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The bacterial pathogdregionella pneumophilenodulates host immunity using effectors
translocated by its Dot/Icm transporter to fdatk its intracellular replication. A number of these
effectors employ diverse mechanisms to interfere with protein ubiquitination,-trgposdational
modification essential for immunity. Here, we have found thatpneumophilainduces
monoubiquitinationof the E2 enzyme UBE2N by its Dot/lcm substrate MavC(Lpg2147).
Ubiquitination of UBE2N by MavC abolishes its activity in the formation d@3#inked
polyubiquitin chains, which dampens MB signaling in the initial phase of bacterial infection.
The inhibtion of UBE2N activity by MavC creates a conundrum because this E2 enzyme is
important in multiple signaling pathways, including some that are important for intracéllular
pneumophilareplication. Here we also shovhat the activity of UBE2N is restoredy
MvcA(Lpg2148) an ortholog of MavC. MvcA functions to deubiquitinate UBEBN using the
same catalytic triad required for its deamidase activity. Structural analysis of the WBEAN-

Ub complex reveals a crucial role of the insertion domain in Mvcgulystrate recognitiofur
findings reveal that two remarkably similar protetatalyze the forward and reverse reactimns

impose temporal regulation of the activity of UBE2N duringgneumophilanfection.
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CHAPTER 1. INTRODUCTION

Legionellapneumophila

Legionella pneumophiles aGram-negative roeshape bacteriumwhich ubiquitously exists
in aquatic environments. Broad range ofvater protozoa, such as amoebae are the natural hosts
of L. pneumophilaln addition to natural aquatic envinments,L. pneumophilaalso is highly
adaptive in maimade water systems such as air conditioners and coolingstdivisr believed
that the evolutionary pressure imposed by amoebae allopiseumophildo acquire the ability
to survive and replicate iruimanalveolar macrophag€gscoll, Rolando et al., 2013ndeed, the
cell biological features associated with infections in amoebae and human macrophages are highly
similar (Al-Quadan, Price et al., 201and the pathogenic elements required for establishing
infections in these two types of $te are identicglCianciotto & Fields, 1992, Rasch, Unal et al.,
2014) The first outbreak of.. pneumophilainfection occurred in 1976 during the American
Legion Convention held in Philadelphia attended by more than 2,000 veterang.tbenneeting,
around 200 attendees were affected, and 29 of thentkhaser, Tsai et al., 197 Thfection byL.
pneumophilecan caus¢hep ot ent i al |y f at al L e g-ikeiinesacalteee s 6 d i
Pontiac feve(Newton, Ang et al., 2010, Swanson & Hammer, 2000pneumophildasbecome
amajor threat to human health sirtbef i r st out break. The reported
have been increasing in the past decades. According to datatfeo@DC, 7500 casesof
Legi onnai rwers ported 852613 im &nited StatesThe number is believed to be
underestimated due tnderdiagnas. Children, elderly and immurmompromised populations
are more susceptible fo. pneumophilainfection The mortality rate is about 10¥Marston,
Plouffe & al., 1997) The rising infection case number and the high fatality of infected patien
have drawn considerable attention of both headiministrabrsand scientists.

L. pneumophilas an intraellular opportunistic pathogerfter being phagocyted by host
cells, it remains residing within agdma membranréerived vacuole calleldegionellaContaining
Vacuole (LCV)(Horwitz, 1983) Vesicles originating fronthe endoplasmic reticulum (ER) are
important for the biogenesis of the LCVhe decoration oits surface with ER derived vesicles
conversthe LCVfrom nascent phagosorfige membranes to rough endoplasmic reticulum (ER)

like membraneswhich preventst from proceeding to the phagosome maturation process for
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degradtion. The maturation of LCV also requires sequential intimate interactions with other
organelles such as mitochondria and ribosomes. Eventuafypeumophilagresssthe vacuole
andlyses he cell to start a new round of intracellular cylojeinfecting a neighboring cefFig.

1-1) (Isberg, O'Connor et al., 2009)
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ER-derived
Golgi apparatus vesicles

Endoplasmic
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Dot/lcm
transporter

L. pneumophila

Fig. 1-1 Formation of L. pneumophilareplicative vacuoles by modulating host cellular
processes.

After being phagocyted by a host cell, the Legionetiataining vacuole (LCV) evades host
endocytic pathway and recruits endosomal reticulum (ER) derived vesicles and mitochondria to
its surface to convert it from the plasimembranederived phagosomal mérane 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 replicatigmeumophila
replicates to high numbers insittee vacuole and eventually lyses the cell to start a new life cycle

by infecting neighboring cells.
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To facilitate its intracellular replicatiori,. pneumophilautilizes the Type IVB Secretion
System known a®ot/lcm (defect in organelletrafficking gen&/ intracellular multiplication)
systen)) to deliver more than 300 effector proteins to manipulate multiple cellular activities in
host cells, such as vesicle trafficking, innate immuaitgprotein translatiorflsberg et al., 2009,

Qiu & Luo, 2017b) The effectorencoding genes consist of more than 10%.gbneumophila
proteincoding capacity, which makds. pneumophilaa bacterium that possesses the largest
effector arsenal among all known bacterial patho¢g®iSonnor, Adepoju et al., 2011, Qiu & Luo,
2017a) L. pneumophilaeffectorencoding genes cluster in several regions on its chromosome. A
genane deletion study conducted ltye 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 detetiave severely ipairedits ability to
replicate in one or more amoebae species. These results suggest ieediighdundancy and

host specificity oL.. pneumophilaffectors(O'Connor et al., 2011 he fact that.. pneumophila
harbors the largest effector inventory offers unique opportunities to study the mechanism of
bacterial interactions with hosts and to reveal the potentially dilseyskbemical activities of these
virulence factors.

RalF was identified as the first Dot/lcm protein substrate which functions to recruit the Arfl
small GTPase to the surface of the LCV. Bioinformatic analysis reveale®Rdlatcontains a
motif of high similarity to Sec7 domain&ec7 domains are highly conseruedukaryotioguanine
nucleotideexchangdactors (GEFs) of the Arf family small GTPase# line with its homology to
Sec7 domains, RalF tapable oftimulating theGTP-GDP exchangeof Arfl (Nagai, Kagan et
al., 2002) After thediscovery of RalF, the first protein substrate of the Dot/lcm secretion system,
a large number of effectors were identified via the use of several effective methods, including
bioinformatic analysiBurstein, Amaro et al., 2016, Burstein, Zusman et al., 2009, Lifshitz,
Burstein et al.2013) bacteriabacteria protein transtation(Luo & Isberg, 2004) the use of SidC
as a repor(Huang, Boyd et al., 2011, Luo & Istge 2004) and computation based on sequences
of known effectorgChen, de Felipe et al., 2004, de Felipe, Pampou et al., 2005, Nagai et al., 2002,
Pan, Luhrmann et al., 2008These efforts led tahe identification of approximatel\330
effectorgQiu & Luo, 2017b) Only about 10% of these effectors have been biochemically
characterizedQiu & Luo, 2017b) the majority of effectors are hypothetical proteins and the study

of their functions is an important themelagionellapathogenesis.
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Multiple importantcellular activities are modulated hy pneumophilaffectors, including
vesicle trafficking protein translatior{Belyi, Niggeweg et al., 2006, Shen, Banga et al., 2009)
autophagyChoy, Dancourt et al., 2012nd interferencein metabolismof lipids involved in
signaling such agphosphatidylinositol (PI) lipids. The best characterized example of the
moddation of host vesicle trafficking is the hijack of small GTPases associated with the ER such
as Rab1l. SidM functions as a GEF for Rabl and recruits Rabl to the surface @fla€wvier &
Isberg, 2006, Murata, Delprato et al., 2Qd6)addition, SidM als@s a GD}displacement factor
(GDF) that functiongo dissociate Rabl from GIngmundson, Delprato et al., 2007, Machner
& Isberg, 2007) LepB is a GTPasactivating protein (GAP) for Rabl, which catalyzes the
conversion of GTHRab1 to GDFRabl1(Ingmundson et al., 200Arurthermore, SidM AMPYylates
while SidD deAMPylates Rabl, which affects the interaction between LepB and Rabl, thereby
temporallycontrolling the activity of Rab@luller, Peters et al., 201@Neunuebel, Chen et al.,
2011, Tan & Luo, 2011b)Moreover, AnkX modifies Rabl by phosphorylcholination, Lem3
removes such phosphorylcholinati@@oody, Heller et al., 2012, Oesterlin, Goody et al., 2012,
Tan, Arnold et al., 2001SidC and SdcA associate with the marmquitination of Rab1 durop
infection, but whethethey catalyze the ubiquitinationf Rablremainsunknown(Horenkamp,
Mukherjee et al., 2014)The SidE family eféctors ubiquitinates Rabl through nAmamonical
ubiquitination However, the biological significance of the ubiquitination of Rab1 remains elusive
(Qiu, Sheedlo et al., 2016)

Phosphatidylinosital (Pls) play key roles in mebrane trafficking and cell signaling.
Different organelles are decorated with different types of Pls. For instaegasma membrane
is enriched witHP1(3,4,5)P3] [P1(4,5)P2]and[PI(4)P], endosomgare enriched with[PI(3)P],
andthe Golgi apparatuss enriched withP1(4)P] (Di Paolo & De Camilli, 2006)Given their
importance, Plaire subject to interaction and modulation with seviergineumophilaeffectors
The localization of multiple effectorsdirected by the binding with Pls. For example, SidC, SdcA,
SidM, Lpg2603, Lpg1101 are recruitemthe surface atheLCV, a region where PI4P is enriched,
through their PI4P binding domaiBrombacher, Urwyler et al., 2009, Hubber, Arasaki et al.,
2014, Weber, Ragaz et al., 2008)ipD is phospholipase Al, which removes PI(3)P from
endosomal membrane upon binding to Rab5 or Rab22, avoiding the LC\fusamy with the
endosomatompartmen{Gaspar & Macher, 2014, Ku, Lee et al., 2012)epB converts PI(3)P
to PI(3,4)P2ADong, Niu et al., 2016)SidF is a Pl $hosphatasthatconverts PI(3,4)P2 to PI4P
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(Hsu, Zhu et al., 2012Another Pl phosphatas8idP, dephosphorylagePI(3)P and PI(3,5)P2 to
Pl and PI(5)Prespectively(Toulabi, Wu et al., 2013)pdA functions asa phospholipase
convert phosphatidylcholine to phosphatidic acid, the latter can be further converted to
diacylglycerol by another effector LecEpdA and LecE localize to the LCV, their coordirte
activities very likely will accumulag diacylglycerol on the LCV, but howthis influences the
intracellular growth of.. pneumophildaas not been fullinvestigatedViner, Chetrit et al., 2012)
Ubiquitination regulates almost evergllular activityin eukaryotic cellsincluding host
cell immunity and cell signalinKomander & Rape, 2012Y o achieve successful intracellular
bacterial replication, the manipulation of the host ubiquitination machinery is critical. Studying of
effectors that modudte the host ubiquitationmachinery has become one of the most intensively
studied areas.

Ubiquitination

Ubiquitination is regarded as one of the most fundamental proteinatrpostational
modificationsin eukaryoteswhich involves covalent conjugatiomf ubiquitin a 76 amino acids
proteinto target proteingGoldknopf, French et al., 1977, Komander & Rape, 20R&)teanic
studies show thdar over 10000f the20,00025,000 annotated human proteapgpeato regulate
ubiquitinationor to be modified by ubiquitifClague, Heride et al., 2015yhichstrongly supports
its ubiquitous rolein cell physiology Ubiquitin was first found as free protein by Goldstein and
his colleaguesin 1975 (Goldstein, Scheid et al., 1975)ater this potein was found to be
conjugated to a lysine residue on histone H2A through-tei@inus(Hunt & Dayhoff, 1977)In
the meantimetershkq Ciechanoverand their colleaguediscovered that a small proteteymed
asAPF-1 (ATPdependent proteolytic factor 1), was covalently conjugatedbteips before their
degradation ircell extracs (Hershko, Ciechanover et al., 198daershkoand colleagues proposed
that APF1 severs as a signal for protein degradation.-AR¥as later identified to be ubiquitin
(Wilkinson, Urban et al., 1980Degradéon triggered by APHA conjugation requires a set of
three enzymeghe activation enzyme E1, the transfer enzyme E2 and the ligation enzyme E3
(Hershko, Heller et al., 1983By themiddle1 9 8 0 6 s , It waubiqueirsatioaid | i s h e c
eukaryotes is achieved by sequential mukenzyme catalysis cascadeas Hershko and
Ciechanover proposén this scheme, hiquitin is activated through the formation of a thioester

bond between an IEspecific cysteine residue and the carbdgyminal glycine residue in
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ubiquitin. Then the activated ubiquitia transferred to ER by transthiolationfollowed by the
ligation of ubiquitin toa substrate proteimostly onlysine residues through thetatty 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 UAEG6 was discovered in vertebrates and sea urchin by Finley and colleagues
in 2007. UBE1 and UAEG6 have distinct E2 chargingf@rencsin in vitro. Unlike UBE1, UAEG
only charges ubiquitin to E2 enzymes, while UBEL is capable of charging both ubiquitin and UBLs
(Jin, Li et al., 2007)E2 enzymes are categorized into two functional groups: initiatiGra&@
elongation E& (Ye & Rape, 2009)UBE2N falls into the elongation E2 group, whose members
are unable to directly modify substratésstead, ltese enzymesften only catalyze the formation
of free polyubiquitin chains or elongate existing ubiquitin chains on substrates. These enzymes.
The ligation of fredK63-linked polyubiquitin chains produced Ibiye UBE2N complersto protein
substrates reqrgs initiation E2s such as UBE2W which allows the attachmentist abiquitin
molecule to the target protgi€hristensen, Brzovic et al., 200Fpr example, pohubiquitination
ofthe E3liggs e TRI M50 r e g ui-ubggsitinatidn ¥y UBE2Wi thea followed byo
K63-linked polyubiquitin chain conjugatio(Fletcher, Christensen et al., 20138 enzymes are
classified into three major categories based on the catalysis mechanism and the prepenie of
catalytic domaig, namely theReally InterestindNew Gene E3SRINGs) family, theHomologous
to E6-AP CarboxylTerminus E3s (HECTg$amily andtheRING-IBR(In-BetweerRINGS)}RING
E3s (RBRs)Yamily (Morreale & Walden, 2016E3s in the RING family arethe 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 subsgdtecontrastubiquitin ligation catalyzed by HECT E3s
is a twastep reaction. First, ubiquitis 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 meuabiquitination and poly
ubiquitination. One ubiquitin monomer can be conjugated to a single lysine residue -(mono
ubiquitination) or several lysine residu@goly-monacubiquitination) of the substra(dshida, Kim
et al., 2014)In addition, ubiquitin moleculé@self has seven lysine residues kykysii, LySz,

Lyszg, Lysss, Lysus and Lyss. Hence,one ubiquitin canbe conjugated to another ubiquitin
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molecule to formhomotypic or heterotypic polymer chaifoly-ubiquitination) Polyubiquitin
chains can fornthrough one of the seven lysine residudasadditionthe primary methioninean

also be utilized to form linear polyubiquitin chaifiomander & Rape, 2012pifferent types of
ubiquitin linkage usually dictate tHate of the substrate. For exam{&s8-linked polyubiquitin,
arguably the bestharacterizednd the most abundactitain linkage typeaysuallydrives modified
substrates for proteasomal degradation, whd€{é8dinked chain is mostly involved in signaling
cascade&Komander, 2009 However, the function of different chain types is not always dedicated
to one certain biological consequence. KHiBRed chainshave also been discoveréal drive
proteindegradation, wheredé48-linked chainsalso canfunction nonproteolyticallyLi & 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, threonineor tyrosine residues Ubiquitin contains 11 serine, threonine, and tyrosine
residuesall of which have been shown to be phosphorylated in celtsdsg spectrometrstudies
(Herhaus & Dikic, 2015, Swatek & Komander, 2018he best characterizezkample is the
phosphorylation of ubiquitin at Ssiby the kinasd®’INK1, which plays an important role in the
activation of the E3 | i gase Par(Kiiada,Asakawpetot ei n
al., 1998, ValenteAbou-Sleiman et al., 2004PINK1 phosphorylates at $eof ubiquitin and the
Ubl domain of Parkin. Phosphorylated ubiquitin interacts with phosphorylated Parkin, which
releases the autoinhibition effect imposed by the Ubl domain of P@kadkova, Maslen et al.,
2018, Koyano, Okatsu et al., 2014, Matsuda, 2036s-phosphorylated ubiquitin maintains the
same efficiency to be charged to a set of severanZgmesbut itsdischarg from E2s has been
acceleratedWauer, Swatek et al., 201%jurthermorephosphorylated ubiquitin chains are more
resistant tadeubiquitinasesubs, see below Thus,the accelerated dischaggf ubiquitin and
decelerated cleavage of polyubiquitin chains miglso be potentialmechanisma of Parkin
activationwhich promoteshe formation of polyubiquitin chain®Vauer et al., 2015)

Furthermore, ubiquitin has been shown to be modified by acetylation on sosé/sine
residuefHerhaus & Dikic, 2015)deamidation on the GIn40 residGei, Yao et al., 2010)ADP-
ribosylation anghosphoriboswytion on the Arg residug(Bhogaraju, Kalayil et al., 2016, Qiu et
al., 2016) Deamidation on the GIn40 residue blocks the synthesisA8flikked polyubiquitin
chains inducedy different E3E2 pairs,including a RINGdomain E3 gp78c/Ube2gk addition,
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overexpression of Ubiquitipaog, the product of ubiquitin deamidation impalidFa-induced NF
kB activationand ledsto the accumulation ofeveral UPS substratéSui et al., 201Q)Both
ADP-ribosylation angohosphoriboswytion on the Argp residueof ubiquiin are toxic to eukaryotic
cells and interferes with the€anonical ubiquitinatiormachinery, which inhibits proteasomal
degradatio(Bhogaraju et al., 2016Moreover, ubiquitin also can be modified by ubiqultke
modifiers (UBLs), a group of small proteins shows certain structural similaritybitguitin.
Ubiquitin can be modified by SUMO, and such hyl8idMO and ubiquitin chasenhance the
degradation ofdBa (Seeler & Dejean, 2017The modification of polyubiquitichainby Nedd8
increa®s itsresistage to Dubs and proteasoah degradation which might bebeneficial to
maintain freeubiquitin pool (Singh, Zerath et al., 2012YBLs are also modifiable by ubiquitin
(Komander & Rape, 2012, Swatek & Komander, 208Ls are conjugated to protein substrates
by a multipleenzyme catalysis cascade similar to that of ubiquitnatUBLs include SUMO
(small ubiquitinrelated modifier), NEDD8 (neural precurscell expressed, developmentally
downregulated 8), ISG15 (interferstimulated gene 18nd some other®ther yet unidentified
posttranslational modifications on ubiquitiikely exist. The ubiquitin code is complicated by
different types of ubiquitinationand the crosstalk between ubiquitination and other -post
translational modificationsakes the ubiquitination codevenmore complexwhich allows better
fine tuning ofsignaling, particularly in the context of certain diseameditions(Komander, 2009,
Song & Luo, 2019, Swatek & Komander, 2016)

Ubiquitination ishighly dynamig andthe process igeversible an eventegulated by group
of enzymescalled Dubs that recognize specific substrates and hydrotiizeisopeptideoond
between ubiquitin monomers or the bond between substrate and uljioiti@nder, 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, throughiaggolyubiquitin chains or
facilitating ubiquitin maturation. Sistructurally distinct Db families have been described,
including the ubiquitin-specific proteases (USPsthe ovarian tumor proteases (OTUs the
ubiquitin C-terminalhydrolases (UCH)s the Josephin familythe motif interacting withubiquitin
(MIU)-containing novel DUB family (MINDYs), and a family of Zndependent
JAB1/MPNMOV34 metalloprotease DUBs (JAMNY@Vievissen & Komander, 2017kxcept for
JAMMSs, allthe other five families are cysteine proteases.
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The number of enzymes involvedtime ubiquitination machinery varies greatly in different
organisms variesduman genome encodes two E1s, at least 38 E2s (including E2s for UBLS) and
around 600 to 1,000 E3Ye & Rape, 2009)In contrast, the number of those enzymes is much
lower in yeastwhich only harbors one E1, 11 E2s and around 60 to 10QH#8sy, Ulrich et al.,

2012) Yeastharbors around 20 s, whilehumanis estimated to encode at least 1,000 Dubs
(Mevissen & Komander,®.7).

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 specificif{stewart, Ritterhoff et al., 2016).ower and higher eukaryotsbare a
minimal subset of E2 enzyrsewhich are believed to fulfill the most basic cellular fumcs.

UBE2N is one of those basic E2s, which directs primarily the synthesik68{linked
polyubiquitin chains wheit heterodimerizes with UBE2V1 or UBE2V2, a ubiquitin conjugating
enzyme varian{Hofmann & Pickart, 1999)UBE2V1 and UBE2V2 resemble E2 enzymes
however lack a functional catalytic cysteine residue, which preventsnittfemsferring ubiquitin

to a E3 ligase. It is believed that the function of UBE2V1/UBE2V?2 is to orient the acceptor
ubiquitin so thalysss can attack the thioester linking between the donor ubiquitin and UBE2N
(McKenna, Spyracopoulos et al., 200Tpgether with E1, the UBE2N heterodimer is able to
generate basal lev&l63-linked polyubiquitin chains but at an extremely low r@t®fmann &
Pickart, 1999)The dimerizatiof the RING finger domain in RING E3 ligasstrongly promotes

the catalytic activityof UBE2Nregardlessf the nature of the RING EBranigan, Plechanovova

et al., 2015, Yudina, Roa et al., 201BbjyeeK63-linked polyubiquitin chails synthesized byhe
UBE2N complex is involved immultiple cellular activities, including DNA damage repair,
autophagy, NFB activation The participation of the UBE2N complex in distinct pathways
depends on its interaction with different E3® & Rape, 2009)

E2 enzymes are required in all described ubiquitination reactions except for those induced by
members of th&idE family (Kotewicz, Ramabhadran et al., 2017, Qiu et al., 20H6hce, it is
very important to understand hake activity ofE2 enzymess regulated. Among the approximate
40 known E2s, only a few have been fully studi&® enzymes are also subject to regulation by

ubiquitination or some other post translational modificatidie yeast E2 Ubc7, a homolog of
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human UbcH7 undergoes selbiquitination and degradation by the HECT E3 Ufd4 when the
level of Ubc7 exceeds its lding partner Cuel, a transmembrane protein that tethers UBEY to
(Ravid & Hochstrasser, 20Q7JBE2T undergoes automonoubiquitination vivo, which is
stimulated by the FANCL protein, leading to the inactivation of UBB2achida, Machida et al.,
2006) Although it isa key E2 enzyme in csllthe regulation of UBHR is not fully appreciated.
Previous stugl shows that STAT3 operates as a transcriptional repressor on the expression of
ubeN by inhibiting the accrual of Et§, Setl methyltransferase and trimethylation of histone H3
lysine 4 (H3K4me3) at thebe2N promoter(Zhang, Hu et al., 20J4UBE2N can bdSGylated

by ISG15 at Lysresidue, which abolishdake conjugation of ubiquitin to its catalytic cysteine
residue(Zou, Papov et al., 2009} aso hasbeen shown that in heat shocked K562 cells, UBE2N
is monoubiquitinated at Ly® (Takada, Hirakawa et al., 2001)he moneubiquitination on
UBEZ2N later was found to be setfiodification Thein vitro sef-ubiquitiantion of UBE2Noccurs
without the participationof an E3 ligase butrequiresE1l and its catalytic cysteineSelf
ubiquitination of UBE2N at Lyg site is regarded as n@pecific sekmodification(Branigan et

al., 2015) However, the existence of sunfodification on UBE2N at its Lys residuein cells
suggests that mayindicatesomeunveiledbiological significance. And such neglected regulation
of UBE2N potentially have some underappreciated importance in maintaining cell signaling

integrity whichis worth exploring.
Legionella pneumophilaand its exploitation of the host ubiquitin system

Ubiquitination plays pivotal roles in cells and modulates virtually every cellular process,
particularly those involved iprotein homeostasi®NA repair, cell cgle regulation and immune
responseslo symbiotic and pathogenlmacteria, it is essential to hijack and manipulate the host
ubiquitination machinery to thwart host defenses. It has been well established that bacterial
pathogengleliver virulence factorshat function asubiquitin ligases,Dubsor as enzymes that
directly attack ubiquitinto hijack the host ubiquitation machinery(Zhou & Zhu, 2015) For
example, Enterohemorrhadic coli EHEC translocates E3 effectors NleL and NleG to facilitate
the formation of actin pedestélin, Diao et al., 2011, Wu, Skarina et al., 2018almonella
Typhimuriuminfection can cause the formation of ubiquitinated praaggregates or Aggresome
Like Induced Structures (ALISs) arourtde Salmonella Containing Vacuole (SCV), which
triggers autophagy and the eliminationrSafimonellaHowever,Salmonellssecretghe Dub SseL
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to deubiquitinate ALISs to escape from autophgdjesquita, Thomas et al.,, 2012).
pneumophilathe bacteriumwhich harbors the largest effector arsenal also extensively modulates
the host ubiquitiationmachinery.The first study of such modulation was reported in 2006 by the
Isberg lab. Doreand her colleagudsund that Cdc48/p97, an AAATPase which is important

for ubiquitinproteasome degradation pathway is critical for tii&/Lformation 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/lcm secretion system. After one decade of research, nearly 20 effectors have been found
to be involvedm the manipulation of the host ubiquitin netw{@u & Luo, 2017a)Among those
effectors, 7 are #box containing proteind:egU1(Lpg0171) LicA (Lpg1408) Lpgl975, AnkB
(Lpg2144) PpgA(Lpg2224),Lpg2525and Lpp2486 (Only in strain Paridhreeeffectors ardJ-
box-containing proteinsLubX (Lpg2830),GobX (Lpg2455) and RavN(Lpgl)}iLin, Lucas et

al., 2018) ThelL. pneumophileffectors SidC (Lpg2511) and its homolog SdcA (Lpg2510) are
novel E3 ligases which do not show structural similarity to host E3 ligeses Luo et al., 2014)

In addition, Hdden Markov models (HHprg@@nalyses revealed thatg2370,MavM (Lpg2577,

Lpg2498 LegAl4(Lpg2452 are structurally homologous to eukaryotic RING, HECT and SidC

E3 ligasegLin et al., 2018) Among those effectors, LegU1, AnkB, GobX, LubX, RavN, LegAl4,

SidC and SdcA exhibit E3 ligase activity (sebiquitination) when incubated with E1, E2,
ubiquitin and ATP irin vitro reactions.

LegU1 binds and ubiquitinateghe host protein HLABassociated transcript 3 (BAT3)
Furthermore, LegUBAT3 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 knowlansminger & Isberg, 2010)

Lpp2082, the AnkB homolog ib. pneumophilatrain Paris interacts with host ubiquitinated
proteinParvB a preapoptotic protein. Study shows that the overexpression of Lpp2082 triggers
ParvB degradation and reduces caspase 3 activation{leveima, DervinsRavault et al., 2010)

LubX binds and ubiquitinateSidH, anothel.. pneumophileeffector protein, leading to its
degradation by th@6S proteasomeln addition, LubX bindghe host factor Cdelke kinase 1
(Clk1), and is able to catalyze the ubiquitination of Clklirinvitro reactions, however such
modification only modestly occurs when host cells are challenged with babtriaverexpress

LubX . It still remains elusive whether Clk1 i®ana fidesubstrate bLubX. How the intracellular
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bacterial replicatioris modulated by the manipulation of Clkl by LubX also awaits further
investigation(Kubori, Hyakutake et al., 2008, Kubori, Shinzawa et al., 2010)

SidC and its homolog SdcA possessphosphatidylinosite#-phosphate(P14P-binding
domain at their Gtermini. Such PI4P binding domain directs their localization to the surface of
LCV. SidC and SdcA werproposed to function as vesicle fusi@thering factobased on their
activity of recruiting ER derived vesicles to LERagaz, Pietsch et al., 2008}¢ructural study of
the Nterminus of SidC (542 amino acids) by the Maoaymp reveatd that no homology was
found between SidC and any other structurally known proteins. Interestingly, SidC contains a
potential papaiilike catalytic triad which is formed ®yss, Hisia4,and Aspas(Hsu et al., 2014)
Papainlike catalytic triad involves in the catalysis of multiple biochemical reactions including
ubiquitin ligation. Indeed, SidC undergoes strong-sblfuitination once incubated witall
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 bugnsréfocH7 to catalyze the
synthesis of polyubiquitin chains. SidC displays a preference of using ayd Lyss from
ubiquitin to form polyubiquitin chains while does not form primary Migtked polyubiquitin
chains(Hsu et al., 2014)The E3 activity of SidC is important for the recruitment of ER derived
vesicles, and is activated byiding to P14P through its-@rminal domain. However, the substrate
of SidC and the connection between its E3 ligase activity and the recruitmentdgrizgd
vesicles remain unknowfHsu et al., 2014, Loy 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 machingmnyo et al., 2015, Wasilko,
Huang et al., 2018)

SidE family proteins: Members of this family SidE (Lpg0234), SdeA (Lpp215deB
(Lpg2156), SdeC (Lpg2156) were found laspneumophilaDot/Icm effectors in 2004Luo &

Isberg, 2004)SidEs are large proteins made of over 1500 amino acids and are highly similar and
their function was not revealed uniery 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., 20D@letion of genes coding for the

SidE family effector caused about Zfifdd defect in intracellular growth in the host

Acanthamoeba castellanipointing to the importance of the SidE family in bacterial virulence
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(Jeong et al., 20350ur lab and our collaboratarsthe ChemistryDepartment identified that the
N-terminus of SdeA (1L93 amino acids) functions as a canonical Bicch has a preference in
cleaving Lyss linked polyubiquitin chaingSheedlo, Qiu et al., 2015%deA isof 1,499 amino
acidsandthe function of the rest of 1,300 amino acids remains mystefioike same year, a
structural study ofSidE prelictsthat it may playarole in nucleotidemetabolism(\Wong, Kozlov
et al., 2015) Shotly, our lab discovered that SdeA catalymbiquitination ofseveralRab small
GTPases associated with the ER such as Rabl and Ra&f{dghitination catalyzed by SdeA
remarkably differs from thelassical ubiquitination mechanistie reaction occurs iegpendent
of E1, E2 and ATP(Qiu et al., 2016)Ubiquitinaion of Rab protans by SdeA is a multstep
process that startey a moneADP-ribosyltransferase (mARTRgctivity. The mART motif
catalyzes the transfer of the ABBosyl group fronmicotinamideadeninedinucleotide (NAD) to
Args2 of ubiquitin (Qiu et al., 2016) Then the ADP-ribosylated ubiquitin is cleaved by
phosgodiesteraseactivity encoded byanother domain(PDE) within SdeA to produce
phosphoribogl ubiquitin. Phosphoribogl ubiquitin is further conjugated to serine residues of
substrate¢Bhogaraju et al., 2016, Kotewicz et al., 2Q1i)erestingly, the hydrolysis of NAD by
SdeA aligns with the predication oficleotidemetabolismconducted by the structural study of
SidE (Wong et al., 2015)The ADRribosylation andohospheribosylation of ubiquitin are two
types ofnew posttranslational modifications on ubiquitin. The ubiquitination of Rab&3ib Rtn4
by SdeA does not require thet€minal diglycineof theubiquitin molecule which iscompletdy
different from the classical ubiquitination chemistifyg. 1-2) (Akturk, Wasilko et al., 2018, Dong,
Mu et al., 2018, Kalayil, Bhogaraju et al., 2018)dE family effectorsrecognizesubstrates
independeiy of certainstructuralfolds but rather potentially catalyze any protein carrying the
accessible serine residugiggesting additional substrate likely ex{$#ang, Shi et al., 2018
line with this discovery,mall RagGTPasegre also shown to be the targets of SidE family, which
impactsthemTORC1pathway and nutrient metabolism in host céllle Leon, Qiu et al., 2017)
The SdeA-induced toxicity in yeast can be suppressed by anatheneumophileeffector,
SidJ, an effector that is important for optimal bacterial virulence in both amoebae and mammalian
hosts(Liu & Luo, 2007) but notby its homolog SdjA, suggesting tleecounteradve effect of
SidJ to SdeAHavey & Roy, 2015, Jeong et al., 2015, Qiu, Yu et al., 208id) had been shown
to function as a unique Dub which sdeally removes ubiquitin from SdeA mediated

phosphoribosyl ubiquitinain substrategQiu et al., 2017)However, such activity only exists in
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SidJ proteins purified fronh. pneumophilacells but notE. coli cells suggesting thahe Dub
activity may require some. pneumophilsspecific factorsThe activity of SidJ and its homolog
SdjA awaits further investigation.

The host ubiquitin machinery is extensively manipulatedLbypneumophilaeffectors
Whether new effectors and new mechanisms @&eestl further investigation and suclsaivery

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 SdeAcatalyzed 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 enzyrguitin is conjugated to a
lysine residue on the protein substrd&@e.In the reactions catalyzed by SdeA, ubiquitin is first
activated by ADRibosylation at its Argp by its moneADP transferase (mMART) activity of SdeA.
ADP-ribosylated ubiquitin istilized 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 pathogdregionella pneumophilenodulates host immunity using effectors
translocated by its Dot/Icm transporterfacilitate its intraellular replication. A number of these
effectors employ diverse mechanisms to interfere with proteiquitination, a postranslational
modification essential for immunity. Here, we have found thatpneumophilainduces
monoubiquitination of the EBnzyme UBE2N by its Dot/lcm substrate Ma{i(hg2147). We
demonstrate that MavC is a transglutamirthsg catalyses covalent linkage of ubiquitin to d2ys
and Lys4 of UBE2N via Glno. Similar to canonical transglutaminask®vC possess deamidase
activity that targets ubiquitin at Gln We identified Cys as the catalytic residue for both
ubiquitination and deamidation activities. Furthermore, ubiquitination of UBE2N by MavC
abolishes its activity in the formatiarf Kes-type polyubiquitin chains, whicdampens NKkB
signaling in the initial phase of bacterial infection. Our results reareahprecedented mechanism
of modulating host immunity by modifying a key ubiquitination enzyme by ubiquitin

transglutamination.

Introduction

Legionella pneumophilaxtensively modulates host cellular processéh the hundreds
of effectors injected by its Dot/lcm systemhich results in the biogenesis of the Legionella
containingvacuole (LCV), a phagosome that supports bacterial replicdgberg et al., 2009)
Infection by L. pneumophilaactivates the major immune regulatdF-kB by at least two
mechanisms. The first is a transient DotAgrdependent activation, most probably by immune
agonistssuch as flagellin andipopolysaccharide this activation is more apparent when
macrophages archallenged with bacteria at a high multiplicity iofection (MOI) (Bartfeld,
Engels et al., 2009, Losick & Isberg, 2006he second mechanism is mediated by the Dot/lcm
transporter that persists throughout much of the intracelitéacycle of the bacteriuniBartfeld
et al., 2009, Losick & Isberg, 2006INFkB activated by the latter mechanismduces the

expression of a large repertoire of genes, includhmgse involved in cell survival, vesicle
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trafficking and immunity(Abu-Zant, Jones et al., 2007, Losick & Isberg, 2008)e Dot/Icm
effector LegK1 activates NKB by directly phosphatatinglkB U and ot her me mb e |
inhibitor family, includingp100 (Ge, Xu et al., 2009)LnaB also activatethis transcriptional
factor, but itsmechanism of action is unknoWioosick, Haenssler et al., 201@ell survival genes
induced byNF-kB activation are required for productive intracellular bacteeplication(Losick

& Isberg, 2006) The activabn of immunity by ligands such as flagelpresumably is detrimental

to the pathogen, but holw. pneumophilacounteracts such defence remains unknofmong
other important functions, ubiquitination is essentralthe regulation of immunity against
infection (Jiang & Chen, 2011)Classical ubiquitinatiors catalysed by the action of the E1, E2
and E3 enzymesyhich function coordinately to covalently attach ubiquith proteinsubstrates
(Hershko & Ciechanover, 1998nterferencewith the host ubiquitin netark is criticalfor the
success of many microorganisms that have parasitsyrabiotic relationships with eukaryotic
hosts, and such interferenseften achieved by virulence factors that function as deubiquitinases,
E3 ubiquitin ligasegMaculins, Fiskin et al., 201&r as ubiquitin modification enzymé¢€ui et

al., 2010) More than ten Dot/lcm effectors of L. pneumophila functiomijack host ubiquitin
signaling (Qiu & Luo, 2017b) Among these, members of tI®dE effector family catalyse
ubiquitination by a twestep processnat completely differs from the canonical the®yme
cascade. Ithereaction catalysed by SidEs, ubiquitin is first ADBosylatedat Args2to produce

the reaction intermediate ADPBb (Qiu et al., 2016)whichis utilized by a phosphodiesterase
(PDE) activity also embedded BidEs that transfers the phosphoribosylated ubiquitin to serine
residuesn their substrate@Bhogaraju et al., 2016, Kotewicz et al., 2Q1id)our efforts to identify
eukaryotic proteins capable cditalyzingubiquitination with mechanisms similar to those used by
SidEs, wefound that the E2 enzyme UBE2N can be modified by a ubiguititant unable tbe
used by the canonical ubiquitination machinefurther studies revealed that UBE2N was
monoubiquitinatedduring L. pneumophilanfection by the effector MavC (Lpg2147AVe also
demonstrate that MavC functions as a transglutamitiaaie catalges crosshking between

ubiquitin and UBE2N, leadintp the inhibition of its activity in N¥B 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 enzymesapable of catalging ubiquitinationby a
mechanism similar to that of SidEs, we expressed 3kibfand 3xHAUDb-AA (the last two
glycine residues were replacedth alanine residues) in HEK293T cells. Although their number
was drastically reduced comparedhnthose modified by 3xHAUIproteins potentially modified
by 3xHA-Ub-AA were detectedFig. 2-1, A). We thus performed immunoprecipitativam cells
expressing 3xHAUb-AA with HA antibody, andproteins in gels of relevant molecular weight
(Mw) were idetified by mass spectrometry analysis. Among the proteins identifiedE2he
enzyme UBE2N important for the formation ofesdype polyubiquitin chains (Hodge,
Spyracopoulos et al.,, 2016)as seen in multiple experiments. Subsequent experiments found
UBEZ2N to be the only protethat can be detectably moeidl by 3xHAUb-AA in HEK293T cells
(Fig. 21, 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 3xatfgedUb or UBAA were subjected

to immunoprecipitation with beads coated with an HA specific antibody and the products were
probed with the HAspecific antibody. Note theresence of a few proteins between 25 and 50 kDa.
B. Lysates of HEK293T cells transfecteal coexpress 4xFlagyBE2N with 3xHA-Ub or with
3xHA-Ub-AA) were subjected tammunoprecipitation with beads coated with a Fépgcific
antibody, the products weprobed with antibody specific for HA (left panel) or for Flag (right
panel). Similar resudtwere obtained in at least three independent experiments.
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UBEZ2N is modified by the Dot/lcm effector MavC(Lpg2147) duringL. pneumophila
infection.

To identify the enzymes responsilite UBE2N ubiquitination with 3xHAUb-AA, we
hypothesizedhat such enzymes may be induced under certain stress condileasy, the
identification of such conditions would facilitate subseqymntfication and characterization of
the enzymes becausgthe potentially higher protein levels. Tuwve treated Raw264cells with
a variety of stresses and examined UBE2N ubiquitinatiome of the tested physiochemical
treatments led to a shift in Mw WBE2N (Fig. 2-2, A). In these experiments, we also included
sampledrom cells infected with twa. pneumophilatrains. Intriguinglyye observed a Mw shift
akin to monoubiquitination only in cellsfected with the virulent strainF{g. 2-2, A). The
requirement of th®ot/lcm transporter suggests that such modification is causedégr more
of its substrates. We chose first to pursue this potesfi@ttorinduced UBE2N modification
because it is technicallynore straightforward than identification of the mammalian proteins
potentially involved in its modification.

To identify the Dot/lcm subsite(s) responsible for UBE2Modification, we took
advantage of the several cluster deletrartants ol.. pneumophildO'Connor et al., 2011With
the exception of straiB5, infectionby all of other mutants caused an MW shift in UBEEAW.
2-2,B). We thus identified the prein responsible for this modification bydividually expressing
effectors absent in straidb in HEK293Tcells. These experiments revealed that Lpg2147 (MavC)
(Huang et al., 2011lwas ableto cause UBE2N modificatiori-{g. 2-2, C). We thus constructed
andtested strain LpOZmavCand found that infection with wildtypleut not the mutant caused
UBE2N mdlification (Fig. 2-2, D). Furthermore, introduction of a plasmid expressmgvC
restoredthe ability of the mutant to modify UBE2NFig. 22, D). The level of UBE2N
modification corresponds well to the expression levélat’C in bacterial strains. Thelagively
lower modification rates itransfected cells may be due to ltnansfection efficiencyKig. 2-2,

E). Thus,mavCis the only gene responsible for UBE2N modificatauring L. pneumophila
infection.

In macrophages, thBmavCstrain grew at rates indistinguishalitem that of the wild
type strain Fig. 2-3, A), indicatingthat, similar to most Dot/Icm substratesavCis not required

for proficient intracellular bacterial replication in commonly usisdue culture hosts. loroth



34

grown bacteria, MavC was baretietectable in the lag and early exponential growth phases
(opticaldensity at 600 nm (OD600) of 04252) but became highly expresse@xponential phase
and continued to the peskponential phas€OD600 = 2.63.6) Fig. 2-3, B), suggesting that
MavC functions in the initial phase of infection
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Fig. 2-2 L. pneumophilainduces a molecular weight shift in UBE2N in a process that requires
the Dot/lcm effector MavC.

A, Infection by virulentL. pneumophilgL.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. pneumophilaor its dotA mutant defective inhe Dot/lcm type IV
transporter. Total proteins resolved by SPBGE were probed with a UBE28pecific antibody.

Note the detection of a protein slightly above 20 kDa in samples infected withypddacteria.

B, The gene responsible far pneumophilanduced UBE2N modification resides in the region
removed from the deletion strain5. Opsonized.. pneumophilavere used to infect HEK293T

cells transfected to express the Fd receptor for 2 h at an MOI of 10. Total proteins separated
by SDSPAGE were prbed with a UBE2Nspecific antibody. Note that strain5 cannot induce
UBE2N modification.C, The Dot/Icm effector MavC (Lpg2147) caused UBE2N modification. A
set of Dot/lcm substrates in the region missing in deletion str&imwere individually expressed

in HEK293T. The modification of UBE2N was detected by immunoblotting (top). Expression of
the bacterial proteins was detected using a-Btegific antibody (bottom). Note that expression

of MavC(Lpg2147) caused UBE2N modificatidd, MavC is the only L. peumophila 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 wasadnalysed (bottom}, 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 ined were r@eated at least three times and similar results were obtained.
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Fig.2-3 The growth phasedependent expression of mavC and its role in intracellular growth

of L. pneumophilain macrophages.

A. Deletion ofmavCdid notdetectablyaffect intracellular growth of. pneumophilaRaw264.7

cells were infected with the indicatédcterial strains and intracellular bacteria were determined
at the indicated time points. Each strai#@s done in triplicate and similar results webgained in

three independent experiments. Errors were derived from three technical replicates (mean ts.e.
from three replicatesB. Growth phase dependent expression of MavC. Equal amounts of cells of
L. pneumophilastrain Lp02 grown irAYE broth werewithdrawn at the indicated cell density
(OD600) and MavC was probed. Theetabolic enzyme isocitrate dehydrogenase (ICDH) was
detected as loading controls. Tagperiments were performed independently three times with
similar results.
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MavC induces UBE2N ubiquitination by a mechanism that doesot require the host
ubiquitination machinery

Modification of UBE2N induced by MavC led to an ~10 kDa increase iMitgs a size
close to monoubiquitinatior(g. 2-2). To test whether itatalyzesubiquitination, we incubated
MavC, HA-Ub and 4xFlagJBE2N with total lysates of HEK293T cells. A modified proteiith
a molecular weight similar to that of UBE2Bb was detectedy HA-specific antibodyKig. 2-4,

A), indicating that MavC utilizedHA-Ub to modify UBE2N. Importantly, we observed
indistinguishabldJBE2N modification by HAUb in reactions containing boilédtal cell lysates
(Fig. 24, A, rightmost lane), suggesting that the activitgf MavC may not need the host
ubiquitination machinery.

We next used biochemical assays to test the hypothesidtdna® is a ubiquitin ligase
whose activity does not require componesftthe canonical ubiquitination reaction. To function
as an E2Znzyme, UBE2N requires another protein such as UBE2V2 toddrerodimerEddins,
Carlile et al., 2006)In reactions that contained all the necessary compomeatified UBE2N
was producedHg. 2-4, B, top, rightmost lane). Unexpectedly, ubiquitination of UBE2N also
occurred in reactionthat did not receive the E1 enzynteq. 2-4, B, top, leftmost lang. Such
modification also occurred in reactions that did not reckigé” or ATP (Fig. 2-4, B, top, sixth
and seventh lanes Importantly,self-ubiquitination occurred in MavC, again even in reactions
thatdid not receive E1, Mg or ATP (Fig. 2-4, B, bottom, first, sixth and seventh lanes These
results further suggest that MavC is capalbleatalying ubicuitination by a mechanism that does
not requirecomponents of the canonical ubiquitination machinery.

Infection with aL.. pneumophilastrain overexpressing MavC |éal modification of about
80% of endogenous UBE2IRif). 2-2, D). In contrast, the rates afodification were considerably
lower in reactionsontaining purified proteins, suggesting that MavC requinesor more cellular
factors for optimal activity. The addition &TP or NAD did not increase the modification
efficiency Fig. 2-2, C). Instead]ysates of prokaryotic or eukaryotic cells allowed the modification
to proceed more completely and boiling treatment dicihotish such activityHig. 2-2, C). Thus,
one or more heattable factorsvere required for full activity of MavC. We tested thigectsof
several metal ions and found that a few divalent ions inclu@img, Mn?*, C&?* and NF* were
able to enhance the activity of Ma\€ig. 2-2, D and E). Together, these results indicate that
MavC catalygesubiquitination by a mechanism that dows require components the canonical
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ubiquitination machinery or even an exogeneunsrgy source. Furthermore, its activity can be

potentiated by severdivalent metal ions such as ffrand Nf*.
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Fig. 224 MavC induces UBE2N ubiquitination independently of the canonical ubiquitination
machinery.

A, MavC induces UBE2N ubiquitination. HAb and FlagUBE2N were incubatedith native or
boiled total cell lysates for 2 h at 37 €. FIAgBE2N recovered by immunoprediaiion was
probed bymmunoblotting with antibody specific for Flag (top) or HA (bottom). Note that UBE2N
was modified by HAUb even in reactions containing boiled totall lysates (eighth lane).
*Modified UBE2N. B, MavC-induced ubiquitination of UBE2Nazurred in the absence of E1,
adenosine triphosphate (ATP)Mg?*. A series of reactions containing the indicated components
were allowed to proceed for 2 h at 37 €. Samples resolved by-BASE were probedith Flag

(top) and HA (bottom) specific antid@s, respectively. Note that ubiquitinated UBE2N was
detected in samples without E1 (first lan®)g?* (sixth lane) or ATP (seventh lane). Self
ubiquitinated MavC was detected in all samples containing this protein and ubiquitin, regardless
of othercompaments required for canonical ubiquitination reaction (for example first, second, third,
sixth and seventh lane<}, A heatstable compound preseint cells potentiates Mawihduced
UBE2N ubiquitination. ATP, nicotinamide adenine dinucleotide (NAD), bodechative total
lysates fromEscherichia coli yeast or HEK293T cells were added to reactions containing
ubiquitin and FlagJBE2N. Reactions were resolved by SBAGE and probed with a Flag
specificantibody.D, The activity of MavC is induced by a few divalent metal ions. The indicated
metal ions were added to reactions containing ubiqaiticth FlagUBE2N at a final concentration

of 5 mM. Samples resolved by SIPRAGE after 2 h incubation at 37 € were probediwd Flag
antibody. Notethat C#*, Mn?*, C&®* or Ni?* enhanced the activity of Mav(@, The metal ion
Mn?* potentiates the activity of MavC. Reactions containing the indiced@aponents were
established and the modification of UBE2N was probed by theattwm of highemmolecular
weight conjugate (red *) detected wéhtibody specific for Flag (top) or H®ottom). *Modified
UBE2N. Experiments inA-E were repeated at least three times and similar results were
obtainedMavC is a transglutaminase that cgsals crosslinking between ubiquitin and UBE2N.
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MavC is a transglutaminase that catalyzes crosslinking betwearbiquitin and UBE2N.

We analyed the biochemical mechanisumderlying MavGmediated ubiquitination by
determiningthe sites of ubiquitination on UBE2N and the chemical bitvad links these two
molecules. The protein band correspondilog modified UBE2N was anatged by liquid
chromatographyandem mass spectrometry {IMS/MS) (Fig. 2-5, A), which led tothe
identification of two UBE2N peptides|ssCLDILKDK 94 and-DosKWSPALQIR102, which were
crosslinked to the same ubiquitinagment, -EssGIPPDQQRe- (Fig. 2-5, B and C). The
fragmentatiorpattern and the fact that trypsin digestion did not occur atlayslLyses in these
UBE2N peptides suggest that the linkage is througysiae residue. The tandem mass spectra
also showed that ubiquitis linked to the substrate through its &lresidue Fig. 2-5, B and C).

By themass difference, Glnof ubiquitinwas linked to a lysine residueWBE2N by eliminating
an ammonia molecule, leading to the formatainan I\F’-( -glutamyl)lysine isopeptide bond
between Glm on ubiquitin and Lysz or Lyses of UBE2N (Fig. 2-5, B and C).

The chemical linkage that bridgemiquitin and UBE2N resemblethose formed by
transglutaminases (TGases), which oftatalze t r ans ami dat rcarboxarbidet we e n
group of a glutamine esi due i n o n-amino group ef a lysina resitiiearotaer U
protein (Lorand & Graham, 2003)The reaction catahed by TGases requires CysHis-Asp
catalytic triad in which the Cys residue is involvech t h e f o fglotantylthioesteravith a o
the Glncontainingprotein (ubiquitin here)Hig. 2-5, D) (Keillor, Clouthier et al., 2014)To
identify the Cys residue criticdbr the activity of MavC, we constructed substitution mutants
lacking each of its six Cys residues and examined their activiBiB2N ubiquitination. Only
mutation in Cys abolished the abilitpf MavC to induce UBE2N ubiquitinatioffrig. 2-5, E).

We confirmed the modification sites on UBE2N by testimgtants with substitutions in
Lyso2 0r Lyssa. Whereas incubatioof the K94A mutantvith MavC and ubiquitin still led to robust
modification, ubiquitination of the K92A mutant was largely abolisaed no modification was
detected in reaction containigBE2NK92AK94A (Fig. 2-5, F). Mutation in C87, the residue
importantt or U B E 2 :Nah E2 enzgnh@eddires et al., 2006)id not affect Mav@nediated
modification Eig. 2-5, F). Thus, the transglutamination reacticatalyzedby MavC links
ubiquitin to Lys2 or Lyses of UBE2N, of whichLyse2 is the major modification site.

We next examined the role of the catalytic cysteine in ubiquitinaficBE2N duringL.

pneumophilanfection. Unlike theppm a vm@tant expressing Mav@xpression of Mav€rsa did
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not causeUBE2N modification, despite the mutant protein being propestpressed and
translocated into host cellBi§. 2-5, G).

We also determined the ability of MavC to modify several structusihyilar E2s
(harboring Cysr and Lys2, not necessarily dhe 87" and 92 residue, respectivelyJ{g. 2-6, A).
None of these E2s, including UBE2E2, 2K and 2S, was deteathigjyitinated by MavC in either
biochemical reactions or in celisfected by L. pneumophilé=(g. 2-6, B and C). These results
suggest that MavC specifically modifies UBEZNe involvement of Gl in the formation of
the covalent bonduggests that residues important for ubiquitination czgdlyy thecanonical
mechanism are not required for Maw@lucedUBE2N modification. Indeed, each of the lysine
mutants (lacking one, morer all of the lysine residues) was active at levels comparable to
wildtype ubiquitin, as was the mutant in which the last two glycine residees 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 staifitegctions containing

the indicated components were allowed to proceed for 2 h and samples resolved PRGBS
were detected by staininB,C, MavC catalyzes the formation of an isopeptide bond between the
Glngo of ubiquitin and the Ly® and Lys4 of UBE2N. The ubiquitinated UBE2N shown in a was
subjected to mass spectrometric analysis. Tandem mass spectra are shown for the ubiquitin peptide
-E34GIPPDQQRo crosslinked with  UBE2N peptide -1sscCLDILKDK 904~ (B) or -
DKoaWSPALQIRw02 (C). Insets: higkresolution measurements of parent ions, which correspond
to mass errors of 0.§B) and 0.4 ppm (C) compared to the calculated mass. CAM,
carbamidomethylatiorD, A predicted reaction scheme of Mav@ediated protein crosslinking by
transglutamination. A nuotghilic Cys residue on MavC attacks @ln -aylutaminyl residue in
ubiquitin, to form a thioester intermediate. The acylaitd/C then reacts with the amine donor

f r o m -lysiheén UBE2N to form an intermolecular isopeptide bdbdCys4 is essentiafor

the activity ofMavC. Flagtagged MavC or its mutants harbouring mutations in each of its six Cys
residues were expressed in HEK293T cells. The modificatioBE2N was probed by
immunoblotting with a UBE2Mspecific antibody (top). The Cys74Ala mtiten did not affect the
expression and stability of Mav@®ottom).F, Lysez is the major ubiquitination site in UBE2N.
4xFlagUBE2N or its mutants were incubated with ubiquitin and MavC. The formatidshof
UBE2N was detected by immunoblotting. Note thet UBE2No2a mutant has largely lost the
ability to be modified (third lane)G, Cysis of MavC is essential for UBE2N ubiquitination
induced byL. pneumophilaHEK293 cells were infected with the indicated bacterial strains for 2
h and the modificationf UBE2N was probed by immunoblotting. The expression (bottom) and
translocation (middle) of MavC and its mutant were probed with Msp&eific antibodies.
Experiments irA-C andE-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 tife region harboring the active cysteine residue and the adjacent lysine
residue of a series &2 enzymes. The cysteine and lysine residues were highlighted in yellow
backgroundB. Themodification of a series of E2 enzymes by MavC. Reactions containing His6
tagged UBE2N othe indicated E2 enzymes were established. Ubiquitin modification was assessed
by a shift inmolecular weight after probing with a Hispecific antibody. c. Infection bly.
pneumophiladid not caused modification of three E2 enzymes are structurally similar to UBE2N
in the activedomain. Raw264.7 cells were infected with the indidabacterial strains and the
potentialmodification was probed by immunoblotting with antibodies specific for each enzyme.
Theexperiments ilB andC were performed independently three times with similar results.


































































































































































































































































