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The bacterial pathogen Legionella pneumophila modulates host immunity using effectors 

translocated by its Dot/Icm transporter to facilitate its intracellular replication. A number of these 

effectors employ diverse mechanisms to interfere with protein ubiquitination, a post-translational 

modification essential for immunity. Here, we have found that L. pneumophila induces 

monoubiquitination of the E2 enzyme UBE2N by its Dot/Icm substrate MavC(Lpg2147). 

Ubiquitination of UBE2N by MavC abolishes its activity in the formation of K63-linked 

polyubiquitin chains, which dampens NF-kB signaling in the initial phase of bacterial infection. 

The inhibition of UBE2N activity by MavC creates a conundrum because this E2 enzyme is 

important in multiple signaling pathways, including some that are important for intracellular L. 

pneumophila replication. Here we also show that the activity of UBE2N is restored by 

MvcA(Lpg2148), an ortholog of MavC. MvcA functions to deubiquitinate UBE2N-Ub using the 

same catalytic triad required for its deamidase activity. Structural analysis of the MvcA-UBE2N-

Ub complex reveals a crucial role of the insertion domain in MvcA in substrate recognition. Our 

findings reveal that two remarkably similar proteins catalyze the forward and reverse reactions to 

impose temporal regulation of the activity of UBE2N during L. pneumophila infection. 
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CHAPTER 1. INTRODUCTION  

Legionella pneumophila  

Legionella pneumophila is a Gram-negative rod-shaped bacterium, which ubiquitously exists 

in aquatic environments. A broad range of water protozoa, such as amoebae are the natural hosts 

of L. pneumophila. In addition to natural aquatic environments, L. pneumophila also is highly 

adaptive in man-made water systems such as air conditioners and cooling towers. It is believed 

that the evolutionary pressure imposed by amoebae allows L. pneumophila to acquire the ability 

to survive and replicate in human alveolar macrophages (Escoll, Rolando et al., 2013). Indeed, the 

cell biological features associated with infections in amoebae and human macrophages are highly 

similar (Al -Quadan, Price et al., 2012) and the pathogenic elements required for establishing 

infections in these two types of hosts are identical (Cianciotto & Fields, 1992, Rasch, Unal et al., 

2014). The first outbreak of L. pneumophila infection occurred in 1976 during the American 

Legion Convention held in Philadelphia attended by more than 2,000 veterans. During the meeting, 

around 200 attendees were affected, and 29 of them died (Fraser, Tsai et al., 1977). Infection by L. 

pneumophila can cause the potentially fatal Legionnairesô disease or a mild flu-like illness called 

Pontiac fever (Newton, Ang et al., 2010, Swanson & Hammer, 2000). L. pneumophila has become 

a major threat to human health since the first outbreak. The reported cases of Legionnairesô disease 

have been increasing in the past decades. According to data from the CDC, 7,500 cases of 

Legionnairesô disease were reported in 2017 in United States. The number is believed to be 

underestimated due to underdiagnosis. Children, elderly and immune-compromised populations 

are more susceptible to L. pneumophila infection. The mortality rate is about 10% (Marston, 

Plouffe et al., 1997). The rising infection case number and the high fatality of infected patients 

have drawn considerable attention of both health administrators and scientists.  

L. pneumophila is an intracellular opportunistic pathogen. After being phagocyted by host 

cells, it remains residing within a plasma membrane-derived vacuole called Legionella Containing 

Vacuole (LCV) (Horwitz, 1983). Vesicles originating from the endoplasmic reticulum (ER) are 

important for the biogenesis of the LCV. The decoration of its surface with ER derived vesicles 

converts the LCV from nascent phagosome-like membranes to rough endoplasmic reticulum (ER)-

like membranes, which prevents it from proceeding to the phagosome maturation process for 
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degradation. The maturation of LCV also requires sequential intimate interactions with other 

organelles such as mitochondria and ribosomes. Eventually, L. pneumophila egresses the vacuole 

and lyses the cell to start a new round of intracellular cycle by infecting a neighboring cell (Fig. 

1-1) (Isberg, O'Connor et al., 2009).  
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Fig. 1-1 Formation of L. pneumophila replicative vacuoles by modulating host cellular 

processes. 

After being phagocyted by a host cell, the Legionella-containing vacuole (LCV) evades host 

endocytic pathway and recruits endosomal reticulum (ER) derived vesicles and mitochondria to 

its surface to convert it from the plasma-membrane-derived phagosomal membrane to membranes 

resembling those of the ER. At later infection stages, ribosomes are also recruited to the surface of 

LCV to facilitate its maturation and support the intracellular bacterial replication. L. pneumophila 

replicates to high numbers inside the vacuole and eventually lyses the cell to start a new life cycle 

by infecting neighboring cells.  
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To facilitate its intracellular replication, L. pneumophila utilizes the Type IVB Secretion 

System known as Dot/Icm (defect in organelle trafficking genes/ intracellular multiplication) 

system)) to deliver more than 300 effector proteins to manipulate multiple cellular activities in 

host cells, such as vesicle trafficking, innate immunity and protein translation (Isberg et al., 2009, 

Qiu & Luo, 2017b). The effector-encoding genes consist of more than 10% of L. pneumophila 

protein-coding capacity, which makes L. pneumophila a bacterium that possesses the largest 

effector arsenal among all known bacterial pathogens (O'Connor, Adepoju et al., 2011, Qiu & Luo, 

2017a). L. pneumophila effector-encoding genes cluster in several regions on its chromosome. A 

genome deletion study conducted by the Isberg lab revealed that a strain lacking 31% of its 

effectors still replicates at levels almost comparable to wild type bacteria in mouse primary 

macrophages. In contrast, all large chromosomal deletions have severely impaired its ability to 

replicate in one or more amoebae species. These results suggest the high-level redundancy and 

host specificity of L. pneumophila effectors (O'Connor et al., 2011). The fact that L. pneumophila 

harbors the largest effector inventory offers unique opportunities to study the mechanism of 

bacterial interactions with hosts and to reveal the potentially diverse biochemical activities of these 

virulence factors. 

RalF was identified as the first Dot/Icm protein substrate which functions to recruit the Arf1 

small GTPase to the surface of the LCV. Bioinformatic analysis revealed that RalF contains a 

motif of high similarity to Sec7 domains. Sec7 domains are highly conserved in eukaryotic guanine 

nucleotide exchange factors (GEFs) of the Arf family small GTPases. In line with its homology to 

Sec7 domains, RalF is capable of stimulating the GTP-GDP exchange of Arf1 (Nagai, Kagan et 

al., 2002). After the discovery of RalF, the first protein substrate of the Dot/Icm secretion system, 

a large number of effectors were identified via the use of several effective methods, including 

bioinformatic analysis(Burstein, Amaro et al., 2016, Burstein, Zusman et al., 2009, Lifshitz, 

Burstein et al., 2013), bacteria-bacteria protein translocation (Luo & Isberg, 2004) , the use of SidC 

as a report (Huang, Boyd et al., 2011, Luo & Isberg, 2004), and computation based on sequences 

of known effectors (Chen, de Felipe et al., 2004, de Felipe, Pampou et al., 2005, Nagai et al., 2002, 

Pan, Luhrmann et al., 2008). These efforts led to the identification of approximately 330 

effectors(Qiu & Luo, 2017b). Only about 10% of these effectors have been biochemically 

characterized (Qiu & Luo, 2017b), the majority of effectors are hypothetical proteins and the study 

of their functions is an important theme of Legionella pathogenesis.  
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Multiple important cellular activities are modulated by L. pneumophila effectors, including 

vesicle trafficking, protein translation (Belyi, Niggeweg et al., 2006, Shen, Banga et al., 2009), 

autophagy(Choy, Dancourt et al., 2012) and interference in metabolism of lipids involved in 

signaling such as phosphatidylinositol (PI) lipids. The best characterized example of the 

modulation of host vesicle trafficking is the hijack of small GTPases associated with the ER such 

as Rab1. SidM functions as a GEF for Rab1 and recruits Rab1 to the surface of LCV (Machner & 

Isberg, 2006, Murata, Delprato et al., 2006). In addition, SidM also is a GDI-displacement factor 

(GDF) that functions to dissociate Rab1 from GDI (Ingmundson, Delprato et al., 2007, Machner 

& Isberg, 2007). LepB is a GTPase-activating protein (GAP) for Rab1, which catalyzes the 

conversion of GTP-Rab1 to GDP-Rab1 (Ingmundson et al., 2007). Furthermore, SidM AMPylates 

while SidD deAMPylates Rab1, which affects the interaction between LepB and Rab1, thereby 

temporally controlling the activity of Rab1(Muller, Peters et al., 2010) (Neunuebel, Chen et al., 

2011, Tan & Luo, 2011b). Moreover, AnkX modifies Rab1 by phosphorylcholination, Lem3 

removes such phosphorylcholination (Goody, Heller et al., 2012, Oesterlin, Goody et al., 2012, 

Tan, Arnold et al., 2011). SidC and SdcA associate with the mono-ubiquitination of Rab1 during 

infection, but whether they catalyze the ubiquitination of Rab1 remains unknown (Horenkamp, 

Mukherjee et al., 2014). The SidE family effectors ubiquitinates Rab1 through non-canonical 

ubiquitination. However, the biological significance of the ubiquitination of Rab1 remains elusive 

(Qiu, Sheedlo et al., 2016).  

Phosphatidylinositols (PIs)  play key roles in membrane trafficking and cell signaling. 

Different organelles are decorated with different types of PIs. For instance, the plasma membrane 

is enriched with [PI(3,4,5)P3], [PI(4,5)P2] and [PI(4)P], endosomes are enriched with [PI(3)P], 

and the Golgi apparatus is enriched with [PI(4)P] (Di Paolo & De Camilli, 2006). Given their 

importance, PIs are subject to interaction and modulation with several L. pneumophila effectors. 

The localization of multiple effectors is directed by the binding with PIs. For example, SidC, SdcA, 

SidM, Lpg2603, Lpg1101 are recruited to the surface of the LCV, a region where PI4P is enriched, 

through their PI4P binding domains (Brombacher, Urwyler et al., 2009, Hubber, Arasaki et al., 

2014, Weber, Ragaz et al., 2006). VipD is phospholipase A1, which removes PI(3)P from 

endosomal membrane upon binding to Rab5 or Rab22, avoiding the LCV from fusing with the 

endosomal compartment (Gaspar & Machner, 2014, Ku, Lee et al., 2012). LepB converts PI(3)P 

to PI(3,4)P2 (Dong, Niu et al., 2016). SidF is a PI 3-phosphatase that converts PI(3,4)P2 to PI4P 
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(Hsu, Zhu et al., 2012). Another PI phosphatase, SidP, dephosphorylates PI(3)P and PI(3,5)P2 to 

PI and PI(5)P, respectively (Toulabi, Wu et al., 2013). LpdA functions as a phospholipase D to 

convert phosphatidylcholine to phosphatidic acid, the latter can be further converted to 

diacylglycerol by another effector LecE. LpdA and LecE localize to the LCV, their coordinated 

activities very likely will accumulate diacylglycerol on the LCV, but how this influences the 

intracellular growth of L. pneumophila has not been fully investigated (Viner, Chetrit et al., 2012).  

Ubiquitination regulates almost every cellular activity in eukaryotic cells, including host 

cell immunity and cell signaling (Komander & Rape, 2012). To achieve successful intracellular 

bacterial replication, the manipulation of the host ubiquitination machinery is critical. Studying of 

effectors that modulate the host ubiquitination machinery has become one of the most intensively 

studied areas. 

Ubiquitination   

Ubiquitination is regarded as one of the most fundamental protein post-translational 

modifications in eukaryotes, which involves covalent conjugation of ubiquitin, a 76 amino acids 

protein to target proteins (Goldknopf, French et al., 1977, Komander & Rape, 2012). Proteomic 

studies show that far over 1,000 of the 20,000-25,000 annotated human proteins appear to regulate 

ubiquitination or to be modified by ubiquitin (Clague, Heride et al., 2015), which strongly supports 

its ubiquitous role in cell physiology. Ubiquitin was first found as a free protein by Goldstein and 

his colleagues in 1975 (Goldstein, Scheid et al., 1975). Later this protein was found to be 

conjugated to a lysine residue on histone H2A through its C-terminus (Hunt & Dayhoff, 1977). In 

the meantime, Hershko, Ciechanover and their colleagues discovered that a small protein, termed 

as APF-1 (ATP dependent proteolytic factor 1), was covalently conjugated to proteins before their 

degradation in cell extracts (Hershko, Ciechanover et al., 1980). Hershko and colleagues proposed 

that APF-1 severs as a signal for protein degradation. APF-1 was later identified to be ubiquitin 

(Wilkinson, Urban et al., 1980). Degradation triggered by APF-1 conjugation requires a set of 

three enzymes, the activation enzyme E1, the transfer enzyme E2 and the ligation enzyme E3 

(Hershko, Heller et al., 1983). By the middle 1980ôs, it was established that ubiquitination in 

eukaryotes is achieved by a sequential multi-enzyme catalysis cascade as Hershko and 

Ciechanover propose. In this scheme, ubiquitin is activated through the formation of a thioester 

bond between an E1 specific cysteine residue and the carboxyl-terminal glycine residue in 
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ubiquitin. Then the activated ubiquitin is transferred to E2s by transthiolation, followed by the 

ligation of ubiquitin to a substrate protein mostly on lysine residues through the activity of E3s 

(Komander & Rape, 2012).  

UBE1 was regarded as the sole E1 enzyme for all eukaryotes for a long time. However, a 

second E1 enzyme UAE6 was discovered in vertebrates and sea urchin by Finley and colleagues 

in 2007. UBE1 and UAE6 have distinct E2 charging preferences in in vitro. Unlike UBE1, UAE6 

only charges ubiquitin to E2 enzymes, while UBE1 is capable of charging both ubiquitin and UBLs 

(Jin, Li et al., 2007). E2 enzymes are categorized into two functional groups: initiation E2s and 

elongation E2s (Ye & Rape, 2009). UBE2N falls into the elongation E2 group, whose members 

are unable to directly modify substrates. Instead, these enzymes often only catalyze the formation 

of free polyubiquitin chains or elongate existing ubiquitin chains on substrates. These enzymes. 

The ligation of free K63-linked polyubiquitin chains produced by the UBE2N complexes to protein 

substrates requires initiation E2s such as UBE2W which allows the attachment of a first ubiquitin 

molecule to the target protein (Christensen, Brzovic et al., 2007). For example, poly-ubiquitination 

of the E3 ligase TRIM5Ŭ requires its initial mono-ubiquitination by UBE2W, then followed by 

K63-linked polyubiquitin chain conjugation (Fletcher, Christensen et al., 2015). E3 enzymes are 

classified into three major categories based on the catalysis mechanism and the presence of specific 

catalytic domains, namely the Really Interesting New Gene E3s (RINGs) family, the Homologous 

to E6-AP Carboxyl Terminus E3s (HECTs) family and the RING-IBR(In-Between-RINGs)-RING 

E3s (RBRs) family (Morreale & Walden, 2016). E3s in the RING family are the most abundant 

type of ligase, which function as a scaffold to orient and mediate a direct transfer of ubiquitin from 

charged E2 enzymes to protein substrates. In contrast, ubiquitin ligation catalyzed by HECT E3s 

is a two-step reaction. First, ubiquitin is transferred to its catalytic cysteine residue from an E2 

enzyme before its ligation to a protein substrate. RBR E3 ligases also conduct two step reactions 

which is similar to HECT, however its mechanism is a hybrid of HECT and RING mechanisms 

(Morreale & Walden, 2016). 

Ubiquitination can occur in multiple forms including mono-ubiquitination and poly-

ubiquitination. One ubiquitin monomer can be conjugated to a single lysine residue (mono-

ubiquitination) or several lysine residues (poly-mono-ubiquitination) of the substrate (Ashida, Kim 

et al., 2014). In addition, ubiquitin molecule itself has seven lysine residues Lys6, Lys11, Lys27, 

Lys29, Lys33, Lys48 and Lys63. Hence, one ubiquitin can be conjugated to another ubiquitin 
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molecule to form homotypic or heterotypic polymer chains (poly-ubiquitination). Polyubiquitin 

chains can form through one of the seven lysine residues. In addition, the primary methionine can 

also be utilized to form linear polyubiquitin chains (Komander & Rape, 2012). Different types of 

ubiquitin linkage usually dictate the fate of the substrate. For example, K48-linked polyubiquitin, 

arguably the best-characterized and the most abundant chain linkage type, usually drives modified 

substrates for proteasomal degradation, whereas K63-linked chain is mostly involved in signaling 

cascades (Komander, 2009). However, the function of different chain types is not always dedicated 

to one certain biological consequence. K63-linked chains have also been discovered to drive 

protein degradation, whereas K48-linked chains also can function nonproteolytically (Li & Ye, 

2008).  

In addition to modification by ubiquitin at its lysine residues, other types of post-

translational modification on ubiquitin also exist. For example, phosphorylation can occur on 

serine, threonine or tyrosine residues. Ubiquitin contains 11 serine, threonine, and tyrosine 

residues, all of which have been shown to be phosphorylated in cells by mass spectrometric studies 

(Herhaus & Dikic, 2015, Swatek & Komander, 2016). The best characterized example is the 

phosphorylation of ubiquitin at Ser65 by the kinase PINK1, which plays an important role in the 

activation of the E3 ligase Parkin, a protein involved in Parkinsonôs disease (Kitada, Asakawa et 

al., 1998, Valente, Abou-Sleiman et al., 2004). PINK1 phosphorylates at Ser65 of ubiquitin and the 

Ubl domain of Parkin. Phosphorylated ubiquitin interacts with phosphorylated Parkin, which 

releases the autoinhibition effect imposed by the Ubl domain of Parkin (Gladkova, Maslen et al., 

2018, Koyano, Okatsu et al., 2014, Matsuda, 2016). Ser65-phosphorylated ubiquitin maintains the 

same efficiency to be charged to a set of several E2 enzymes, but its discharge from E2s has been 

accelerated (Wauer, Swatek et al., 2015). Furthermore, phosphorylated ubiquitin chains are more 

resistant to deubiquitinases (Dubs, see below). Thus, the accelerated discharge of ubiquitin and 

decelerated cleavage of polyubiquitin chains might also be potential mechanisms of Parkin 

activation which promotes the formation of polyubiquitin chains (Wauer et al., 2015). 

Furthermore, ubiquitin has been shown to be modified by acetylation on some of its lysine 

residues(Herhaus & Dikic, 2015), deamidation on the Gln40 residue(Cui, Yao et al., 2010), ADP-

ribosylation and phosphoribosylation on the Arg42 residue (Bhogaraju, Kalayil et al., 2016, Qiu et 

al., 2016). Deamidation on the Gln40 residue blocks the synthesis of K48 linked polyubiquitin 

chains induced by different E3-E2 pairs, including a RING-domain E3 gp78c/Ube2g2. In addition, 
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overexpression of UbiquitinQ40E, the product of ubiquitin deamidation impairs TNFa-induced NF-

kB activation and leads to the accumulation of several UPS substrates (Cui et al., 2010). Both 

ADP-ribosylation and phosphoribosylation on the Arg42 residue of ubiquitin are toxic to eukaryotic 

cells and interferes with the canonical ubiquitination machinery, which inhibits proteasomal 

degradation(Bhogaraju et al., 2016). Moreover, ubiquitin also can be modified by ubiquitin-like 

modifiers (UBLs), a group of small proteins shows certain structural similarity to ubiquitin. 

Ubiquitin can be modified by SUMO, and such hybrid SUMO and ubiquitin chains enhance the 

degradation of IkBa (Seeler & Dejean, 2017). The modification of polyubiquitin chain by Nedd8 

increases its resistance to Dubs and proteasomal degradation, which might be beneficial to 

maintain free ubiquitin pool (Singh, Zerath et al., 2012). UBLs are also modifiable by ubiquitin 

(Komander & Rape, 2012, Swatek & Komander, 2016). UBLs are conjugated to protein substrates 

by a multiple-enzyme catalysis cascade similar to that of ubiquitination. UBLs include SUMO 

(small ubiquitin-related modifier), NEDD8 (neural precursor cell expressed, developmentally 

downregulated 8), ISG15 (interferon-stimulated gene 15) and some others. Other yet unidentified 

post-translational modifications on ubiquitin likely exist. The ubiquitin code is complicated by 

different types of ubiquitination, and the crosstalk between ubiquitination and other post-

translational modifications makes the ubiquitination code even more complex, which allows better 

fine tuning of signaling, particularly in the context of certain disease conditions (Komander, 2009, 

Song & Luo, 2019, Swatek & Komander, 2016). 

Ubiquitination is highly dynamic, and the process is reversible, an event regulated by a group 

of enzymes called Dubs that recognize specific substrates and hydrolyze the isopeptide bond 

between ubiquitin monomers or the bond between substrate and ubiquitin (Komander, Clague et 

al., 2009). The cleavage of ubiquitinated protein substrates by Dubs allows substrate proteins to 

be restored to its unmodified status, and ubiquitin to be recycled. Besides, Dubs also function to 

maintain the homeostasis of free ubiquitin pool in cells, through cleaving polyubiquitin chains or 

facilitating ubiquitin maturation. Six structurally distinct Dub families have been described, 

including the ubiquitin-specific proteases (USPs), the ovarian tumor proteases (OTUs), the 

ubiquitin C-terminal hydrolases (UCHs), the Josephin family, the motif interacting with ubiquitin 

(MIU)-containing novel DUB family (MINDYs), and a family of Zn-dependent 

JAB1/MPN/MOV34 metalloprotease DUBs (JAMMs) (Mevissen & Komander, 2017). Except for 

JAMMs, all the other five families are cysteine proteases.  
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The number of enzymes involved in the ubiquitination machinery varies greatly in different 

organisms varies. Human genome encodes two E1s, at least 38 E2s (including E2s for UBLs) and 

around 600 to 1,000 E3s (Ye & Rape, 2009). In contrast, the number of those enzymes is much 

lower in yeast, which only harbors one E1, 11 E2s and around 60 to 100 E3s (Finley, Ulrich et al., 

2012). Yeast harbors around 20 Dubs, while human is estimated to encode at least 1,000 Dubs 

(Mevissen & Komander, 2017).  

The Ubiquiti n conjugating enzyme 2N (UBE2N) 

E2 enzymes are one essential component of the ubiquitination machinery, these enzymes not 

only act as the transition point between E1 and E3 but also function in determining the chain type 

and substrate specificity (Stewart, Ritterhoff et al., 2016). Lower and higher eukaryotes share a 

minimal subset of E2 enzymes, which are believed to fulfill the most basic cellular functions. 

UBE2N is one of those basic E2s, which directs primarily the synthesis of K63-linked 

polyubiquitin chains when it heterodimerizes with UBE2V1 or UBE2V2, a ubiquitin conjugating 

enzyme variant (Hofmann & Pickart, 1999). UBE2V1 and UBE2V2 resemble E2 enzymes, 

however lack a functional catalytic cysteine residue, which prevents it from transferring ubiquitin 

to a E3 ligase. It is believed that the function of UBE2V1/UBE2V2 is to orient the acceptor 

ubiquitin so that Lys63 can attack the thioester linking between the donor ubiquitin and UBE2N 

(McKenna, Spyracopoulos et al., 2001). Together with E1, the UBE2N heterodimer is able to 

generate basal level K63-linked polyubiquitin chains but at an extremely low rate (Hofmann & 

Pickart, 1999). The dimerization of the RING finger domain in RING E3 ligases strongly promotes 

the catalytic activity of UBE2N regardless of the nature of the RING E3 (Branigan, Plechanovova 

et al., 2015, Yudina, Roa et al., 2015). Free K63-linked polyubiquitin chains synthesized by the 

UBE2N complex is involved in multiple cellular activities, including DNA damage repair, 

autophagy, NF-kB activation. The participation of the UBE2N complex in distinct pathways 

depends on its interaction with different E3s (Ye & Rape, 2009).  

E2 enzymes are required in all described ubiquitination reactions except for those induced by 

members of the SidE family (Kotewicz, Ramabhadran et al., 2017, Qiu et al., 2016). Hence, it is 

very important to understand how the activity of E2 enzymes is regulated. Among the approximate 

40 known E2s, only a few have been fully studied. E2 enzymes are also subject to regulation by 

ubiquitination or some other post translational modifications. The yeast E2 Ubc7, a homolog of 
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human UbcH7 undergoes self-ubiquitination and degradation by the HECT E3 Ufd4 when the 

level of Ubc7 exceeds its binding partner Cue1, a transmembrane protein that tethers Ubc7 to ER 

(Ravid & Hochstrasser, 2007). UBE2T undergoes automonoubiquitination in vivo, which is 

stimulated by the FANCL protein, leading to the inactivation of UBE2T (Machida, Machida et al., 

2006). Although it is a key E2 enzyme in cells, the regulation of UBE2N is not fully appreciated. 

Previous study shows that STAT3 operates as a transcriptional repressor on the expression of 

ube2N by inhibiting the accrual of Ets-1, Set1 methyltransferase and trimethylation of histone H3 

lysine 4 (H3K4me3) at the ube2N promoter (Zhang, Hu et al., 2014). UBE2N can be ISGylated 

by ISG15 at Lys92 residue, which abolishes the conjugation of ubiquitin to its catalytic cysteine 

residue (Zou, Papov et al., 2005). It also has been shown that in heat shocked K562 cells, UBE2N 

is mono-ubiquitinated at Lys92 (Takada, Hirakawa et al., 2001). The mono-ubiquitination on 

UBE2N later was found to be self-modification. The in vitro self-ubiquitiantion of UBE2N occurs 

without the participation of an E3 ligase but requires E1 and its catalytic cysteine. Self-

ubiquitination of UBE2N at Lys92 site is regarded as non-specific self-modification (Branigan et 

al., 2015). However, the existence of such modification on UBE2N at its Lys92 residue in cells 

suggests that it may indicate some unveiled biological significance. And such neglected regulation 

of UBE2N potentially have some underappreciated importance in maintaining cell signaling 

integrity which is worth exploring. 

Legionella pneumophila and its exploitation of the host ubiquitin system 

Ubiquitination plays pivotal roles in cells and modulates virtually every cellular process, 

particularly those involved in protein homeostasis, DNA repair, cell cycle regulation and immune 

responses. To symbiotic and pathogenic bacteria, it is essential to hijack and manipulate the host 

ubiquitination machinery to thwart host defenses. It has been well established that bacterial 

pathogens deliver virulence factors that function as ubiquitin ligases, Dubs or as enzymes that 

directly attack ubiquitin to hijack the host ubiquitination machinery (Zhou & Zhu, 2015). For 

example, Enterohemorrhagic E. coli EHEC translocates E3 effectors NleL and NleG to facilitate 

the formation of actin pedestal (Lin, Diao et al., 2011, Wu, Skarina et al., 2010). Salmonella 

Typhimurium infection can cause the formation of ubiquitinated protein aggregates or Aggresome 

Like Induced Structures (ALISs) around the Salmonella Containing Vacuole (SCV), which 

triggers autophagy and the elimination of Salmonella. However, Salmonella secrets the Dub SseL 
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to deubiquitinate ALISs to escape from autophagy (Mesquita, Thomas et al., 2012). L. 

pneumophila, the bacterium which harbors the largest effector arsenal also extensively modulates 

the host ubiquitination machinery. The first study of such modulation was reported in 2006 by the 

Isberg lab. Dorer and her colleagues found that Cdc48/p97, an AAA-ATPase which is important 

for ubiquitin-proteasome degradation pathway is critical for the LCV formation and bacterial 

intracellular replication (Dorer, Kirton et al., 2006). The decoration of LCV by ubiquitinated 

species was also discovered in the same study, which occurs shortly after its formation and depends 

on the Dot/Icm secretion system. After one decade of research, nearly 20 effectors have been found 

to be involved in the manipulation of the host ubiquitin network (Qiu & Luo, 2017a). Among those 

effectors, 7 are F-box containing proteins: LegU1 (Lpg0171), LicA (Lpg1408), Lpg1975, AnkB 

(Lpg2144), PpgA (Lpg2224), Lpg2525 and Lpp2486 (Only in strain Paris). Three effectors are U-

box-containing proteins: LubX (Lpg2830), GobX (Lpg2455) and RavN(Lpg111) (Lin, Lucas et 

al., 2018). The L. pneumophila effectors SidC (Lpg2511) and its homolog SdcA (Lpg2510) are 

novel E3 ligases which do not show structural similarity to host E3 ligases (Hsu, Luo et al., 2014). 

In addition, Hidden Markov models (HHpred) analyses revealed that Lpg2370, MavM (Lpg2577), 

Lpg2498, LegA14 (Lpg2452) are structurally homologous to eukaryotic RING, HECT and SidC 

E3 ligases (Lin et al., 2018). Among those effectors, LegU1, AnkB, GobX, LubX, RavN, LegA14, 

SidC and SdcA exhibit E3 ligase activity (self-ubiquitination) when incubated with E1, E2, 

ubiquitin and ATP in in vitro reactions.  

LegU1 binds and ubiquitinates the host protein HLAB-associated transcript 3 (BAT3). 

Furthermore, LegU1-BAT3 complex interacts with another effector Lpg2160, but does not modify 

Lpg2160. Neither the importance of LegU1 ubiquitinating BAT3, nor the importance of interaction 

between LegU1 with Lpg2160 is known (Ensminger & Isberg, 2010). 

Lpp2082, the AnkB homolog in L. pneumophila strain Paris interacts with host ubiquitinated 

protein ParvB, a pro-apoptotic protein. Study shows that the overexpression of Lpp2082 triggers 

ParvB degradation and reduces caspase 3 activation level (Lomma, Dervins-Ravault et al., 2010).  

LubX binds and ubiquitinates SidH, another L. pneumophila effector protein, leading to its 

degradation by the 26S proteasome. In addition, LubX binds the host factor Cdc2-like kinase 1 

(Clk1), and is able to catalyze the ubiquitination of Clk1 in in vitro reactions, however such 

modification only modestly occurs when host cells are challenged with bacteria that overexpress 

LubX . It still remains elusive whether Clk1 is a bona fide substrate of LubX. How the intracellular 
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bacterial replication is modulated by the manipulation of Clk1 by LubX also awaits further 

investigation (Kubori, Hyakutake et al., 2008, Kubori, Shinzawa et al., 2010).  

SidC and its homolog SdcA possess a phosphatidylinositol-4-phosphate (PI4P)-binding 

domain at their C-termini. Such PI4P binding domain directs their localization to the surface of 

LCV. SidC and SdcA were proposed to function as vesicle fusion tethering factor based on their 

activity of recruiting ER derived vesicles to LCV (Ragaz, Pietsch et al., 2008). Structural study of 

the N-terminus of SidC (1-542 amino acids) by the Mao group revealed that no homology was 

found between SidC and any other structurally known proteins. Interestingly, SidC contains a 

potential papain-like catalytic triad which is formed by Cys46, His444, and Asp446 (Hsu et al., 2014). 

Papain-like catalytic triad involves in the catalysis of multiple biochemical reactions including 

ubiquitin ligation. Indeed, SidC undergoes strong self-ubiquitination once incubated with all 

necessary components for canonical ubiquitination. SidC thus was confirmed as a E3 ubiquitin 

ligase. The unique structure of SidC distinguishes it from other major E3 ligase groups. 

Biochemical studies showed that SidC works with multiple E2s but prefers UbcH7 to catalyze the 

synthesis of polyubiquitin chains. SidC displays a preference of using Lys11 and Lys33 from 

ubiquitin to form polyubiquitin chains while does not form primary Met1-linked polyubiquitin 

chains (Hsu et al., 2014). The E3 activity of SidC is important for the recruitment of ER derived 

vesicles, and is activated by binding to PI4P through its C-terminal domain. However, the substrate 

of SidC and the connection between its E3 ligase activity and the recruitment of ER-derived 

vesicles remain unknown (Hsu et al., 2014, Luo, Wasilko et al., 2015). Interestingly, although 

SidC and SdcA share 72% sequence identity, they exhibit different E2 preference, which could be 

evolved for maximal exploitation of the host ubiquitination machinery. (Luo et al., 2015, Wasilko, 

Huang et al., 2018).  

SidE family proteins: Members of this family SidE (Lpg0234), SdeA (Lpp2157), SdeB 

(Lpg2156), SdeC (Lpg2156) were found as L. pneumophila Dot/Icm effectors in 2004 (Luo & 

Isberg, 2004). SidEs are large proteins made of over 1500 amino acids and are highly similar and 

their function was not revealed until very recently. Ectopic expression of these proteins such as 

SdeA in yeast induces a strong growth defect, indicating that SdeA interferes with some key 

cellular activity (Havey & Roy, 2015, Jeong, Sexton et al., 2015). Deletion of genes coding for the 

SidE family effector caused about 100-fold defect in intracellular growth in the host 

Acanthamoeba castellanii, pointing to the importance of the SidE family in bacterial virulence 
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(Jeong et al., 2015). Our lab and our collaborators in the Chemistry Department identified that the 

N-terminus of SdeA (1-193 amino acids) functions as a canonical Dub which has a preference in 

cleaving Lys63 linked polyubiquitin chains (Sheedlo, Qiu et al., 2015). SdeA is of 1,499 amino 

acids and the function of the rest of 1,300 amino acids remains mysterious. In the same year, a 

structural study of SidE predicts that it may play a role in nucleotide metabolism (Wong, Kozlov 

et al., 2015). Shortly, our lab discovered that SdeA catalyzes ubiquitination of several Rab small 

GTPases associated with the ER such as Rab1 and Rab33b. Ubiquitination catalyzed by SdeA 

remarkably differs from the classical ubiquitination mechanism: the reaction occurs independent 

of E1, E2 and ATP (Qiu et al., 2016). Ubiquitination of Rab proteins by SdeA is a multi-step 

process that starts by a mono-ADP-ribosyltransferase (mART) activity. The mART motif 

catalyzes the transfer of the ADP-ribosyl group from nicotinamide adenine dinucleotide (NAD) to 

Arg42 of ubiquitin (Qiu et al., 2016). Then the ADP-ribosylated ubiquitin is cleaved by a 

phosphodiesterase activity encoded by another domain (PDE) within SdeA, to produce 

phosphoribosyl ubiquitin. Phosphoribosyl ubiquitin is further conjugated to serine residues of 

substrates (Bhogaraju et al., 2016, Kotewicz et al., 2017). Interestingly, the hydrolysis of NAD by 

SdeA aligns with the predication of nucleotide metabolism conducted by the structural study of 

SidE (Wong et al., 2015). The ADP-ribosylation and phospho-ribosylation of ubiquitin are two 

types of new post-translational modifications on ubiquitin. The ubiquitination of Rab33b and Rtn4 

by SdeA does not require the C-terminal di-glycine of the ubiquitin molecule, which is completely 

different from the classical ubiquitination chemistry (Fig. 1-2) (Akturk, Wasilko et al., 2018, Dong, 

Mu et al., 2018, Kalayil, Bhogaraju et al., 2018). SidE family effectors recognize substrates 

independently of certain structural folds but rather potentially catalyze any protein carrying the 

accessible serine residue, suggesting additional substrate likely exists (Wang, Shi et al., 2018). In 

line with this discovery, small Rag GTPases are also shown to be the targets of SidE family, which 

impacts the mTORC1 pathway and nutrient metabolism in host cells (De Leon, Qiu et al., 2017). 

The SdeA-induced toxicity in yeast can be suppressed by another L. pneumophila effector, 

SidJ, an effector that is important for optimal bacterial virulence in both amoebae and mammalian 

hosts (Liu & Luo, 2007), but not by its homolog SdjA, suggesting the a counteractive effect of 

SidJ to SdeA (Havey & Roy, 2015, Jeong et al., 2015, Qiu, Yu et al., 2017). SidJ had been shown 

to function as a unique Dub which specifically removes ubiquitin from SdeA mediated 

phosphoribosyl ubiquitination substrates (Qiu et al., 2017). However, such activity only exists in 
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SidJ proteins purified from L. pneumophila cells but not E. coli cells, suggesting that the Dub 

activity may require some L. pneumophila-specific factors. The activity of SidJ and its homolog 

SdjA awaits further investigation.  

The host ubiquitin machinery is extensively manipulated by L. pneumophila effectors. 

Whether new effectors and new mechanisms exist need further investigation and such discovery 

would add a new layer to the study of the hijack of the host ubiquitin machinery by bacterial 

pathogens. 
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Fig 1-2 Canonical ubiquitination mechanism and SdeA-catalyzed ubiquitination mechanism. 

A. In canonical ubiquitination, ubiquitin is activated by the E1 in the expense of ATP, activated 

ubiquitin is transferred from the catalytic cysteine residue of the E1 enzyme to the catalytic 

cysteine residue of E2, eventually with the help of an E3 enzymes ubiquitin is conjugated to a 

lysine residue on the protein substrate. B. In the reactions catalyzed by SdeA, ubiquitin is first 

activated by ADP-ribosylation at its Arg42 by its mono-ADP transferase (mART) activity of SdeA. 

ADP-ribosylated ubiquitin is utilized by the phosphodiesterase (PDE) activity of SdeA to generate 

phosphoribosylated ubiquitin, concomitant with the release of AMP, phosphoribosylated ubiquitin 

is transferred to serine residues on a substrate protein.  
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CHAPTER 2. LEGIONELLA PNEUMOPH ILA INHIBITS IMMUNE 

SIGNALLING VIA MAVC -MEDIATED TRANSGLUTAM INASE-

INDUCED UBIQUITINATI ON OF UBE2N 

Abstract 

The bacterial pathogen Legionella pneumophila modulates host immunity using effectors 

translocated by its Dot/Icm transporter to facilitate its intracellular replication. A number of these 

effectors employ diverse mechanisms to interfere with protein ubiquitination, a post-translational 

modification essential for immunity. Here, we have found that L. pneumophila induces 

monoubiquitination of the E2 enzyme UBE2N by its Dot/Icm substrate MavC (Lpg2147). We 

demonstrate that MavC is a transglutaminase that catalyses covalent linkage of ubiquitin to Lys92 

and Lys94 of UBE2N via Gln40. Similar to canonical transglutaminases, MavC possess deamidase 

activity that targets ubiquitin at Gln40. We identified Cys74 as the catalytic residue for both 

ubiquitination and deamidation activities. Furthermore, ubiquitination of UBE2N by MavC 

abolishes its activity in the formation of K63-type polyubiquitin chains, which dampens NF-kB 

signaling in the initial phase of bacterial infection. Our results reveal an unprecedented mechanism 

of modulating host immunity by modifying a key ubiquitination enzyme by ubiquitin 

transglutamination. 

Introduction  

Legionella pneumophila extensively modulates host cellular processes with the hundreds 

of effectors injected by its Dot/Icm system, which results in the biogenesis of the Legionella-

containing vacuole (LCV), a phagosome that supports bacterial replication (Isberg et al., 2009). 

Infection by L. pneumophila activates the major immune regulator NF-kB by at least two 

mechanisms. The first is a transient Dot/Icm-independent activation, most probably by immune 

agonists such as flagellin and lipopolysaccharide; this activation is more apparent when 

macrophages are challenged with bacteria at a high multiplicity of infection (MOI) (Bartfeld, 

Engels et al., 2009, Losick & Isberg, 2006). The second mechanism is mediated by the Dot/Icm 

transporter that persists throughout much of the intracellular life cycle of the bacterium (Bartfeld 

et al., 2009, Losick & Isberg, 2006). NF-kB activated by the latter mechanism induces the 

expression of a large repertoire of genes, including those involved in cell survival, vesicle 
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trafficking and immunity (Abu-Zant, Jones et al., 2007, Losick & Isberg, 2006). The Dot/Icm 

effector LegK1 activates NF-kB by directly phosphorylating IkBŬ and other members of this 

inhibitor family, including p100 (Ge, Xu et al., 2009); LnaB also activates this transcriptional 

factor, but its mechanism of action is unknown (Losick, Haenssler et al., 2010). Cell survival genes 

induced by NF-kB activation are required for productive intracellular bacterial replication (Losick 

& Isberg, 2006). The activation of immunity by ligands such as flagellin presumably is detrimental 

to the pathogen, but how L. pneumophila counteracts such defence remains unknown. Among 

other important functions, ubiquitination is essential in the regulation of immunity against 

infection (Jiang & Chen, 2011). Classical ubiquitination is catalysed by the action of the E1, E2 

and E3 enzymes, which function coordinately to covalently attach ubiquitin to protein substrates 

(Hershko & Ciechanover, 1998). Interference with the host ubiquitin network is critical for the 

success of many microorganisms that have parasitic or symbiotic relationships with eukaryotic 

hosts, and such interference is often achieved by virulence factors that function as deubiquitinases, 

E3 ubiquitin ligases (Maculins, Fiskin et al., 2016) or as ubiquitin modification enzymes (Cui et 

al., 2010). More than ten Dot/Icm effectors of L. pneumophila function to hijack host ubiquitin 

signaling (Qiu & Luo, 2017b). Among these, members of the SidE effector family catalyse 

ubiquitination by a two-step process that completely differs from the canonical three-enzyme 

cascade. In the reaction catalysed by SidEs, ubiquitin is first ADP-ribosylated at Arg42 to produce 

the reaction intermediate ADPR-Ub (Qiu et al., 2016), which is utilized by a phosphodiesterase 

(PDE) activity also embedded in SidEs that transfers the phosphoribosylated ubiquitin to serine 

residues in their substrates (Bhogaraju et al., 2016, Kotewicz et al., 2017). In our efforts to identify 

eukaryotic proteins capable of catalyzing ubiquitination with mechanisms similar to those used by 

SidEs, we found that the E2 enzyme UBE2N can be modified by a ubiquitin mutant unable to be 

used by the canonical ubiquitination machinery. Further studies revealed that UBE2N was 

monoubiquitinated during L. pneumophila infection by the effector MavC (Lpg2147). We also 

demonstrate that MavC functions as a transglutaminase that catalyzes crosslinking between 

ubiquitin and UBE2N, leading to the inhibition of its activity in NF-kB activation. 
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Results 

Modification of UBE2N by a ubiquitin mutant that cannot be used by the canonical 

ubiquitination machinery.  

To identify potential eukaryotic enzymes capable of catalyzing ubiquitination by a 

mechanism similar to that of SidEs, we expressed 3xHA-Ub and 3xHA-Ub-AA (the last two 

glycine residues were replaced with alanine residues) in HEK293T cells. Although their number 

was drastically reduced compared with those modified by 3xHAUb, proteins potentially modified 

by 3xHA-Ub-AA were detected (Fig. 2-1, A). We thus performed immunoprecipitation from cells 

expressing 3xHA-Ub-AA with HA antibody, and proteins in gels of relevant molecular weight 

(Mw) were identified by mass spectrometry analysis. Among the proteins identified, the E2 

enzyme UBE2N important for the formation of K63-type polyubiquitin chains (Hodge, 

Spyracopoulos et al., 2016) was seen in multiple experiments. Subsequent experiments found 

UBE2N to be the only protein that can be detectably modified by 3xHA-Ub-AA in HEK293T cells 

(Fig. 2-1, B).   
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Fig. 2-1 The E2 ubiquitin conjugation enzyme UBE2N can be modified by the ubiquitin 

mutant Ub-AA. 

A. Lysates of HEK293T cells transfected to express 3xHA tagged Ub or Ub-AA were subjected 

to immunoprecipitation with beads coated with an HA specific antibody and the products were 

probed with the HA-specific antibody. Note the presence of a few proteins between 25 and 50 kDa. 

B. Lysates of HEK293T cells transfected to co-express 4xFlag-UBE2N with 3xHA-Ub or with 

3xHA-Ub-AA) were subjected to immunoprecipitation with beads coated with a Flag-specific 

antibody, the products were probed with antibody specific for HA (left panel) or for Flag (right 

panel). Similar results were obtained in at least three independent experiments.   
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UBE2N is modified by the Dot/Icm effector MavC(Lpg2147) during L. pneumophila 

infection. 

To identify the enzymes responsible for UBE2N ubiquitination with 3xHA-Ub-AA, we 

hypothesized that such enzymes may be induced under certain stress conditions. Clearly, the 

identification of such conditions would facilitate subsequent purification and characterization of 

the enzymes because of the potentially higher protein levels. Thus, we treated Raw264.7 cells with 

a variety of stresses and examined UBE2N ubiquitination. None of the tested physiochemical 

treatments led to a shift in Mw in UBE2N (Fig. 2-2, A). In these experiments, we also included 

samples from cells infected with two L. pneumophila strains. Intriguingly, we observed a Mw shift 

akin to monoubiquitination only in cells infected with the virulent strain (Fig. 2-2, A). The 

requirement of the Dot/Icm transporter suggests that such modification is caused by one or more 

of its substrates. We chose first to pursue this potential effector-induced UBE2N modification 

because it is technically more straightforward than identification of the mammalian proteins 

potentially involved in its modification. 

To identify the Dot/Icm substrate(s) responsible for UBE2N modification, we took 

advantage of the several cluster deletion mutants of L. pneumophila (O'Connor et al., 2011). With 

the exception of strain D5, infection by all of other mutants caused an MW shift in UBE2N (Fig. 

2-2, B). We thus identified the protein responsible for this modification by individually expressing 

effectors absent in strain D5 in HEK293T cells. These experiments revealed that Lpg2147 (MavC) 

(Huang et al., 2011) was able to cause UBE2N modification (Fig. 2-2, C). We thus constructed 

and tested strain Lp02 DmavC and found that infection with wildtype but not the mutant caused 

UBE2N modification (Fig. 2-2, D). Furthermore, introduction of a plasmid expressing mavC 

restored the ability of the mutant to modify UBE2N (Fig. 2-2, D). The level of UBE2N 

modification corresponds well to the expression level of MavC in bacterial strains. The relatively 

lower modification rates in transfected cells may be due to low transfection efficiency (Fig. 2-2, 

E). Thus, mavC is the only gene responsible for UBE2N modification during L. pneumophila 

infection. 

In macrophages, the DmavC strain grew at rates indistinguishable from that of the wild-

type strain (Fig. 2-3, A), indicating that, similar to most Dot/Icm substrates, mavC is not required 

for proficient intracellular bacterial replication in commonly used tissue culture hosts. In broth-
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grown bacteria, MavC was barely detectable in the lag and early exponential growth phases 

(optical density at 600 nm (OD600) of 0.05-2.2) but became highly expressed in exponential phase 

and continued to the post-exponential phase (OD600 = 2.6-3.6) (Fig. 2-3, B), suggesting that 

MavC functions in the initial phase of infection.  
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Fig. 2-2 L. pneumophila induces a molecular weight shift in UBE2N in a process that requires 

the Dot/Icm effector MavC. 

A, Infection by virulent L. pneumophila (L.p.) but not several physiochemical stresses caused a 

Mw shift in UBE2N. Raw264.7 cells were subjected to the indicated treatments or were infected 

with wild-type (WT) L. pneumophila or its dotA mutant defective in the Dot/Icm type IV 

transporter. Total proteins resolved by SDSïPAGE were probed with a UBE2N-specific antibody. 

Note the detection of a protein slightly above 20 kDa in samples infected with wild-type bacteria. 

B, The gene responsible for L. pneumophila-induced UBE2N modification resides in the region 

removed from the deletion strain 5. Opsonized L. pneumophila were used to infect HEK293T 

cells transfected to express the Fc II receptor for 2 h at an MOI of 10. Total proteins separated 

by SDS-PAGE were probed with a UBE2N-specific antibody. Note that strain 5 cannot induce 

UBE2N modification. C, The Dot/Icm effector MavC (Lpg2147) caused UBE2N modification. A 

set of Dot/Icm substrates in the region missing in deletion strain 5 were individually expressed 

in HEK293T. The modification of UBE2N was detected by immunoblotting (top). Expression of 

the bacterial proteins was detected using a Flag-specific antibody (bottom). Note that expression 

of MavC(Lpg2147) caused UBE2N modification. D, MavC is the only L. pneumophila protein 

responsible for UBE2N modification. HEK293 cells infected with the indicated bacterial strains, 

and proteins solubilized by saponin, were probed for UBE2N (top) or for translocated MavC 

(middle). The expression of MavC in bacteria was also analysed (bottom). E, Quantitation of 

modified UBE2N under different experimental conditions. Blots from at least three independent 

experiments performed similarly were quantified by ImageJ (mean ± s.e. from three replicates). 

Experiments in aïd were repeated at least three times and similar results were obtained.  
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Fig.2-3 The growth phase-dependent expression of mavC and its role in intracellular growth 

of L. pneumophila in macrophages. 

A. Deletion of mavC did not detectably affect intracellular growth of L. pneumophila. Raw264.7 

cells were infected with the indicated bacterial strains and intracellular bacteria were determined 

at the indicated time points. Each strain was done in triplicate and similar results were obtained in 

three independent experiments. Errors were derived from three technical replicates (mean ± s.e. 

from three replicates). B. Growth phase dependent expression of MavC. Equal amounts of cells of 

L. pneumophila strain Lp02 grown in AYE broth were withdrawn at the indicated cell density 

(OD600) and MavC was probed. The metabolic enzyme isocitrate dehydrogenase (ICDH) was 

detected as loading controls. The experiments were performed independently three times with 

similar results.  
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MavC induces UBE2N ubiquitination by a mechanism that does not require the host 

ubiquitination machinery  

Modification of UBE2N induced by MavC led to an ~10 kDa increase in its Mw, a size 

close to monoubiquitination (Fig. 2-2). To test whether it catalyzes ubiquitination, we incubated 

MavC, HA-Ub and 4xFlag-UBE2N with total lysates of HEK293T cells. A modified protein with 

a molecular weight similar to that of UBE2N-Ub was detected by HA-specific antibody (Fig. 2-4, 

A), indicating that MavC utilizes HA-Ub to modify UBE2N. Importantly, we observed 

indistinguishable UBE2N modification by HA-Ub in reactions containing boiled total cell lysates 

(Fig. 2-4, A, rightmost lane), suggesting that the activity of MavC may not need the host 

ubiquitination machinery.  

We next used biochemical assays to test the hypothesis that MavC is a ubiquitin ligase 

whose activity does not require components of the canonical ubiquitination reaction. To function 

as an E2 enzyme, UBE2N requires another protein such as UBE2V2 to form a heterodimer (Eddins, 

Carlile et al., 2006). In reactions that contained all the necessary components, modified UBE2N 

was produced (Fig. 2-4, B, top, rightmost lane). Unexpectedly, ubiquitination of UBE2N also 

occurred in reactions that did not receive the E1 enzyme (Fig. 2-4, B, top, leftmost lane). Such 

modification also occurred in reactions that did not receive Mg2+ or ATP (Fig. 2-4, B, top,  sixth 

and seventh lanes). Importantly, self-ubiquitination occurred in MavC, again even in reactions 

that did not receive E1, Mg2+ or ATP (Fig. 2-4, B, bottom, first, sixth and seventh lanes). These 

results further suggest that MavC is capable of catalyzing ubiquitination by a mechanism that does 

not require components of the canonical ubiquitination machinery. 

Infection with a L. pneumophila strain overexpressing MavC led to modification of about 

80% of endogenous UBE2N (Fig. 2-2, D). In contrast, the rates of modification were considerably 

lower in reactions containing purified proteins, suggesting that MavC requires one or more cellular 

factors for optimal activity. The addition of ATP or NAD did not increase the modification 

efficiency (Fig. 2-2, C). Instead, lysates of prokaryotic or eukaryotic cells allowed the modification 

to proceed more completely and boiling treatment did not abolish such activity (Fig. 2-2, C). Thus, 

one or more heat-stable factors were required for full activity of MavC. We tested the effects of 

several metal ions and found that a few divalent ions including Cu2+, Mn2+, Co2+ and Ni2+ were 

able to enhance the activity of MavC (Fig. 2-2, D and E). Together, these results indicate that 

MavC catalyzes ubiquitination by a mechanism that does not require components of the canonical 
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ubiquitination machinery or even an exogenous energy source. Furthermore, its activity can be 

potentiated by several divalent metal ions such as Mn2+ and Ni2+.  
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Fig. 2-4 MavC induces UBE2N ubiquitination independently of the canonical ubiquitination 

machinery. 

A, MavC induces UBE2N ubiquitination. HA-Ub and Flag-UBE2N were incubated with native or 

boiled total cell lysates for 2 h at 37 °C. Flag-UBE2N recovered by immunoprecipitation was 

probed by immunoblotting with antibody specific for Flag (top) or HA (bottom). Note that UBE2N 

was modified by HA-Ub even in reactions containing boiled total cell lysates (eighth lane). 

*Modified UBE2N. B, MavC-induced ubiquitination of UBE2N occurred in the absence of E1, 

adenosine triphosphate (ATP) or Mg2+. A series of reactions containing the indicated components 

were allowed to proceed for 2 h at 37 °C. Samples resolved by SDS-PAGE were probed with Flag 

(top) and HA (bottom) specific antibodies, respectively. Note that ubiquitinated UBE2N was 

detected in samples without E1 (first lane), Mg2+ (sixth lane) or ATP (seventh lane). Self-

ubiquitinated MavC was detected in all samples containing this protein and ubiquitin, regardless 

of other components required for canonical ubiquitination reaction (for example first, second, third, 

sixth and seventh lanes). C, A heat-stable compound present in cells potentiates MavC-induced 

UBE2N ubiquitination. ATP, nicotinamide adenine dinucleotide (NAD), boiled or native total 

lysates from Escherichia coli, yeast or HEK293T cells were added to reactions containing 

ubiquitin and Flag-UBE2N. Reactions were resolved by SDS-PAGE and probed with a Flag 

specific antibody. D, The activity of MavC is induced by a few divalent metal ions. The indicated 

metal ions were added to reactions containing ubiquitin and Flag-UBE2N at a final concentration 

of 5 mM. Samples resolved by SDS-PAGE after 2 h incubation at 37 °C were probed with a Flag 

antibody. Note that Cu2+, Mn2+, Co2+ or Ni2+ enhanced the activity of MavC. E, The metal ion 

Mn2+ potentiates the activity of MavC. Reactions containing the indicated components were 

established and the modification of UBE2N was probed by the formation of higher-molecular-

weight conjugate (red *) detected with antibody specific for Flag (top) or HA (bottom). *Modified 

UBE2N. Experiments in A-E were repeated at least three times and similar results were 

obtained.MavC is a transglutaminase that catalyses crosslinking between ubiquitin and UBE2N.  
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MavC is a transglutaminase that catalyzes crosslinking between ubiquitin and UBE2N. 

We analyzed the biochemical mechanism underlying MavC-mediated ubiquitination by 

determining the sites of ubiquitination on UBE2N and the chemical bond that links these two 

molecules. The protein band corresponding to modified UBE2N was analyzed by liquid 

chromatography-tandem mass spectrometry (LC-MS/MS) (Fig. 2-5, A), which led to the 

identification of two UBE2N peptides, -I86CLDILKDK 94 and -D93KWSPALQIR102, which were 

crosslinked to the same ubiquitin fragment, -E34GIPPDQQR40- (Fig. 2-5, B and C). The 

fragmentation pattern and the fact that trypsin digestion did not occur at Lys92 and Lys94 in these 

UBE2N peptides suggest that the linkage is through a lysine residue. The tandem mass spectra 

also showed that ubiquitin is linked to the substrate through its Gln40 residue (Fig. 2-5, B and C). 

By the mass difference, Gln40 of ubiquitin was linked to a lysine residue in UBE2N by eliminating 

an ammonia molecule, leading to the formation of an NŮ-(ɔ-glutamyl)lysine isopeptide bond 

between Gln40 on ubiquitin and Lys92 or Lys94 of UBE2N (Fig. 2-5, B and C).  

The chemical linkage that bridges ubiquitin and UBE2N resembles those formed by 

transglutaminases (TGases), which often catalyze transamidation between the ɔ-carboxamide 

group of a glutamine residue in one protein and the Ů-amino group of a lysine residue in another 

protein (Lorand & Graham, 2003). The reaction catalyzed by TGases requires a Cys-His-Asp 

catalytic triad in which the Cys residue is involved in the formation of a ɔ-glutamylthioester with 

the Gln-containing protein (ubiquitin here) (Fig. 2-5, D) (Keillor, Clouthier et al., 2014). To 

identify the Cys residue critical for the activity of MavC, we constructed substitution mutants 

lacking each of its six Cys residues and examined their activity in UBE2N ubiquitination. Only 

mutation in Cys74 abolished the ability of MavC to induce UBE2N ubiquitination (Fig. 2-5, E).  

We confirmed the modification sites on UBE2N by testing mutants with substitutions in 

Lys92 or Lys94. Whereas incubation of the K94A mutant with MavC and ubiquitin still led to robust 

modification, ubiquitination of the K92A mutant was largely abolished and no modification was 

detected in reaction containing UBE2NK92AK94A (Fig. 2-5, F). Mutation in C87, the residue 

important for UBE2Nôs role as an E2 enzyme (Eddins et al., 2006), did not affect MavC-mediated 

modification (Fig. 2-5, F). Thus, the transglutamination reaction catalyzed by MavC links 

ubiquitin to Lys92 or Lys94 of UBE2N, of which Lys92 is the major modification site.  

We next examined the role of the catalytic cysteine in ubiquitination of UBE2N during L. 

pneumophila infection. Unlike the ȹmavC mutant expressing MavC, expression of MavCC74A did 
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not cause UBE2N modification, despite the mutant protein being properly expressed and 

translocated into host cells (Fig. 2-5, G). 

We also determined the ability of MavC to modify several structurally similar E2s 

(harboring Cys87 and Lys92, not necessarily at the 87th and 92th residue, respectively) (Fig. 2-6, A). 

None of these E2s, including UBE2E2, 2K and 2S, was detectably ubiquitinated by MavC in either 

biochemical reactions or in cells infected by L. pneumophila (Fig. 2-6, B and C). These results 

suggest that MavC specifically modifies UBE2N. The involvement of Gln40 in the formation of 

the covalent bond suggests that residues important for ubiquitination catalyzed by the canonical 

mechanism are not required for MavC-induced UBE2N modification. Indeed, each of the lysine 

mutants (lacking one, more or all of the lysine residues) was active at levels comparable to 

wildtype ubiquitin, as was the mutant in which the last two glycine residues were replaced with 

alanine (Fig. 2-7).  
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Fig. 2-5 MavC catalyzes ubiquitination of UBE2N by transglutamination. 

A, MavC-induced UBE2N ubiquitination detected by Coomassie staining. Reactions containing 

the indicated components were allowed to proceed for 2 h and samples resolved by SDS-PAGE 

were detected by staining. B,C, MavC catalyzes the formation of an isopeptide bond between the 

Gln40 of ubiquitin and the Lys92 and Lys94 of UBE2N. The ubiquitinated UBE2N shown in a was 

subjected to mass spectrometric analysis. Tandem mass spectra are shown for the ubiquitin peptide 

-E34GIPPDQQR40- crosslinked with UBE2N peptide -I86CLDILKDK 94- (B) or -

DK94WSPALQIR102- (C). Insets: high-resolution measurements of parent ions, which correspond 

to mass errors of 0.8 (B) and 0.4 ppm (C) compared to the calculated mass. CAM, 

carbamidomethylation. D, A predicted reaction scheme of MavC-mediated protein crosslinking by 

transglutamination. A nucleophilic Cys residue on MavC attacks Gln40, a ɔ -glutaminyl residue in 

ubiquitin, to form a thioester intermediate. The acylated MavC then reacts with the amine donor 

from the Ů-lysine in UBE2N to form an intermolecular isopeptide bond. E, Cys74 is essential for 

the activity of MavC. Flag-tagged MavC or its mutants harbouring mutations in each of its six Cys 

residues were expressed in HEK293T cells. The modification of UBE2N was probed by 

immunoblotting with a UBE2N-specific antibody (top). The Cys74Ala mutation did not affect the 

expression and stability of MavC (bottom). F, Lys92 is the major ubiquitination site in UBE2N. 

4xFlag-UBE2N or its mutants were incubated with ubiquitin and MavC. The formation of Ub-

UBE2N was detected by immunoblotting. Note that the UBE2NK92A mutant has largely lost the 

ability to be modified (third lane). G, Cys74 of MavC is essential for UBE2N ubiquitination 

induced by L. pneumophila. HEK293 cells were infected with the indicated bacterial strains for 2 

h and the modification of UBE2N was probed by immunoblotting. The expression (bottom) and 

translocation (middle) of MavC and its mutant were probed with MavC-specific antibodies. 

Experiments in A-C and E-G were repeated at least three times and similar results were obtained.  
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Fig. 2-6 MavC is specific for UBE2N. 

A. Sequence alignment of the region harboring the active cysteine residue and the adjacent lysine 

residue of a series of E2 enzymes. The cysteine and lysine residues were highlighted in yellow 

background. B. The modification of a series of E2 enzymes by MavC. Reactions containing His6-

tagged UBE2N or the indicated E2 enzymes were established. Ubiquitin modification was assessed 

by a shift in molecular weight after probing with a His6-specific antibody. c. Infection by L. 

pneumophila did not caused modification of three E2 enzymes are structurally similar to UBE2N 

in the active domain. Raw264.7 cells were infected with the indicated bacterial strains and the 

potential modification was probed by immunoblotting with antibodies specific for each enzyme. 

The experiments in B and C were performed independently three times with similar results.  












































































































































































