotetramer composed of a β2:γ2 assembly, but that there are also oligomeric species present 

in solution suggesting that human IKKβ is oligomerization prone in solution with our without 

NEMO (Ko et. al 2020). Our biophysical analysis of the DmIKKβ:γ complex suggests that there 

are some structural differences to the mammalian complex in that the propensity towards 

catalytic IKK subunit oligomerization is absent. Instead, a single hetereotetramer species 

predominates in solution. 

Although three-dimensional structures of individual IKK subunits in mammals has given 

some mechanistic insights into the function of IKK proteins, the mechanism of regulation and 

biochemistry of a multi-subunit IKK complex remains equivocal. In efforts to investigate the 

three-dimensional macromolecular structure of the D. melanogaster IKKβ:γ complex we have 

applied negative stain TEM on our purified complex to assess the sample preparation conditions 

for future studies using high-resolution Cryo-EM. 

Results 

 Before pursuing three-dimensional negative-stain-TEM structural studies on our 

recombinant DmIKKβ:γ complex, I sought to gain experience in this technique by using a well-

behaved protein control. Given the symmetrical assembly of the 24-mer spherical cage of the 
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iron-storage protein ferritin and its availability as a highly pure sample used in size-exclusion 

chromatography calibration in our laboratory, I pursued initial grid preparation and imaging on a 

sample of horse spleen ferritin (GE Healthcare). 

 With this control protein in hand, I first applied glow discharge on carbon-formvar coated 

copper grids (Electron Microscopy Sciences,  Hatfield, PA) using the glow discharge apparatus 

in the SDSU Electron Microscopy Facility. This apparatus is custom built and composed of a 

vacuum controlled chamber to which grids are placed and short bursts of electric charge is 

administered. After glow discharge, I placed ferritin samples onto the treated grids and stained 

the sample with drops of 2% uranyl acetate stain. The grids were allowed to dry on filter paper 

and kept in a storage box until visualization with the TEM. Figure 5.1 shows TEM micrographs 

of negatively-stained horse spleen ferritin at ~0.5 mg/mL concentration at different 

magnifications. Regions of stained protein are visible against a dark “halo” of stain showing 

image contrast of the protein structures. We observe inner and outer diameters of the ferritin 

cage structure at 7.269 nm and 12.66 nm, respectively. These values are in accordance with 

electron microscopy studies on ferritin that demonstrated the inner core to be ~8 nm and the 

outer diameter of ~12.5 nm (Iancu et al. 2017, Iancu, 2011). The defocus settings, however, 

could be optimized as the micrographs obtained are blurred (Figure 5.1).   
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Figure 5.1:  TEM micrographs of control protein horse spleen ferritin at the indicated 
magnifications. In the middle panel, measurements indicate approximate inner and outer 
diameters in nanometers (nm). 
 
 Having shown protein imaging capabilities through negative stain TEM of horse spleen 

ferritin, we then applied this technique to our recombinant, Baculovirus-expressed DmIKKβ:γ 

complex. Initially, we did not observe particles of our complex on the prepared grids (Figure 

5.2A). In addition, for negatively-stained DmIKKβ, we observe some particles, but inadequate 

particle distribution on the prepared grids (Figure 5.2B, C). The lack of particles on the prepared 

grids suggested that grid preparation must be optimized. Therefore, I chose to investigate glow 

discharge conditions.  I was able to use carbon-formvar coated copper grids that were glow-

discharged using a commercially available machine prepared by SDSU EM Facility director 

Ingrid Niesman at the UCSD EM Facility.   
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Figure 5.2:  Representative TEM micrographs of recombinant DmIKK proteins complex at 
the indicated magnifications. The grids were prepared using the glow discharge 
apparatus at the SDSU Electron Microscopy. 
 
 Observation of these previously glow-discharged grids shows sample heterogeneity and 

large globular types of particles (Figure 5.3). Representative EM micrographs show that most 

particles were ~150-200 nm in size (Figure 5.3). Despite our biophysical measurements 

showing a monodisperse sample as shown in Chapter IV, we observe particles of different sizes 

in our negative-stain TEM images. It is important to note that the age of the glow-discharge 

grids is not known and there may be some influence of possible contaminants that might be 

present on the surface of the grids. Because this may be an issue, I prepared new samples and 

prepared grids soon after glow discharge (within a week). 
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Figure 5.3:  Representative TEM micrographs of recombinant DmIKKβ:γ showing large 
globular assemblies (~150-250 nm in diameter) at the indicated magnifications. Each 
panel is an image of particles located at different positions of the grid. The grids were 
prepared by commercial glow discharge apparatus, but have been stored for an unknown 
period of time prior to sample adsorption and staining.  
 

However, the micrographs of freshly glow-discharged grids also show heterogeneity in 

the particle size and shape. Larger particles are ~250 nm in size, while smaller particles are 

about half the size. The smaller particles do not exhibit much contrast however so it is difficult to 

visualize structural content. Other types of particles are also present in the micrographs 

obtained. In Figure 5.4, some slightly elongated assemblies exhibiting more surface rugosity are 

observed in contrast to particles seen in the older glow-discharged grids (Figure 5.3). These 

particles range in size of ~75-124 nm (Figure 5.4).  In Figure 5.5, globular type of particles that 

are ~115-170 nm in length are observed.  Nevertheless, we cannot draw conclusions as to the 

structure of the complex and further study on its behavior and sample stability using the 

negative stain technique is warranted for TEM studies on the DmIKK complex. 
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Figure 5.4:  TEM micrographs of recombinant DmIKKβ:γ complex showing particles ~75-
124 nm in diameter at the indicated magnifications. Each panel is an image of particles 
located at different positions of the grid. In panel E, measurements indicate approximate 
size of the particle measured in nanometers (nm).  
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Figure 5.5:  TEM micrographs of recombinant DmIKKβ:γ complex showing globular-type 
particles of ~115-170 nm in length. at the indicated magnifications. Each panel is an 
image of particles located at different positions of the grid.  
 
Discussion 

 
In negative-stain TEM, we observe particles of different sizes and shape with globular 

type particles and slightly elongated rugose particles ranging from 75-250 nm in size. Further 

sample optimization must be done to assess whether this heterogeneity may be due to the 

complex dissociating upon grid adsorption or whether the chemical composition of the uranyl 

acetate negative staining agent may be causing deleterious structural effects. For issues on 

particle dissociation, a chemical crosslinking method called GraFix may improve sample quality 

(Stark, 2010)  

Another reason for the observed heterogeneity despite the sample being “biochemically 

pure” may be due to intrinsic flexibility in the complex from the primarily alpha-helical and coiled-

coil structure of the noncatalytic subunit DmIKKγ. This intrinsic flexibility may be contributing to 

a broad ensemble of structural conformations that may be obscuring the imaging of precise 

structural features in the sample. Addition of ligands, substrates, Fab fragments, and small 

molecule inhibitors as stabilizing agents have been commonly used successfully in high-

resolution structural techniques such as x-ray crystallography and also in EM (Maeda et al., 
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2018; Vedadi et al., 2006; Wu et al., 2012). It is possible that addition of an IKK complex binding  

partner may stabilize the complex for structural studies. Our in silico and in vitro analysis of the 

DmIKKβ:γ complex revealed the possibility of poly-ubiquitin binding. Addition of poly-ubiquitin 

may act as a stabilizing agent for the DmIKKβ:γ complex and decrease its conformational 

heterogeneity that was observed in these EM studies. Future structural work on the DmIKKβ:γ 

complex utilizing poly-ubiquitin as binding partner may reveal additional details on the regulation 

mechanism and essential molecular interactions for its biochemistry and catalysis. 
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