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Abstract
Intracellular pathogens manipulate host organelles to support replication within
cells. In the case of Legionella pneumophila, the bacterium translocates proteins that
establish an endoplasmic reticulum (ER)-associated replication compartment. Using
high-resolution electron microscopy and fluorescence microscopy we show that the
bacterial Sde proteins target host reticulon 4 (Rtn4) to control tubular ER dynamics,
resulting in tubule rearrangements as well as structural alterations to Rtn4 proximal to the
Legionella pneumophila containing vacuole (LCV). We utilized both in vitro
recombinant protein systems and L. pneumophila infection models to characterize the Sde
proteins and were able to identify the molecular mechanism promoting these ER
rearrangements. Sde ubiquitin (Ub) ligation to Rtn4, which occurs almost immediately
after bacterial uptake, is dependent on two sequential enzymatic activities expressed from
a single Sde polypeptide: an ADP-ribosyltransferase (ART) and a
nucleotidase/phosphohydrolase (NP). The ADP-ribosylated moiety of ubiquitin is a
substrate for the nucleotidase/phosphohydrolase, resulting in either transfer of ubiquitin
to Rtn4, or phosphoribosylation of ubiquitin in the absence of a ubiquitination target.
These enzymatic activities collaborate to promote ubiquitin ligation through a
phosphodiester bond, rather than the classic isopeptide ubiquitin linkage and specifically
target Rtn4 and a subset of Rabs, including Rab33b and Rab1396.
These enzymatic activities are essential for robust intracellular replication and ER
association in amoeba, but not macrophages. We show Sde targeting of LCV associated
polyUb conjugates with ADP-ribosylate or phosphoribosylate modifications protect these
products from host disassembly and are required for intracellular replication in amoeba.
ii

We also identified a third enzymatic domain in Sde proteins, a K63-polyubiquitin
specific deubiquitinase (DUB) that limits LCV polyUb within the first 30 minutes of
infection that fuels Sde Ub ligase function by generation of a free monoubiquitin
substrate pool, while also preventing lysosomal targeting ubiquitin signals (K63) from
accumulating on the Legionella vacuole membrane. This work demonstrates that Sde
mediated ubiquitination transforms peripheral ER tubules associated with the LCV
through a novel molecular mechanism, where a single bacterial protein catalyzes a
multistep biochemical pathway to control ubiquitination via both ubiquitin conjugation
and deconjugation.
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Chapter 1:
Introduction

This chapter contains excerpts that have previously been published in (reprinted with
permission of publisher):
Haenssler E, Ramabhadran V, Murphy CS, Heidtman MI, Isberg RR.
Infect Immun. 2015 Sep; 83(9):3479-89. Epub 2015 Jun 22.
Kotewicz KM, Ramabhadran V, Sjoblom N, Vogel JP, Haenssler E, Zhang M, Behringer
J, Scheck RA, Isberg RR. Cell Host Microbe. 2017 Feb 8; 21(2):169-181. Epub 2016 Dec
29.
Other figures/captions from this chapter have been reprinted here with permission of
publisher (Listed in Copyrighted Material Section, above)
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1.1. Endoplasmic Reticulum: Form and Function
The endoplasmic reticulum (ER) is a large, contiguous, membrane-enclosed
organelle that is involved in a wide array of critical cell functions141,164. These roles
include, but are not limited to protein synthesis, modification, folding, translocation,
secretion, and its quality control through the unfolded protein response (UPR), as well as
serving in lipid manufacturing, hormone production, and regulating Ca2+
homeostasis120,289,305,445,522. To provide all these distinct functions across the vast
intracellular expanses of the cell, the ER has differentiated into distinctive structural and
functional domains. Furthermore, the ER serves as a mesh network of connections to the
plasma membrane and other organelles, offering contact points with mitochondria, Golgi,
endosomes, lipid droplets, and peroxisomes44,120,140,302. Structurally, the ER can be
segregated into several broad sub-regions, each of which is responsible for a unique set of
cellular functions. These divergent ER subdomains can be broadly assigned to: 1) the
dynamic peripheral ER tubules, also known as smooth ER; 2) the flattened sacs known as
cisternae or rough ER sheets; 3) and the nuclear envelope ((NE) Figure 1.1). All of these
separate subdomains are interconnected through a contiguous luminal space (Figure
1.1)54,77,121,289,308,458. Recent high-resolution studies of the ER reveal that these
classifications are an oversimplification of the breadth of ER structures that form within a
cell141,393,538. For instance, architecture that was formerly described as peripheral sheets
were revealed instead to be composed of cross-linked ER tubules, termed ER matrices349.
The unearthing of these novel ER structures hidden within the archetypal classifications
of the past raises the possibility that there may be many additional ER structures and
novel complementary functions that have yet to be discovered.
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Figure 1.1. ER structure and subdomains.
Schematic diagram depicting the ER network with different structural features and
morphologies segregating ER subdomains, while remaining physically connected through
a continuous lumen. Reprint with permission from Goyal and Blackstone164.
1.1.1. Smooth ER tubules.
The first ER subdomain mentioned, the smooth ER tubules, is composed of
membrane encapsulated high curvature cylinders (cross section view) formed by a
phospholipid bilayers with a membrane width of ~4nm, which generates an ER lumen
diameter of ~50nm in mammalian cells99,277. These tubules are highly dynamic,
continually forming, retracting, and interconnecting, primarily at 3-way junctions to
generate a polygonal network extending throughout the entire cytoplasm, out to the
plasma membrane142,161,167,501,531,541 (Figure 1.2.A,B). This tubule network is commonly
referred to as smooth ER due to the visible lack of ribosomes studding the membrane
observed in early electron microscopy (EM) studies458. This vast system of highly curved
membranes on ER tubules results in ER regions with a high surface-to-lumen volume
ratio, making this subdomain’s architecture well suited for its role in lipid synthesis,
3

protein transport and trafficking, as well as offering a branching network to facilitate
organelle contact points regardless of their localization within a cell54,289,538.

B

Figure 1.2. Mechanisms and players shaping ER tubules and sheets.
(A) Schematic diagram showing interconnected smooth ER tubules and peripheral sheets.
(B) Membrane curvature inducing reticulons and atlastins that are GTPases mediating ER
membrane fusion on ER tubules, with a schematic depiction of atlastin-dependent tubule
fusion. (C) ER proteins involved in the generation and stabilization of ER sheets,
including Climp-63, polyribosomes, and scaffolding proteins, like p180 and kinectin.
Adapted from Goyal and Blackstone, 2013 to show select panels164.
Cell types enriched in ER tubules are often associated with these specific tubular
ER functions. For instance, cells with extensive tubular networks include those
specializing in lipid synthesis, such as adrenal cortex cells, which are responsible for
heavy levels of steroid production. An additional example of cells relying on ER tubule
structure and function are muscle cells. These specialized cells heavily rely on calcium
4

signaling to rapidly respond to cues to produce muscle contractions through a specialized
smooth ER called the sarcoplasmic reticulum68,69,221,308,422. The recognizable increase in
tubular ER within these cells demonstrates the tight link between structure and function
and the importance of ER subdomain specialization. The physical properties and
specialization of function observed in ER subdomains is fueled by compartmentalization
of specific structural protein families392,457,538. The networks of elongated cylinders that
compose the tubular ER network are heavily enriched in structural ER membrane
proteins, such as Dp1/Yop1p, Lunapark/Lnp1p, and the reticulon family76,121,122,527. A
small fraction of these tubular ER proteins localize to ER sheets or NE, this fraction is
primarily limited to areas of high curvature at the edge of cisternae or nuclear pore
regions (Figure 1.2.C). For the most part, these tubular ER membrane shaping proteins
are excluded from the flat surfaces of ER cisternae and define the tubular network from
the PM to the nuclear envelope352,459,506,520 (Figure 1.3.A).
Reticulons and Dp1/Yop1p are integral ER membrane proteins that contain a
conserved membrane spanning structure that has been implicated in membrane
deformation to generate curvature and stabilization of curved membrane surfaces, but the
details of how these proteins function remains ambiguous. The structural similarities
between Dp1/Yop1p and reticulons, particularly in regards to their topology relative to
the phospholipid bilayer, provides clues to the mechanisms promoting tubular ER
formation. Although these protein families are unrelated in sequence, they share a
common structural feature of ~200 amino acids that includes two hydrophobic segments
believed to adopt hairpin-like topology in ER membranes, which sandwich a cytosolic or
luminal facing loop. This topology along with the ability to form homo- and hetero-
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oligomers are critical for their role in promoting tubular ER structure and controlling
diffusion rates through the membrane. Shibata et al demonstrated that Rtn1 and Yop1p
diffused slowly through the membrane as a result of their homo- and heterooligomerization, with slow diffusion demonstrated by fluorescent recovery after
photobleaching (FRAP) relative to another control resident ER protein, Sec63459.
Furthermore, the researchers found that overexpression of reticulons and Yop1p/Dp1
limits protein mobility within the membrane. Upon ATP depletion, Rtn1p and Yop1p
diffusion ceased entirely, yet this depletion had no effect on Sec63 mobility. The ATP
depletion study results suggest that the decoupling of reticulon or Yop1p/Dp1 oligomers
requires an energetic process utilizing ATP459. This postulate was further substantiated by
cellular phenotypes resulting from an oligomerization-defective Rtn1p mutant. This
mutant enhanced membrane mobility independently of cellular ATP levels and the
mutant was unable to reconstitute tubular ER morphology in a reticulon/Yop1p triple
knockout (Δrtn1 Δrtn2 Δyop1)459. Taken together, the evidence suggests reticulons and
Dp1/Yop1p readily oligomerize into higher order complexes that limits protein
movement migration within the ER and promotes membrane curvature for ER tubule
production.
1.1.2. ER—Organelle contact points.
Another critically important region of tubular ER are ERES, or ER exit sites,
which are highly specialized regions of the tubular ER that act as a critical junction in the
secretory pathway and serve to connect the ER with other organelles, specifically the
Golgi48,192,275,359. The high-curvature architecture is crucial for proper ERES localization
and cargo movement in Saccharomyces cerevisiae359. Membrane-associated structural
6

proteins and stabilizing proteins, like Reticulon 1, localize to ERES and are involved in
membrane deformation, which is particularly important for cargo trafficking. At these
sites, ER-to-Golgi (COPII/COPI) transport vesicles form and bud from the ERES to
enable protein export of soluble and membrane/lipid cargo60,215,532. These sites have also
been shown to supply some of the core autophagosomal components and possibly donate
membrane to the assembling autophagic compartment, further linking the ER structure to
critical catabolic processes necessary for cellular homeostasis 141,165,178,437,481.
The tubular ER network provides a continual series of contact points with nearly
every organelle in the cell (Figure 1.3.A). These intimate associations are critical for
organelle structure, signaling, lipid synthesis, lipid exchange, and more. One of the ER
contact sites that has been subjected to intense study is the mitochondria-ER contact
point. These sites, often referred to as mitochondria-ER associated membranes (MAMs)
represent the fraction of ER where there is direct association between the cytoplasmic
face of ER tubules and the mitochondrial outer membrane53,187,305,404. The close
association between the opposing membrane faces generate a structure in which protein
interactions across organelles enable tethering of the organelles, while simultaneously
maintaining independent membrane integrity95,404,411,424. High-resolution EM
visualization of these regions revealed the presence of electron dense structures extending
between the two organelles, suggesting a physical proteinaceous bridge that tethers the
organelles95,187.
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Figure 1.3. ER interconnections with other cellular organelles and structures.
(A) The nuclear envelope (dashed line, bottom right) extends out into the peripheral ER,
which spreads into the cytosol as a network of sheets and tubules (green). The peripheral
ER forms membrane contact sites (MCSs) with the plasma membrane, mitochondria,
endosomes, peroxisomes, lipid droplets and the Golgi. (B,C) Electron tomography
exposes three‐dimensional structure of MCSs (red) with ER tubules (green) and
mitochondria (purple) in yeast (B)140 or ER tubules with an endosome (yellow-orange) in
an animal cell (C)139. Scale bars 200 nm. (D) ER tubule interaction with cytoskeletal
components facilitating, ER movement and extension by sliding or tip attachment
complex (TAC) mechanism movement using molecular motors to travel along stable,
acetylated microtubule tracks and polymerizing microtubules, respectively. Green
membrane proteins represent reticulons; molecular motors include myosin V and kinesin1. EB1, microtubule +TIP protein end binding 1; STIM-1, stromal interaction molecule 1;
TAC, tip attachment complex mechanism. Reproduced with permission from Phillips and
Voeltz, 2016 (A-C) 378 and Goyal and Blackstone, 2013 (D) 378.
8

The physiological functions and membrane integrity of the mitochondria
necessitates a continuous supply of lipids making their interaction with the ER essential
for lipid recycling. MAMs are also proposed to be fundamental in lipid flipping between
apposed membranes during the biosynthesis of phospholipids and
phosphatidylcholine5,201,259,313. Consistent with MAMs association with lipid production
and transport, these ER regions are heavily enriched in lipid biosynthesis enzymes when
compared against the bulk of the ER313,429,485,513,518,547. Experimental evidence also
indicates MAMs designate the sites of mitochondrial fission. The Voeltz group used
electron microscopy and tomography to generate three-dimensional structures of ER–
mitochondria contacts. In these studies, the authors followed the mitochondrial fission
process and found the mitochondrial constriction sites were associated with ER tubules
wrapping around the mitochondrial membrane, much like a lasso (Figure 1.3.B)120,140,305.
The tubular ER at these contact sites is hypothesized to play an early role constricting the
mitochondria and ultimately provide a scaffold for the division machinery120,140,424.
In mammalian cells, the ER-mitochondrial contact sites have been found to serve
as a major calcium-signaling hub, where the controlled exchange of calcium from the ER
to the mitochondria regulates apoptosis and is important for mitochondrial functions.
Calcium release from the ER to the mitochondria serves several specific purposes
including 1) production of a localized area of highly concentrated Ca2+ for mitochondrial
membrane proteins that require Ca2+, but the proteins do not have a Kd high enough to
bind calcium at cytoplasmic concentrations, 2) maintaining mitochondrial morphology,
mobility, and fission through a repertoire of calcium regulated proteins 3) and activation
of apoptosis through localized Ca2+ flux promoting the mitochondrial permeability
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transition pore to open resulting in cytochrome c release and proliferation of the caspase
cascade31,53,175,253,412,424. Furthermore, ER-localized MAM has been described as
preferred locale for autophagic initiation. After induction of autophagy, MAM-proximal
ER membranes produce an ER-derived cup structure that serves to coordinate
autophagopore development into a mature autophagosome as well as function to
assemble early autophagic machinery210,498,512.
Another cellular structure that interacts with the ER is the plasma membrane
(PM). ER-PM contact sites serve as sites for phosphatidylinositol (PI)
metabolism32,155,479,480, phosphoinositide signaling94,479,561, maintenance of reticular ER
morphology 67,561, non-vesicular transfer of sterols32,285, and regulation of Ca2+ levels in
both the ER and PM2,58,155,477,480. The close association of these organelles was revealed
in EM studies of budding yeast, in which 20%– 45% of the cytoplasmic face of the PM
was within tethering distance of the ER379,538. Levels of the signaling molecule
phosphatidylinositol 4-phosphate (PI4P) are also regulated at ER-PM contact sites
through sterol and phosphoinositol phosphate exchange proteins, like the Osh family
(oxysterol-binding homology protein family) and integral ER VAP proteins155,479,561. As
with MAM sites, ER-PM interaction sites serve as a calcium-signaling hubs, where
depleted ER stores are replenished by extracellular sources through the formation of PM
Ca2+ channels154,420,468,480. The ER-localized stromal interaction molecule (STIM1/2)
proteins serve as ER calcium sensors and upon Ca2+ depletion, Ca2+ is transferred from
the PM through a process known as store-operated calcium entry (SOCE), which sustains
prolonged Ca2+ transfer and refills internal stock piles 67. Under low Ca2+ conditions, the
STIM proteins oligomerize at the ER-PM contact sites and then interact with plasma
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membrane localized store-operated ORAI Ca2+ channels to form a Ca2+-releasedactivated-Ca2+ influx (CRAC) channel, enabling Ca2+ transfer from the PM to the
ER292,420,468. The coupling of STIM proteins with ORAI1 channels fundamentally relies
on the structural ER proteins such as the reticulons. In the absence of Reticulon 4, a loss
of ER tubulation and a redistribution of STIM1 to ER sheets was observed, which
presumably limits STIM-ORAI interactions 239. These Rtn4-KO (knockout) cells are
unable to sustain elevated cytoplasmic Ca2+ levels via SOCE, resulting in cells that were
more resistant to apoptosis resulting from Ca2+ overload239.
The ER and Golgi form a number of membrane contacts to regulate the transfer of
secreted proteins and lipids between the two organelles. These ER-Golgi interaction sites
facilitate COPII-mediated anterograde trafficking, COPI-mediated retrograde transit, and
non-vesicular lipid transfer between apposed membranes. Electron tomography studies
on ER interactions with organelles demonstrated the extensive contact regions between
endosomes and ER tubules within animal cells (Figure 1.3.C). ER-endosome contact sites
are proposed to function in lipid and sterol exchange, as sustained interaction between
early endosomes and the ER has been observed with live confocal fluorescence
microscopy120,142,237. Late endosomes (LE) have also been observed in association with
the ER, which was remarkably regulated by LE cholesterol levels, with increased
cholesterol concentration promoting ER-LE association415. Peroxisomes are also closely
associated with the ER as much of the donor material, both membrane proteins and lipids,
is derived from the ER302,303. Peroxisome formation relies on transfer of ER-derived
material through both vesicular and non-vesicular transfer mechanisms. Intriguingly, live
cell imaging of ER budding in a cell-free in vitro assay revealed vesicles rich in
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peroxisome-associated membrane proteins that would fuse with other ER-derived
vesicles producing new peroxisome-like compartments6,560. The observation that
peroxisomes were ER-derived demonstrated the ER’s fascinating capacity to generate
morphologically and functionally divergent organelles120. With this meshwork of tubules
serving as the contact points to many of the aforementioned cellular organelles, it is not
surprising that tubular ER would represents the most dynamic ER subdomain. The ER
needs to be able to promptly adapt to the shifting needs of a stressed or stimulated cell.
This is driven by microtubule and myosin networks, that produce movements like tubule
extension, retraction, branching, and forming intersections with ER structures49,142,500,531
(Figure 1.3.D.).

1.1.3. Rough ER sheets and the nuclear envelope.
In contrast to the dynamic ER tubules, both the rough ER sheets and NE form
more persistent structures, adopting a consistently organized form. The NE is composed
of two large flat membrane bilayers separated by a perinuclear space of ~40-50nM that
separates the outer and inner nuclear membranes (ONM/INM) 195,524 (Figure 1.4.Top
panel). These bilayers remain connected through nuclear pores and the linker of
nucleoskeleton and cytoskeleton (LINC) complex, which maintains a constant distance
between the inner and outer membranes (Figure 1.4. Bottom panels)195,400. This structural
complex maintains the NE overall architecture through the SUN complex (Sad1 and
UNC-84), which is present within the inner nuclear membrane, interacting with KASH
(klarsicht, ANC-1, and syne-1/nesprin homology) domain proteins of the ONM nuclear
membrane (Figure 1.4. Bottom left panel). These protein-protein interactions result in a
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protein bridge spanning across both NE membranes to maintain space and
structure63,328,366,406,472.

Figure 1.4. Maintaining rough ER sheets and the nuclear envelope structure.
(Top) Schematic diagram showing the continuous lumen between the nuclear envelope
and the ER network. (Bottom) Enlargements of the boxed areas outlined in (A), showing
the structure of the nuclear pore complex with ER-membrane sculpting reticulons (green)
(Bottom left) and LINC complex (Bottom right). Blue circles on rough ER represent
ribosomes, INM, inner nuclear membrane; ONM, outer nuclear membrane. Reproduced
with permission from Goyal and Blackstone, 2013164.
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The LINC complex also serves as a NE connection to the nuclear lamina and to the
cytoplasmic cytoskeleton406,474,526. The expansive flat regions of the NE are further
supported through interactions with the nuclear lamina and chromatin (Figure 1.4.
Bottom right panel)195,289,524. Interestingly, although structural proteins like
DP1/REEP/Yop1 and reticulon families are predominantly excluded from flat faces of
the cisternae except at their sharply curved edges, nuclear pore formation requires these
proteins (Figure 1.2.C, 1.4. Bottom left panel) 101,400. It was proposed that these
predominantly ER tubule localized proteins are required at nuclear pores to generate the
necessary membrane curvature and aide in stabilizing these regions101,499,551.
The ONM of the NE extends out into the cytoplasm as a tubular network and a
large system of flat cisternal-stacked sheets, which are often closely associated with the
NE in the perinuclear area. The sheets often adopt a ‘pancake pile’ arrangement, where
the sheets are organized in parallel stacks connected by twisted membrane surfaces to
maximize packing efficiency (Figure 1.4. Top panel). These properties are important for
this particular ER subdomain’s critical role in protein production and folding. Further
evidence of the relationship between ER morphology prevalence and function can be
observed in pervasiveness of rough ER in professional secretory cells, like plasma cells
and pancreatic cells in which protein secretion is the predominate function457. These ER
sheets are coated with polyribosomes, which give the ER subdomain the moniker rough
ER. Ribosomes are clearly observed studding the highly organized membrane stacks in
EM images392,458,519. Other than polyribosomes, ER sheets are heavily enriched in
translocon proteins like Sec61, which facilitate protein transport across membranes. Both
translocon complexes and polyribosomes are proposed to help stabilize and maintain ER
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sheets. Further support for these conclusions come from studies using puromycin
treatment to displace ribosomes from cisternae, which ultimately resulted in increased
tubule formation141,393.
These observations along with studies in S. cerevisiae lead to a model where
relative ratio of phospholipids and curvature-stabilizing proteins determines the relative
abundance of tubules and sheets502. If more ER tubule curvature-stabilizing proteins are
present, then more tubules are generated, but inversely if ER sheet proteins predominate,
then the protein ratio favors sheet formation. Proteins favoring sheet formation over ER
tubules include coiled-coil proteins kinectin, p180, Climp-63 (cytoskeleton linking
membrane protein formerly p63), and human TMEM170A (Figure 1.5.B)84,289,519. These
proteins are integral membrane proteins that localize to the rough ER, but are excluded
from the NE membrane with the exception of TMEM170A, which is present in both
locations. The importance of this structural membrane protein ratio was further
demonstrated by experiments in which knockdown of p180 led to an increase in ER
tubules, whereas knockdown of Dp1/Yop1p and the reticulons lead to an increase of ER
sheets. Knockdown of many of the aforementioned rough ER proteins or overexpression
of ER tubule proteins such as reticulons results in sheet depletion and an increase in
tubules (Figure 1.5.A)289,458. Interestingly, Climp63 depletion does not affect the ratio of
ER structures, but overexpression results in an intense increase in sheets and a reduction
in tubules (Figure 1.5.B), suggesting that these proteins function in opposition to the
reticulon/Dp1/Yop1 families. Simultaneous overexpression of a sheet-promoting ER
protein, Climp-63, and a ER tubule protein, Reticulon 4, normalizes the tubule to sheet
ratio (Figure 1.5.C). These studies support the model in which ER subdomain structure
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and prevalence within a cell results from the localization and ratio of structural ER tubule
or sheet-associated proteins.

Figure 1.5. Ratio of structural ER tubule proteins relative to ER sheet shaping
proteins determines prevalence each type of ER structure.457
(A) The localization of endogenous Rtn4a/b (green) is compared with that of Climp63
(red) using indirect immunofluorescence with specific antibodies in COS7 cells. The
insets show enlargements of the boxed region. Arrows point to reticulons lining the
sheets. The far-right panel shows merged images. Scale bar, 10 mm. (B) As in (A) but
with cells overexpressing FLAG-Climp63. (C) Myc-Rtn4a and FLAG-Climp63 were
both highly expressed in COS7 cells. The far-right panel shows a merged image. Note
that the ER morphology is almost normal. Reproduced with permission from Shibata et
al, 2010457.

16

1.1.4. Reticulon family
Reticulons (Rtn) are an ancient family of membrane-associated proteins present
throughout all eukaryotic cells. This family of proteins is evolutionarily conserved from
yeast to humans551, with four subfamilies in mammalian cells549. Reticulon subfamilies
each have multiple spliced forms, yielding multiple isoforms for each group.
Complicating matters is that Rtn subfamilies, even isoforms within the same subfamily,
display highly divergent levels of protein expression dependent on cell types and origin.
Although there are a wide assortment of reticulon isoforms that can be produced by any
one cell, each isoform maintains the conserved reticulon homology domain (RHD)
structural feature at its C-terminus, suggesting the array of reticulons have evolved
species-and cell-type-specific roles (Figure 1.6.A)441. As such, reticulons have been
shown to play a role in membrane trafficking, cytoskeletal rearrangement, endoplasmic
reticulum curvature, apoptosis, viral restriction, autophagy, adhesion, ER-phagy, and
regulation of migration of endothelial and vascular cells75,103,108,166,169,416,439,545,551,568. To
adapt to these many functions, reticulons are found in various topological conformations
(Figure 1.6.B)551. Reticulons share a conserved common carboxy-terminal domain
known as the reticulon homology domain (RHD) consisting of two hydrophobic
transmembrane domains bordering a 60-70 hydrophilic amino acid loop57,268,353.
Although the structure of these transmembrane domains is the subject of debate, it is
believed that the transmembrane domains adopt hairpin like turns within the membrane,
as indicated by a 30-35 amino acid hydrophobic transmembrane domain, relative to the
traditional 20 amino acid membrane spanning helix (Figure 1.6.B). This structure places
the bulk of the hydrophobic regions in the outer leaflet of the phospholipid bilayer
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(Figure 1.6.B, structure #2, #3), thus driving membrane curvature through a wedging
mechanism.

#1

#2

#3

Figure 1.6. Reticulon family and membrane topology.
The structure and membrane topology of the reticulon family. (a) Structure of reticulons,
aligned by C-terminus RHD (Reticulon homology domain), which consists of two
membrane-anchored hydrophobic regions (black ovals) sandwiching a hydrophilic region
(grey oval). Numbers indicate exons that encode designated protein segment. (b) Possible
topologies of reticulon proteins within ER or plasma membranes. Although eight or more
conformations are possible, the three depicted represent topologies supported by
experimental evidence. Topologies are presumed to vary across cell types and differ
depending on the type of membrane the reticulon is localized to. Reproduced with
permission from Yang and Strittmatter, 2007551.
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Other proposed structures of the RHD have either the carboxy terminus transmembrane
region or both transmembrane regions spanning the entire length of the bilayer, suggested
through antibody access to reticulon domains experiments and predicted secondary
structures (Figure 1.6.B, structures #1, #2)190,268,499,551. Contrary to the structurally
conserved RHD, the amino termini of reticulons share little sequence homology and are
highly divergent in size (Figure 1.6.A). Despite these differences, this family of proteins
predominantly localizes to regions of high curvature in the ER, including the tubular ER,
the curved edges of cisternae, and edges of NE pore sites (Figure 1.2.B,C; Figure 1.4.
Bottom left panel; Figure 1.5.B). This localization to the ER is mediated by the RHD as
reticulons do not contain an ER signal sequence and their localization only requires this
conserved domain80,439,551. A fraction, typically less than >10%, of the reticulon
population is detected at the plasma membrane with the amino termini present on the cell
exterior according to antibody profiling110. This population of reticulons has been
implicated in neurite outgrowth inhibition and chemotaxis134,315,443,499.
Reticulon protein-interactions are important to their function throughout the cell,
but also reflect the vast array of cellular processes that the protein family functions in.
One of the most clinically important reticulon interactors is BACE1, the δ-secretase that
cleaves amyloid precursor protein (APP) into β-amyloid peptide (Aβ). This enzyme is
intimately involved in the development of Alzheimer’s disease and Rtn1, Rtn2, Rtn3 and
Rtn4 were all found to co-immunoprecipitate with BACE1189. Studies in which Rtn3 was
knocked down, Aβ peptide levels increased and conversely, when Rtn was overexpressed
the levels of Aβ was substantially reduced189,336,390. Researchers discovered that Rtn3 and
Rtn4 specifically utilize RHD structure to interact with BACE1 and inhibit Aβ
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production188,190,268,336. Clinically, it was discovered that Rtn3 was down regulated in the
frontal lobes of Alzheimer’s patients through a subtractive hybridization screen. This
suggests alterations to reticulon levels are in fact associated with this important
pathology555.
Another important group of reticulon interacting proteins are other
reticulons169,403,449,459,520. Both homo- and hetero-oligomers of reticulons have been
described in the literature459,570. The protein’s ability to homo- or hetero-oligomerize with
other Rtns is essential for preserving tubular ER morphology and maintaining fluid
membrane trafficking. The role of oligomers in trafficking was demonstrated in the
aforementioned FRAP studies, in which oligomerization deficient reticulon mutants
resulted in immobilization within the membrane. Furthermore reticulon interaction with
other cellular proteins is affected by their oligomerization status, with some interactions
preferentially occurring with Rtn monomers versus Rtn oligomers, such as the interaction
with BACE1 and Rtn3188,190,268,336. Although the reticulon field has struggled with the
breadth of reticulon associated functions, the connection between this protein family and
several debilitating, incurable, neurological diseases makes reticulons irresistible targets
for continued research and experimentation with therapeutic avenues, particularly in
neurology 134,549,551,555.

1.1.5. Reticulon 4
Reticulon 4 (Rtn4), also known as neurite outgrowth inhibitor (NOGO) or
neuroendocrine-specific protein (NSP), is transcribed from a 75kb gene with 9 major
exons. The gene encodes 10 known variants through differential splicing and promoter
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usage. Nogo A, B, C, and D also commonly referred to as Rtn4-A, B, C, and D are the
four most common isoforms, with at least one expressed in most mammalian cells
(Figure 1.7.A)499,551,559. Nogo/Rtn4-A is the largest isoform and is primarily expressed in
brain and spinal cord cells and has been well studied in neurobiology field due to its
functionally established role as a neurite outgrowth inhibitor. Rtn4-B is ubiquitously
expressed in cells, with the most prominent expression in endothelial, inflammatory, and
vascular smooth muscle cells. Nogo-C is the smallest of the three predominant isoforms
and is primarily expressed in neurons and skeletal muscle cells (Figure 1.7.A)442,499,520,570.
Reticulon 4 isoforms generate ER curvature through their RHD containing two conserved
hydrophobic hairpins inserted in the cytoplasmic leaflet of the lipid bilayer (Figure 1.7.
Bottom panel)570. Homo- and hetero-reticulon oligomers are believed to establish arc-like
scaffolds570. Nogo isoforms are predominantly ER localized (>95%), but many of the
functions attributed to the Rtn4 family in published literature originates from the small
portion of Nogo’s that are expressed at the cell surface499,520. The topology of Reticulon 4
within the membrane also varies depending on cellular localization and cell type as with
other reticulon family members (Figure 1.7.B). More recent research has begun to focus
on the Rtn4 family’s role within the peripheral tubular ER and its association with
debilitating and incurable neurodegenerative disorders like ALS (amyotrophic lateral
sclerosis), hereditary spastic paraplegia, and Alzheimer’s disease80,439,443,549.
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Figure 1.7. Protein structure and membrane topology of Rtn4/Nogo proteins.
(Top) A graphic outline of the structure for Nogo/Rtn4 isoforms Nogo-A, Nogo-B, and
Nogo-C. Several functional domains are indicated by colored sections. Nogo-A-Δ20
(blue) and Nogo-66 loop (red) are involved in neurite outgrowth inhibition and growth
cone collapse. Nogo-A-24 (green) increases binding affinity of Nogo-66 to Nogo receptor
1 (NgR1) and Nogo-C39 (orange), which seems to enhance Nogo growth inhibitory
properties relative to Nogo-66 alone. Nogo-66 is located between the transmembrane
domains (TM) and found in all three isoforms. The Δ20 domain is encoded by parts of
exon 3 and is specific to Nogo-A. (Bottom) Just as with other reticulons, multiple
topologies have been proposed for Rtn4 within the ER (left) or the plasma membrane
(right). Nogo-66 is present inside and outside of the ER lumen, suggesting the protein
adopts a ‘V’ or ‘W’ configuration relative to the membrane. At the plasma membrane,
both Nogo-A-Δ20 and Nogo-66 are extracellular. Reproduced with permission from
Kempf and Schwab, 2013246.
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The wealth of Rtn4-interacting proteins reveals insights into the evolving list of
Rtn4 functions. Rtn4 forms homo- and hetero-oligomers with other Rtns, particularly
Rtn3 and Rtn4, and interacts with Atlastin-1, a GTPase involved in tethering and homotypic membrane fusion and the formation of 3-way junctions (Figure 1.2.B)42,208,363,410,565.
Rtn4 also forms associations with the mitochondrial membrane associated anti-apoptotic
factors Bcl-2 and Bcl-XL493,525,568. ADP-ribosylation factor-like protein 6-interacting
protein 1 (Arl6IP1/ARMER) is another Rtn4 interactor that exhibits anti-apoptotic
activity, likely by modulating caspase-9300. Rtn4 also interacts with the cytoskeletal
protein alpha-tubulin and myelin basic protein499. An Rtn4b specific receptor, NogoB
receptor (NgBR/NPC2-interacting protein), has also been discovered. This receptor
interacts with the amino-terminal of Rtn4b and is important for cholesterol trafficking, as
NgBR deficiency results in increased intracellular cholesterol and impaired sterol
sensing182,315. Another Rtn4 receptor is the glycosylphosphatidylinositol (GPI)-linked
cell-surface Nogo-66 receptor (NgR). This receptor relies on binding Nogo-66, a 66-aa
loop within the RHD, to inhibit neuronal outgrowth upon receptor binding or cell
receptor mediated cell adhesion and chemotaxis after NgR binding NogoB52,137,315. Other
than Rtn4 localization to the ER, Rtn4 is further linked to the secretory system through
interactions with several sorting nexins and synaptotagmin-16419,536. The wealth of Rtn4
interacting proteins across several key cell processes, along with the proteins functional
and topological flexibility, indicate that there is likely still much to be uncovered by
studying reticulons 4, particularly in ER biology and specific neurological pathologies.
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1.2. Ubiquitination System
Post-translational modifications (PTMs) of proteins offer cells an opportunity to
vastly increase the functional scope and utility of its proteome. These modifications offer
a means of rapidly adapting cellular responses to quickly changing environments.
Ubiquitination is the process of adding ubiquitin, a 76 amino acid polypeptide or
~8.5kDa protein, to a substrate protein through the formation of an isopeptide bond
between the carboxy terminus of ubiquitin and a substrate protein often through a lysine
residue39,119,226,234,257,511. This PTM was discovered in the 1970s and is found in all
eukaryotic cells, but not bacteria or archea247,431. It represents one of the most important
and ubiquitous PTMs in addition to phosphorylation. Ubiquitination of proteins is a
reversible process that plays a crucial role in nearly all aspects of cellular biology,
including regulation, signaling, and proteasomal degradation. Ubiquitin conjugation to a
target protein can modulate target function and its ultimate fate within a cell98,217,381,465.
Addition of this large protein modification to target proteins can serve to signal a protein
for degradation by the proteasome, regulate enzymes, modulate protein trafficking and
subcellular localization, or alter protein-protein interactions and signaling
cascades226,247,250,257,432,563. The attachment of a single Ub moiety, termed
monoubiquitination, or the production of Ub chains, either branched or linear in structure,
termed polyubiquitination, provides clues to the modifications intent. For instance,
polyubiquitination of proteins typically target the substrates for degradation, either
through proteasomal or lysosomal systems97,144,562, whereas monoubiquitination is
involved in altering protein trafficking patterns198,402, enlargement of COPII vesicles for
large cargo transport 234, targeting proteins to the site of DNA repair197,564, viral

24

budding364,373,486, and also acting as a seeding event for the nucleation of protein
aggregates in neuronal plaques present in neurodegenerative diseases, such as
Parkinson’s and Alzheimers119.
This PTM is classically catalyzed by three enzymes: a ubiquitin-activating enzyme
(E1s), which activates ubiquitin in an ATP-dependent step; ubiquitin-conjugating enzyme
(E2s), which accepts activated ubiquitin from the E1; and ubiquitin ligase enzyme (E3s),
which accepts ubiquitin from the E2 and transfers it to a specific substrate protein (Figure
1.8.A)39,129,197,376,431,432. There several diverse categories of E3 Ub ligases, the most
variable and abundant class of Ub enzymes with several hundred being reported in
humans216. These enzymes can be classified as either 1) HECT (homologous to the E6AP
C-terminus) E3s that use a cysteine residue to directly accept charged Ub from an E2
prior to Ub ligation to a substrate, 2) RING (really interesting new gene)/U-box
(RING/U-box) E3s, which act primarily as a Ub scaffold recruiting a Ub charged E2 and
substrate to promote direct transfer from the E2 to the substrate, 3) F-box containing
proteins, which function similar to RING ligases, 4) NEL (Novel E3 Ligase) E3 ligase,
which is structurally divergent from other ligases, but functions similarly to HECT Ub
conjugation, or finally 5) SidC, an L. pneumophila T4SS translocated proteins with a
highly unconventional Ub ligase fold unlike any other described E3 (Figure
1.8.B)106,183,206,216,389,432. E3 enzymes are responsible for positioning substrates for
ubiquitination and determining the Ub chain linkage. E3 RING ligases rely on the
recruited E2 to dictate Ub linkage106,183,377, whereas HECT E3s encode the Ub linkage
preference through a C-terminal lobe in the E391,249.
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Figure 1.8. Ub conjugation/deconjugation system and classes of Ub ligases (E3s).
(A) The reversible ubiquitination process relies on a series of enzymes. The
ubiquitination cascade can be divided into three distinct steps, with a different class of
enzyme catalyzing each step. Steps: 1) Ubiquitin-activating enzymes (E1, purple
rectangle) utilize energy from ATP hydrolysis (to AMP and PPi) to form a covalent
thioester linkage with the C-terminus of Ubiquitin (Ub, small orange circle). 2) Activated
Ub is transferred to a cysteine residue on a Ub-conjugating enzyme (E2, green rectangle
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with semi-circle cut out). 3) Lastly, an E2 complexes with a ubiquitin ligase (E3, blue
oval) that coordinates covalent attachment of Ub or Ub chains to a substrate protein (grey
box labeled substrate). Reversal of the substrate ubiquitination is catalyzed by proteases
called deubiquitinase (DUB, pink ‘Pac-man’ shape ) enzymes that deconjugate ubiquitin
or ubiquitin chains from substrates. (B) There are several classes of E3 ligases that are
differentiated by structure and mechanism used to coordinate Ub ligation with E2
enzymes. A schematic showing the Ub transfer from E2 to substrate protein for each E3
class is shown. For simplicity, the substrate protein is shown with only one Ub molecule
attached. The HECT-type E3 ligase is composed of an N- and C-terminal lobe. Ubiquitin
is transferred from the E2 to a cysteine residue in the C-lobe before its final attachment to
the substrate protein, which is bound by the substrate-binding domain (SBD). RING/Ubox-type E3 ligases do not form a stable intermediate with ubiquitin, rather they serve as
a scaffold to arbitrate Ub transfer directly from an E2 to the substrate. F-box (Fbx)
domain-containing proteins interact with the SCF complex (Skp1, Cul1, and the E3 ligase
Rbx1) to bind a substrate protein and facilitate ubiquitin transfer. NEL E3 ligases, rely on
a mechanism similar to HECT ligases. An N-terminal leucine-rich repeat (LRR) domain
in NEL enzymes enables substrate binding and a transient Ub intermediate forms with a
cysteine in the NEL domain prior to transfer to the bound substrate. XL-box-containing
E3 ligases are similar to RING/U-box-type E3 ligase in that they facilitate substrate
ubiquitination without the formation of a stable Ub intermediate and mimic NEL ligases
with an the N-terminal LRR domain to mediate substrate interaction. SidC, a L.
pneumophila T4SS translocated protein, contains a completely divergent N-terminal E3
ligase structure (SNL), unlike any known E3s ligases. The SNL domain relies on host cell
E2s to facilitate substrate ubiquitination and a C-terminal domain (P4C) that serves to
link SidC to PI(4)P-containing membranes like the Legionella-containing vacuole (LCV).
Adapted and reproduced with permission from Lin and Machner, 2017290. Main panel
from figure 1 was combined with figure 2. Smaller panels from figure 1 (E3/DUB
enzyme lists and Ub linkage outcomes) were excluded for simplicity.
As mentioned earlier, the addition of a single ubiquitin molecule constitutes
monoubiquitination, whereas the addition of a single ubiquitin molecule at several
different target residues is termed multi-monoubiquitination. The formation of polymeric
ubiquitin chains occurs through ubiquitin attachment to one of the seven-lysine residues
in an additional ubiquitin molecule12,197,257,432,478. These chains can be composed of two
to more than ten ubiquitin moieties and result in homotypic, heterotypic, or branched
linkages between lysine residues on subsequent ubiquitin molecules3,160,257. These
varying topologies and chain lengths trigger distinct outcomes for proteins,
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demonstrating ubiquitination versatility as a cellular code for storing and communicating
information regarding modified proteins3,132,247,257,432.
Monoubiquitination and multi-monoubiquitination induce unique responses relative
to the various cues from polyubiquitin chains, which are more classically associated with
tagging proteins for degradation by the proteasome, lysosome, and initiating signaling
cascades/complexes 173,197,209,234,297. Monoubiquitination plays a role in membrane
receptor endocytosis197,234,257,297,478,515,523, enlargement of vesicles for large cargo
transport234, cell cycle progression278,446, lipid droplet clustering297, trafficking between
vesicular compartments421,431, and histone monoubiquitination is important for normal
meiosis of a cell197. One particularly interesting case of monoubiquitination regulation is
through targeting the COPII component, Sec31. Monoubiquitination of Sec31 is believed
to control the size and function of a vesicle coat needed to accommodate oversized procollagen filaments and other large cargo234. This PTM system also has important
implications in various pathologies including Fanconi anemia372,563,564, retroviral
budding197,421, Listeria internalization478,515, and several neurodegenerative diseases, like
Parkinson’s disease39,86,376,421. In the case of Parkinson’s disease, the pathology is
characterized by death of in dopaminergic neurons and the presence of inclusion bodies,
known as Lewy bodies. Monoubiquitinated α-synuclein is a primary component of Lewy
bodies and the PTM is believed to act as a seeding event for the formation of these
inclusion bodies119,423. Furthermore, the α-synuclein monoubiquitination appears to code
for different degradation rates dependent on the substrate residue targeted for Ub
addition3. Monoubiquitination serves as a distinct cellular PTM resulting in circumstance
specific protein responses. Due to this system variability, crucial details on how the
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monoubiquitin signal serves to alter a protein’s structure, localization, and/or enzymatic
activity remain to be discovered.

1.3. Autophagy and the ER
Autophagy is an evolutionarily conserved self-degradative/recycling pathway that
governs the turnover of long-lived, misfolded, or aggregated proteins and organelles
through lysosomal degradation36,127,235,320,430. This catabolic pathway traffics substrates,
such as cytoplasmic content, dysfunctional organelles, aggregated proteins, and microbial
pathogens to lysosomes for degradation by hydrolytic enzymes. Lysosomal degradation
generates metabolites that are reused by the cell for energy and the synthesis of new
macromolecules430,451. Several autophagic pathways exist, exhibiting variations on their
cargo and route to lysosomes. They can be categorized as the non-selective degradation
pathways of macroautophagy and microautophagy, along with the signal- specific
degradation through chaperone-mediated autophagy (Figure 1.9)147,407. Macroautophagy,
which from here on out will simply be referred to as ‘autophagy’, is the cellular process
of ‘self-eating’, in which proteins and organelles from the cytoplasm are degraded in a
highly coordinated fashion through autophagosome sequestration in a multi-membrane
vacuole (Figure 1.9.A)323,498,552. On the other hand, microautophagy involves the direct
engulfment of cytosolic components by the lysosomes, in mammals, or vacuoles, in plant
and fungi284,434,463. The lysosome/vacuolar membrane invaginates, engulfing cytosolic
components, including organelles like peroxisomes and the nucleus (Figure
1.9.C)193,205,206,224. The last autophagic branch is the selective chaperone-mediated
autophagy, which is specific for the degradation of soluble cytosolic proteins with a
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‘‘KFERQ’’ motif, and no lipid or organelles are turned over via this pathway (Figure
1.9.B)96,109,283,331,370. The molecular chaperone, heat shock cognate protein of 70 kDa
(Hsc70), interacts with the pathway receptor, the lysosome-associated membrane protein
type 2A (LAMP-2A), to facilitate direct transfer of these proteins across the lysosomal
membrane (Figure 1.9.B)19,34,96,243,258,283,362.

Figure 1.9. Macroautophagy, Chaperone-mediated autophagy, and
microautophagy.
The three major classes of autophagy have been described (a) macroautophagy, also
simply autophagy, is a process in which double-membrane vesicles sequester cytosolic
components in an autophagosome compartment. Mature autophagosomes then fuse with
lysosomes exposing the luminal contents to lysosomal hydrolytic enzymes. Degraded
contents serve as recycled metabolites that are transported back into the cytoplasm for
energy or macromolecule building blocks. (b) Chaperone-mediated autophagy (CMA)
targets proteins carrying the pentapeptide KFERQ-like sequence, which is recognized by
the Hsc70 chaperone that then associates with the lysosomal integral membrane proteins
LAMP-2A. This interaction triggers LAMP-2 oligomerization, promoting translocation
of the KFERQ protein into the lysosome interior through a process that requires Hsc70.
(c) Microautophagy is a process in which targeted material (red circles) is recruited to in
proximity of the lysosomal membrane and the lysosome membrane then invaginates and
pinches off bringing the material into the lysosome interior. Reproduced with permission
from Boya, Reggiori, and Codogno, 201355.
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Each of these processes is critical for cellular homeostasis and is considered a
survival or adaptive process, since each pathway is induced upon cellular stress,
including starvation, chemical perturbations, or the presence of infectious agents. As
such, autophagy is linked to numerous physiological and pathological conditions, such as
programmed cell death104,127,136,296,333,346, cancer20,102,264,269,287,495, innate and adaptive
immunity to pathogens62,105,235,282,318, neurodegenerative maladies20,436,505, and
myopathies114,438,462.
Macroautophagy has been best characterized in yeast. After signaling initiates the
autophagic process in yeast, Atg (autophagy) proteins accumulate at a single specialized
site termed the phagophore assembly site or pre-autophagosomal structure (PAS). An
equivalent structure in mammalian cells has not been described, as autophagosomes
appear to develop at multiple ER-associated sites throughout the cell, potentially
explaining the multiple phagophore membrane sources that have been reported in the
literature36,178,460. Numerous studies have demonstrated an intimacy between
autophagosome biogenesis and ER structures, in which the ER provides a membrane
platform for scaffolding of autophagosomal machinery, promotes expansion of
isolation/autophagosome membranes, and budding of mature autophagosomes26,165,177.
ERES165,437, ERGIC152,171, and ER-mitochondrial contact sites (MAMs)149,174,177,305,312
have been implicated as preferred phagopore initiation sites as well as membrane source
material for developing autophagosomes. During initiation of autophagy by starvation in
mammalian cells, the SNARE (soluble N-ethylmaleimide-sensitive factor-attachment
protein receptors) protein syntaxin-17 (Stx17) interacts with homo-oligomers of Atg14L,
Beclin 1-associated autophagy-related key regulator, to form an autophagy-specific
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phosphatidylinositol 3-kinase complex, PI3KC3-C1128,222,311,338,570. Atg14L accumulation
and oligomerization occurs on the ER at MAM sites (Figure 1.10.A)177. The Atg14L
relocalization from the Golgi to the ER promotes Atg14 homo-oligomerization, which is
important for early autophagosome biogenesis. Studies found both MAM and ERGIC
disruption resulted in defuse Atg14L ER localization and subsequent autophagosome
formation defects152,177,334,460.

Figure 1.10. Autophagy initiation, formation and expansion of the isolation
membrane.
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(A) Upon transmission of a starvation signal through the mammalian target of rapamycin
complex 1 (mTORC1) – UNC51-like kinase (ULK; comprising ULK1 and ULK2)
complex axis, the endoplasmic reticulum (ER) resident protein syntaxin 17 (STX17) is
activated and binds autophagy-related 14-like protein (ATG14L), a subunit of the class
III autophagy-specific PI3K complex that contains Beclin 1, p150 and the PI3K vacuolar
protein sorting 34 (VPS34). This complex then translocates to the ER–mitochondria
contact site, where PI3K locally produces phosphatidylinositol-3-phosphate
(PtdIns(3)P)81 (not shown). This triggers deformation of the ER membrane, which leads
to the recruitment of the ULK complex and PtdIns(3)P effectors such as double FYVEcontaining protein 1 (DFCP1) and WD-repeat domain phosphoinositide-interacting g 2
(WIPI2). This results in the formation of the omegasome to create the isolation
membrane (pink). This region of the ER membrane also contains vacuole membrane
protein 1 (VMP1). Mitofusin 2 (MFN2) and phosphofurin acidic cluster sorting protein 2
(PACS2) are components of the mitochondria contact site and are essential for its
formation. (B) The initiation of autophagy at the omegasome requires the UNC51-like
kinase (ULK) complex (which contains the Ser/Thr kinases ULK1 and/or ULK2,
ATG13, FAK family kinase-interacting protein of 200 kDa (FIP200) and ATG101) and
the class III PI3K complex. These complexes have been proposed to be delivered to the
isolation membrane from a protein scaffold platform that is created by the EXO84containing exocyst subcomplex, which is activated by GTP exchange on RALB10 .
AMBRA1 (activating molecule in Beclin 1-related autophagy 1) is likely to associate
with the PI3K complex at the omegasome. The omegasome is a membrane platform that
is connected to the endoplasmic reticulum (ER) and is identified by the presence of
double FYVE-containing protein 1 (DFCP1). The isolation membrane grows out of the
omegasome platform76 (pink). DFCP1 is mobilized from the Golgi. VMP1 (vacuole
membrane protein 1) is a multi-spanning ER and Golgi membrane protein that promotes
Beclin 1 recruitment to the ER (not shown). WIPI2 (WD-repeat domain
phosphoinositide-interacting 2) is an autophagy-related (ATG) protein and a
phosphatidylinositol-3-phosphate (PtdIns(3)P) effector that is recruited to the
omegasome. ATG9-postitive vesicles that originate from the ATG9 compartment 45–47
provide membrane to the isolation membrane in a manner dependent on ULK1 activity.
ATG14L associates with the membrane and helps to direct the PI3K complex to the
omegasome. (C) Coat protein complex II (COPII) vesicle traffic from the ER– Golgi
intermediate compartment (ERGIC) is required for LC3 lipidation (to form LC3-II) and
autophagosome formation. Further membrane is contributed to the isolation membrane
by vesicles from the Golgi. This vesicular traffic step delivers additional ATG9-positive
membranes and may involve a mammalian TRAPP (transport protein particle) complex,
as well as possibly RAB1 and RAB11. Additional evidence suggests that RAB33B 100
may also have a role in delivering vesicles to the isolation membrane by interacting with
the ATG16L1 complex. Adapted with permission from Lamb et al, 2013274 by combining
figures 2 and figure 3.
In mammals, PAS-like sites develops at ER regions enriched in
phosphatidylinositol-3-phosphate (PI3P) and accumulate the PI3P-binding protein
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DFCP1 (Figure 1.10.A-C)210,311,490. The formation of the Atg14L-SNARE complex
positively regulates the formation of the DFCP1-positive ER cradle at sites termed
omegasomes (Figure 1.10.A). The name was derived from microscopy studies in which
DFCP1 localization generated ~1 µm diameter Ω-shaped rings on the ER26,210,498. From
these PI3P- ATG14L-rich regions of the ER, LC3-positive isolation membranes, also
called phagopores or pre-autophagosomes, emerge from within the omegasome ring and
extend out from the center. Narrow membrane extensions interconnect ER sheets with the
isolation membrane. These sheets were observed tightly sandwiching the forming
crescent isolation membrane and are proposed to stimulate and guide isolation membrane
development and elongation (Figure 1.10.A)512,553. The observation of tight physical links
between the ER and developing phagopore, along with the fact that 70% of formed
autophagosomes were discovered to contain sections of the ER, support the idea that this
ER cradle and the omegasome actually represent the same structure186,553. Furthermore,
these ER interaction sites with the isolation membrane are proposed to mediate lipid
transfer to budding autophagosomes directly from the ER membrane. Although there is
strong precedence for the role of the ER in autophagosome biogenesis, other lipid sources
including mitochondria, Golgi, and the plasma membrane have also been implicated as
membrane donors152,171,174,177,405.
Two ubiquitin-like systems carefully regulate the autophagic process. The first
Ub-like system is the Atg12-Atg5-Atg16L1 complex, which associates with the forming
isolation membrane enhancing localized LC3 lipidation. The second Ub-like system is
that of LC3 lipidation. In this reaction, the lipid phosphatidylethanolamine (PE) is
conjugated to cytosolic ATG8 homologues, as detailed below 153,321,358,497,498. These Ub-
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like systems along with the transmembrane protein Atg9, Rab32, and
Rab33b13,74,200,225,566 promote membrane expansion and elongation allowing the double
membrane ‘cup’ to engulf cytoplasmic components or organelles, including targets such
as the ER and mitochondria (Figure 1.10.B,C)127,158,371,407. After the isolation membranes
fuse together, effectively closing the membranous ‘cup’, an autophagosome is formed
(Figure 1.11). As autophagosomes arise throughout the cytoplasm they traffic along
microtubules toward lysosomes amassed around the perinuclear area130,229. Once in close
proximity, oligomeric ATG14 utilizes its membrane tethering, and fusion-enhancing
activities, in complex with SNAREs STX17 and SNAP29 on the cytosolic-facing
autophagosome membrane. This complex primes the vacuole for interaction with
VAMP8 to induce autophagosome-endolysosome fusion107,223,489, resulting in the
formation of an autolysosome107,214,224,293. In this compartment the luminal content of the
vacuole is then degraded by lysosomal proteases, generating metabolites for reuse by the
cell.
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Figure 1.11. The autophagic process with associated marker proteins for each phase.
A few protein complexes that specially accumulate in different stages of autophagy can
be employed to monitor autophagic flux. At the beginning of autophagy, a phagophore
originating from the phagophore assembly site (PAS) with initial complexes containing
ULK and PI3K Class III, forming with structures known as omegasomes (see Figure
1.10.). The elongating phagophore membrane is associated with lipidated LC3 (LC3-II)
and cargo receptors like p62 and optineurin (OPTN) (see also Figure 1.16.B) and the
membrane ultimately fuses with itself to seal cytosolic cargo in a double-membrane
structure called an autophagosome. The autophagosome membrane remains associated
with lipidated LC3 and cargo receptors. Next, the autophagosome membrane fuses with
the lysosome to generate an acidic autolysosome compartment labeled with LAMP1/LAMP-2 and Rab7. After a degradation of autolysosome contents by lysosomal
hydrolases, the degraded components are recycled back to the cell as amino acids,
glucose, and lipids, for macromolecule synthesis and maintenance of cellular
homeostasis. LAMP, lysosome-associated membrane protein; MDC,
monodansylcadaverine; PI3K, phosphoinositide 3-kinase; ULK, Unc-51-like kinase,
OPTN, optineurin; LC3-I, cytosolic LC3; LC3-II, membrane associated LC3 conjugated
to phosphatidylethanolamine (PE). Reproduced with permission from Wang et al,
2017528.
As mentioned previously, the process of isolation membrane elongation during
autophagosome development is regulated by two critical ubiquitination-like
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reactions64,247,321,386,540. The first reaction employs the Ub-like moiety Atg12, which is
conjugated to Atg5 by Atg7, an E1-like Ub-activating enzyme, and by Atg10, E2-like
Ub-conjugating enzyme. This complex then interacts with Atg16L1 resulting in
association of the protein complex with nascent phagopores (Figure 1.10.C), followed by
dissociation from mature autophagosomes153,247,428. The second Ub-like reaction
regulating autophagy depends on the conjugation of Ub-like molecules from the Atg8
family to the lipid moiety phosphatidylethanolamine (PE). This family of Ub-like
modifiers is composed of three subfamilies: LC3, GABARAP and GATE-16. The E1like Atg7 and the E2-like Atg3, conjugate cytosolic LC3 (LC3-I), also referred to as the
microtubule-associated protein 1 light chain 3 (MAP-LC3 or Atg8), to PE, producing a
membrane bound LC3-II (Figure 1.10.C). It has also been proposed that the LC3 ligation
to PE is enhanced by the E3-like activity of the Atg5–Atg12 complex, which may also
help dictate autophagosome synthesis sites. Unlike the Atg5–Atg12–Atg16L1 ternary
complex, the lipidated LC3 (LC3-II) remains in association with mature autophagosomes
through their fusion with lysosomes. Lysosomal fusion results in the degradation of LC3II present within the autolysosomes, while cytoplasm-facing LC3-II is recycled back into
the system as LC3-I after de-lipidation.
A simplified outlook on this process indicates Atg5–Atg12–Atg16L1-positive
LC3-positive structures are phagopores, whereas Atg5–Atg12–Atg16L1-negative LC3positive vesicles are regarded as mature autophagosomes451,498. These streamlined
definitions do not account for intermediate structures that arise during the process. Much
like the oversimplification of ER structures and subdomains, this simplified classification
results in a piecemeal understanding of the structure, shape, and protein composition of
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the autophagy membranes during their development428. A commonly utilized method for
measuring induction of the autophagic pathway employs the LC3-PE ligation process.
Increases in LC3-II relative to a housekeeping control protein are frequently used as a
readout for autophagy induction30,322,323,556. Previously a comparison of LC3-I to LC3-II
ratios was also considered a diagnostic readout for autophagy, but a thorough
examination of the system revealed that antibodies often show higher affinity for LC3-II
species. Consequently the ratio between the two species is not an accurate reflection of
the amount of cytosolic to membrane-bound LC3. In addition, the appearance and levels
of LC3-I are highly variable by cell type and treatment condition often leading to false
positives233. Other established tools include the following: electron microscopy (EM) for
autophagic structures43,554, and ELISA357 for LC3-II levels; immunoblotting for p62
degradation46,368; fluorescence microscopy for LC3 puncta233,391,401; autophagosome and
autolysosome detection using flow cytometry451,529. Finally, there is an extensive
catalogue of fluorescent reporters used to monitor localization changes in autophagic
markers along with pH changes in the vesicular compartment30,170,233,319,322,357,391,556.
Developing new methods, while improving classic techniques to monitor autophagic flux,
is critical to understanding this catabolic process in cellular homeostasis. Most important
is using these research tools to unravel the links between autophagy and host immunity or
neurodegenerative disorders.

1.4. ADP-ribosylation, a PTM, and bacterial toxin.
ADP-ribosylation, like ubiquitination and the Atg8 lipidation during autophagy, is
a reversible post-translational modification, in which ADP-ribose is added to a substrate
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protein at an arginine, lysine, cysteine, asparagine, or diphthamide (modified histidine)
residue280,466. β nicotinamide adenine dinucleotide (β-NAD+) acts as a cofactor for ADPribosyltransferases (ARTs), which cleave ADP-ribose from β-NAD+, releasing
nicotinamide, and transferring the ADP-ribose to a protein substrate (Figure 1.12)280.
This process can be partially reversed by ADP-ribosylhydrolases, which cleave the ADPribose from the substrate protein, leaving an unmodified target and free ADP-ribose, but
NAD+ is not regenerated in the process (Figure 1.12)93.

Figure 1.12. ADP-ribosylation of proteins.
Schematic representation of the enzyme-catalyzed reversible mono-ADP-ribosylation
reaction. The diagram shows the enzymatic cleavage of β-NAD+ by an ADPribosyltransferase facilitating the covalently attachment of ADP-ribose to the guanidine
group of an arginine residue and release of nicotinamide. The native arginine residue in a
target protein is restored by ADP-ribosylarginine hydrolase cleavage of the α-glycosidic
bond, releasing ADP-ribose. Reproduced with permission from Balducci et al, 2011 27.
These enzymes are present in both prokaryotes and eukaryotes. Prokaryotes
produce primarily mono ADP-ribosyltransferases. Eukaryotes harbor both poly ADP39

ribosylpolymerases (PARPs) and mono-ADP-ribosyltransferases (mono-ARTs) that add
either polymeric ADP-ribose chains or a single ADP-ribose moiety to a protein
respectively. Interestingly, enzymes for removal of ADP-ribose, like ADPribosylhydrolases (ADH) are curiously absent from certain genomes, including yeast,
flies, and worms 159,272,310. ART activity has been well studied in the context of
pathogenesis, since many bacterial pathogens produce ADP-ribosyltransferases that act as
toxins, crippling critical host proteins during infection. Actin, vimentin, RhoA,
elongation factors, and GTPases are just a few targets of bacterial
ARTs7,263,360,488,5037,263,503. The addition of ADP-ribose to a substrate protein typically
inactivates the target, often by blocking important interaction sites or catalytic activities,
such as hindering actin polymerization and GTP-to GDP cycling on GTPases 73,272,396.
Although ADP-ribosylation by prokaryotes is typically considered a means of eukaryotic
protein inactivation, there are many examples of the modification activating the target
protein, either directly (Cholera toxin) or indirectly by inactivating negative regulatory
proteins (Bordetella toxin) 272.

1.5. Glycation, Maillard reactions, and Advanced Glycation End products (AGE).
Glycation “is a chemical reaction involving primary and secondary aliphatic
amino groups of amino acids, peptides, amines, proteins, some phospholipids, and
carbonyl groups of reducing sugars as well as degradation products of carbohydrates,
lipids, and ascorbic acid” ((Nguyen, 2006) Figure 1.13)345. The reaction is so prevalent in
cooking, food preparation, and biological systems, including diabetes complications,
vision loss, and neurodegenerative disorders (Alzheimer’s), that you are likely already
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readily familiar with the reaction even if you did not know it. Browning bread and
charring steaks are both common food science examples of heated sugars reacting with
amino acids and undergoing a glycation reaction.

Figure 1.13. Possible pathways of advanced glycation end-products (AGE)
formation.
The classical pathway leading to the formation of AGE involves Schiff base and Amadori
products. The Amadori products can be transformed into reactive dicarbonyl products,
such as glucosones, and can be fragmented by oxidation (glycoxidation) to generate
pentosidine and Ne-carboxymethyl-lysine (CML). Reactive dicarbonyls can also be
generated from ketones, lipids, glycolysis, and inflammatory pathways. Representative
AGEs are presented here. CEL, Ne-carboxyethyl-lysine; 3-DG-imidazolone, 3deoxyglucosone-imidazolone; GA-pyridine, glycolaldehyde-pyridine; GLAP,
glyceraldehyde-related pyridinium; GOLD, glyoxal-derived lysine dimer; MGhydroimidazolone, methylglyoxal-derived hydroimidazolone; MOLD, methylglyoxalderived lysine dimer. Reproduced with permission from Yamamoto and Yamamoto,
2012548.
Of particular interest is the distinct effects glycation can have on the ubiquitin
proteasome system (UPS). Research has indicated the carbohydrate-based modification
can significantly impair the UPS in a cell, resulting in decreased turnover of targeted
proteins. This activity can be mediated by glycation of host proteins, glycation of UPS
enzymes, or by glycation of ubiquitin itself. Ub-related glycation significantly impairs
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enzymatic processing of ubiquitinated proteins as well as hindered proteasome
recognition of modified substrate proteins. This ultimately hinders a cells’ attempt to
clear glycated products, which can mature into advanced glycation end products (AGE)
that are associated with extensive protein crosslinking345,510. Glycated ubiquitin was also
inefficiently incorporated into ubiquitin conjugates by cellular enzymes blocking
ubiquitination initiation.

1.6. Pathogens interaction with the ER
Invasive pathogens such as viruses and intracellular bacteria utilize their host
cells to facilitate replication and pathogen expansion. During bacterial subversion of host
systems, pathogens interact with various host organelles to generate a replicationcompetent niche within the cell. Bacterial pathogens, such as Salmonella enterica,
Legionella pneumophila219,220,492, Brucella spp.70,163,475,476, Coxiella burnetti255,344,507,
Shigella flexneri329,440, and Francisella tularensis252,440, invade eukaryotic host cells
forming a membrane-bound vacuole that evades or delays endocytic maturation. The
pathogens manipulate host trafficking to and from the vacuole to generate a pathogen
compartment amenable for growth70,82,163,220,414,492. Alternatively, some pathogens
promote vacuolar rupture and replicate within the cytosol138,176,267. For pathogens that
remain within a vacuolar compartment throughout their life cycle, they require a
mechanism for interacting with and subverting host pathways and organelles outside their
membranous compartment. These intravacuolar pathogens employ secretion systems to
translocate proteins into the cytosol and cytosolic face of the vacuole membrane to hijack
host systems for the purpose of limiting host defenses and enhancing bacterial
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replication. One of the organelles that many pathogens, including viruses, target is the
expansive ER network. This compartment offers pathogens access to a nutrient rich
environment with seemingly few bactericidal components relative to locations like
lysosomes or the cytosol, compartments that are abundant with hydrolytic enzymes and
antimicrobial peptides 72. The role of ER in the biosynthesis of proteins, carbohydrates,
and lipids, along with directing transport of these products through the secretory pathway,
makes this organelle particularly well suited to serve the needs of an incoming pathogen.
Moreover, the ER is intimately involved in the first phase of infection during
phagocytosis of pathogens. The peripheral ER is situated along long stretches of the
plasma membrane155,351,480, and during phagocytosis in macrophages much of the
enveloping membrane was remarkably shown to be derived from the ER, not simply the
plasma membrane14,145. The role of the ER in controlling protein folding and sensing the
accumulation of unfolded proteins through the unfolded protein response (UPR) also
serves to initiate a series of conserved signal transduction events linked to innate
immunity and host defense72,230,236,445. This conserved signaling pathway operates as an
intracellular pathogen sensor, as their invasion and replication is often associated with
induction of ER stress230,309. Viral infections, in particular, place an intense demand on a
cell’s protein synthesis system, and these pathogens have evolved methods to block UPR
to promote cell survival during replication168,558. Additional evidence of how the ER
serves to both promote and counteract proliferation of pathogens is continually
developing and represents a critical field of study in both cell biology and pathogenesis.
The bacterial pathogens Legionella pneumophila and Brucella spp. along with the
protozoan parasite Toxoplasma gondii are known to target the ER to generate an ER-
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derived replication compartment. A Brucella spp. infection begins with early endosome
markers, such as Rab5 and the transferrin receptor, localizing to the vacuolar face163.
Then these are shed and the vacuole briefly acidifies prior to the compartment adopting
ER and autophagosome features like colocalization with calreticulon, Sec61b, and
LAMP-1 markers267,383,384,476. ER proteins stably accumulate at the vacuole membrane
leading to interaction with ERES71 and ultimately induction of UPR395. For Toxoplasma
gondii, the parasite forms a specialized non-fusogenic compartment known as the
parasitophorous vacuole (PV), which immediately after invasion recruits mitochondria
and ER to the vacuolar membrane, while excluding PM proteins. ER association was
identified by the presence of reticular membranes that were ribosome studded. Both
mitochondria and the ER form a intimate association with the vacuolar membrane, as
nearly 75% of PV membrane associated with one of these organelles by 4 HPI467. This
relationship has been proposed to supply lipids for the PV membrane, as the parasite may
be incapable of de novo lipid synthesis47,467,509,514. This membrane architecture mimics
the lipid transport mechanism utilized by cells to facilitate lipid flipping between
opposing membrane faces of the ER and other organelles such as the PM201,479,480. Lastly,
Legionella pneumophila too, generates an ER-derived vacuolar compartment by evading
the endocytic-lysosomal pathway and subsequent subversion of the autophagic
machinery. The maturation process and details of the Legionella containing vacuole
(LCV) biogenesis will be discussed in more detail within the next chapter. Each of these
pathogens manipulate host ER from within their vacuoles to promote replication and
evade host defense systems50,162,425,533. The mechanisms that underlie these vacuolar
transformations remain unclear, but future studies on the topic offer exciting
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opportunities to examine organelle biology and requirements for pathogen development
during encapsulation within a host compartment.

1.6.1. Legionella and the Icm/Dot T4SS
The Gram-negative intracellular pathogen Legionella pneumophila is ubiquitous
in aquatic environments and has been isolated from numerous human-made structures
associated with water, including cooling towers, air conditioning units, fountains, and
spas343,354. L. pneumophila relies on parasitizing protozoan hosts, which may be freeliving or within a biofilm, for survival in the harsh aquatic environment325,343,535. In an
accidental human host, inhalation of aerosolized water particles contaminated with
Legionella pneumophila allows the bacterium to be internalized by alveolar
macrophages28,59,151,213,461,546. Immunocompromised individuals are particularly
susceptible to infection by L. pneumophila, which can induce a minor flu-like illness,
known as Pontiac fever, or a severe and potentially fatal form of pneumonia, known as
Legionnaire’s disease124,343,461. Successful L. pneumophila infection and replication
within either the human or protozoan host is dependent on successful evasion of the
endocytic maturation pathway. L. pneumophila remains within a vacuolar compartment
and evasion of the endocytic pathway requires a functional type IV secretion system
(T4SS) also known as the Dot/Icm system. The T4SS is used to secrete hundreds of
bacterial effectors called IDTS (Icm/dot translocated substrates) into the host cytosol for
modulation of host pathways. For a successful replication cycle, Legionella must
generate an endoplasmic reticulum (ER)-derived compartment known as a Legionella
containing vacuole (LCV), which supports vacuole expansion and bacterial
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replication124,213,151,521. The Dot/Icm system is predicted to translocate 300 or more
effector proteins that target host pathways and engineer its intracellular ER-derived niche.
The T4SS is essential for nearly all facets of the L. pneumophila’s intracellular life cycle,
including bacterial entry into the host, formation of the LCV, intracellular replication,
and finally bacterial egress343,426.

1.6.2. Legionella targets the endoplasmic reticulum and host trafficking system.
Bacteria engulfed by professional phagocytes are actively transferred into
phagolysosomal compartments designed to degrade the invaders350,447. Legionella
pneumophila, like other intravacuolar pathogens, has developed a successful scheme to
bypass phagolysosomal maturation and instead create a compartment suitable for
bacterial replication (Figure 1.14.). Legionella’s survival strategy depends on preventing
the host from initially trafficking the LCV into an antimicrobial phagolysosome
compartment, in which an acidic pH and hydrolytic proteases would degrade intracellular
pathogens114,319. Notably, within minutes of engulfment by phagocytes, the LCV is
decorated with smooth vesicles and the region surrounding the LCV is enriched with
mitochondria, regardless of whether the cell is amoebae or mammalian in origin (Figure
1.14.B)23,240,414,492,504. These smooth vesicles have been repeatedly observed during early
infection, and these structures along with mitochondria become far less prevalent after
the LCV transitions to into a rough ER-like compartment204,504. These smooth vesicles
are postulated to be ER-Golgi vesicles, which Legionella hijacks and fuses with the LCV
through a cohort of IDTS that target host trafficking and membrane machinery240,414.
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Figure 1.14. Legionella pneumophila conserved life cycle with correlative EM of
different phases of infection.
LCV biogenesis during Legionella pneumophila infectious cycle relies on a functional
T4SS for bacterial virulence and the development of an ER-derived replication
compartment. L. pneumophila is internalized within host cell and resides in a phagosome
(A). Virulent L. pneumophila injects T4SS effector proteins to control LCV biogenesis
and ER manipulation. Mitochondria (white arrow) and smooth ER-derived vesicles (red
arrow) are rapidly recruited around LCV (B). Hours later, virulent L. pneumophila begins
to replicate efficiently within a vacuole decorated with ribosomes (yellow arrow heads)
(C) rough ER properties. For avirulent L. pneumophila, such as Dot/Icm-deficient strains,
bacteria lose the ability to recruit mitochondria, ER-derived vesicles and ribosomes and
are cleared via endosomal pathway and fusion with lysosomes. Reproduced with
permission from Allombert et al, 2013 10.
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As the Legionella infection progresses, the LCV membrane appears to resemble the
rough ER in thickness, ribosomes studding the membrane, and protein
composition4,204,504. Interestingly, this vacuolar transformation occurs concurrently with
the successful avoidance of the endocytic pathway, as late endosome and lysosomal
markers fail to localize to the LCV during productive infection (Figure 1.14, avirulent
track)205. This engineered bacterial vacuole offers Legionella both a safe refuge from the
cellular immune system and a compartment supplied with the required nutrients for
bacterial expansion.
The ER plays an intimate role in the formation of this LCV compartment.
Analyses of the ER targets that are manipulated reveal unique insights into both the
regulation of ER function and the details of Legionella’s pathogenic life cycle. Consistent
with Legionella’s need to manipulate host membranes, numerous IDTS were found that
both mimic and manipulate host SNARE proteins involved in mediating membrane
fusion events 15–17. Several prevalent bacterial strategies used to manipulate SNARE
activity are 1) IDTS mimicry of eukaryotic SNAREs structure and function to promote
membrane fusion through interactions with host SNAREs, such as with LseA251 or
proteins such as LegC2/YlfB (yeast lethal factor B), LegC3, and LegC7/YlfA35,65,133,456;
2) promotion of eukaryotic SNARE activity by targeting host SNARE interacting
proteins, as in the case of DrrA/SidM activating the Rab1 GTPase to promote noncanonical SNARE (Sec22b) pairing between ER vesicles and the plasma membrane17,569,
and finally 3) elimination or inhibition of SNAREs through direct enzymatic targeting as
in the case of L. pneumophila’s Lpg1137, which acts as a mitochondrial localized serine
protease that cleaves the host SNARE syntaxin17 to inhibit ER-mitochondrial
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communication and autophagic induction15.
Small host GTPases cycle between an active membrane-associated form and
inactive cytosolic species, dependent on the guanine nucleotide bound, and are essential
for proper LCV maturation341,483. These GTPases are common Legionella IDTS targets.
Numerous studies report Rab1, which promotes vesicle trafficking from ER intermediate
compartments to the cis-Golgi385, is subject to a litany of post-translational modifications
mediated by Legionella IDTS throughout infection (Figure 1.15). At least 9 IDTS have
been reported to target Rab1 through the following activities or PTMs: Rab1 GTP/GDP
state specific binding to mediate additional IDTS interactions (LidA), guanine nucleotide
exchange factor (GEF) activity (SidM), GTPase activating (GAP) activity (LepB),
AMPylation (SidM), phosphocholination (AnkX), deadenylylation (SidD),
dephosphocholination (Lem3), and ubiquitination ((SidC/SdcA, SidE family) Figure
1.15)78,181,203,218,332,342,396,482,496,569. Legionella effectively hijacks Rab1 function to serve
as a ‘master regulator’ of the LCV transformation from a PM-like compartment to an ERderived vacuole. The bacterial tactics utilized to manipulate Rab1 represent several
conserved mechanisms of GTPase manipulation. For instance, Lpg0393 displays GEF
activity towards a cluster of Rab proteins involved in endocytosis and endosomal
maturation, which was proposed to mediate LCV acquisition of ER by increasing
endosome-trans Golgi vesicle traffic that feeds into the pathway supplying ER vesicle
accumulation at the LCV470. The IDTS PieE has been confirmed to interact with
numerous Rab proteins, including Rab1, Rab5, and Rab10, but the role for this
interaction remains to be discovered330. Another important L. pneumophila target is the
small GTPase Arf1 (ADP-ribosylation factor 1), which controls ER-Golgi and Golgi-PM
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vesicle trafficking related

Figure 1.15. A preponderance of L. pneumophila IDTS target small GTPases to
manipulate trafficking and ER for the generation of a replication permissive
vacuole.
Legionella pneumophila effectors subvert Rab GTPases on the Legionella-containing
vacuole (LCV) to facilitate generation of ER derived intracellular niche. (A) Rab1
recruitment and modification by AMPylation. SidM anchors onto the LCV by binding
PI(4)P. It activates and recruits Rab1 onto the LCV using its guanine nucleotide exchange
factor (GEF) domain and then locks Rab1 in the active state by AMPylation. SidD later
deAMPylates Rab1 allowing the GTPase activating protein (GAP) LepB to deactivate
Rab1, then GDP dissociation inhibitors (GDIs) extract Rab1 from the LCV. (B)
Recruitment of Rab1 and ARF1 leads to ER-derived vesicle fusion with the LCV. Rab1
activation by SidM results in tethering of Sec22b containing ER-derived vesicles to the
LCV membrane. SidM also recruits syntaxin-3A to promote non-canonical SNARE
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(soluble N-ethylmaleimide sensitive factor activating protein receptors) pairing between
Sec22b and syntaxin-3A. promoting fusion of ER-derived vesicles with the LCV.
RalF acts as an ARF1 GEF to recruit and activate ARF1 onto the LCV where it promotes
fusion of ER-derived vesicles. (C) Manipulation of Rab1via phosphocholination. AnkX
phosphocholinates Rab1 in either its GTP- or GDP-bound form prevents 1) deactivation
by GAPs or 2) activation by GEFs and 3) extraction from the LCV by GDIs. Lem3
dephosphocholinates Rab1 to relieve these inhibitions. (D) Additional effectors and Rab
GTPases acting on the LCV. PieE and LidA localize to the LCV and interact with
additional panels of Rab proteins, potentially allowing precise selection and tethering of
particular trafficking vesicles. Secretory pathway Rabs 8a, 10, and 32 are recruited to the
LCV and promote intracellular growth, in contrast endocytic pathway Rabs 5a, 14, and
21 negatively impact on Legionella proliferation. Reproduced with permission from So et
al, 2015469.
to the coat protein complex I (COPI)79,227,228. The IDTS RalF utilizes its N-terminal GEF
domain to recruit, and then activate Arf1 on cytoplasmic face of the LCV shortly after
phagocytosis. Active Arf1 on the LCV then promotes docking and fusion of ER-derived
vesicles. Curiously Arf1 recruitment to the LCV, but not the presence of RalF, was found
to be critical for a successful intracellular replication241,337,414. Another L. pneumophila
IDTS shown to interact with the host ER through an unknown mechanism is Ceg9. When
the bacterial protein was used as bait, the structural ER tubule protein Rtn4 precipitated
with Ceg9, but intriguingly during infection Rtn4 would localize and rearrange around
LCV independently of Ceg9 expression, indicating there were likely other Legionella
proteins targeting the reticulons. This will be discussed in further detail within the SidE
family section below.

1.6.3. Legionella and the autophagy system
As described earlier, autophagy is a host pathway that can serve as a host immune
response to infectious agents. As such, numerous pathogens have evolved strategies to
inhibit or activate the autophagic system to survive and replicate. Some intracellular
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pathogens induce the formation of ubiquitinated aggregates that envelop their replication
compartments or tag microbial-induced structures. This accumulation of ubiquitinated
products serves as an initiation signal for the autophagic response to clear pathogens
through a specific autophagic process termed xenophagy (Figure 1.16)90,143,317,356.
Ubiquitinated aggregates are bound by several autophagy adaptors proteins, including
sequestosome 1 (p62/SQSTM1), neighbor of BRCA1 gene 1 (NBR1), nuclear dot protein
52 kDa (NDP52), and optineurin (Figure 1.16.A,B), which are then designed to deliver
the ubiquitinated contents to an autophagosome through Atg8/LC3 mediated
signaling23,46,368,454,517.
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(c)

Figure 1.16. Pathogen recognition by the autophagic system and the structure of
cargo receptors.
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(a) Autophagosome biogenesis is initiated from crescent-shaped double membrane
structures termed phagopores, which are studded with LC3 and the related ATG8-like
proteins. Phagophore membranes elongate and envelop cytosolic material in a nonselective manner, eventually segregating the cargo from the remainder of the cell in a
compartment called an autophagosome. A selective autophagic response occurs when
cytosolic components, like a bacterial pathogen, are selectively recognized by autophagic
cargo receptors by detecting ‘eat-me’ signals. ‘Eat me’ signals like ubiquitination, prompt
bound cargo receptors to associate with forming phagopores through LC3/Atg8 binding
domains in the receptors. Autophagosome maturation results in fusion with lysosomes
causing the degradation of the autophagosome content and its inner membrane. (b)
Domain structure of important autophagic cargo receptors. Highlighted are binding sites
for ‘eat-me’ signals and LC3/ATG8 family members are indicated. All cargo receptors
bind ubiquitin-labeled cargo; NDP52 also detects the ‘eat-me’ signal Galectin-8 (Gal8).
P62, NBR1 and Optineurin (OPTN) bind non-selectively LC3 and Gabarap proteins
(LC3/GBR) via their LC3-interactin regions (LIRs), while NDP52 preferentially interacts
with LC3C via a LC3C-specific binding site (CLIR). Abbreviations: CC, coiled-coil;
CLIR, LC3C-specific LIR; Gal8, Galectin-8; Gal8IR, Galectin-8 interacting region; LIR,
LC3-interacting region; OPTN, Optineurin; PB1, Phox and Bem1P; SKICH, skeletal
muscle and kidney enriched inositol phosphatase carboxyl homology; Ub, ubiquitin;
UBA, ubiquitin-associated domain; UBAN, ubiquitin binding in ABIN and NEMO
domain; ZnF, zinc finger domain. (c) Potential autophagic routes to target a bacterium (or
damaged membranes of bacteria-containing compartment) to the lysosome. Adaptor
refers to the known cargo receptor proteins described in (b) as well as additional
unknown adaptors may be involved in pathogen recognition through either ubiquitindependent or -independent mechanisms. Reproduced with permission from Boyle and
Randow, 2013 (Panel A,B)56 and Levine, Mizushim, and Virgin, 2011 (Panel C)282.
Legionella subversion of the autophagic pathway appears to be via its arsenal of
IDTS proteins. Research on the biogenesis of LCV indicate that the bacterium is able to
inactivate the autophagic response, specifically in permissive hosts, whereas restrictive
hosts, such as C57BL/6, promote prompt LCV fusion with lysosomes, degrading the
internalized bacterium. Macrophages derived from a permissive mouse host, such as A/J
mice (deficient in Naip5, a NOD-like receptor) are capable of supporting Legionella
intracellular replication through a process relying on blocking early fusion with
lysosomes. In these permissive hosts, the autophagy markers LC3, Atg7, Atg8, have been
observed localizing to L. pneumophila membrane at early stages of infection in a T4SS
dependent manner. These observations support a model where L. pneumophila infection
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induces the autophagic system to initiate the formation of nascent membranous
compartment destined for lysosomal degradation at the LCV. These immature
phagopore-like structures are proposed to provide donor membranes and proteins for a
developing and expanding bacterial compartment. This system would require tight
regulation of the autophagic system to prevent premature progression along the pathway
in order to maintain bacterial viability and replication11. Consistent with this model,
several pro- and anti-autophagic IDTS have been described to date. These factors,
including the inhibitory RavZ83,202,271,550, Lpg113715, and likely several other yet to be
described factors, effectively delay autophagosome progression for at least 4-6 HPI.
Interestingly, non-permissive hosts challenged with L. pneumophila were shown
to have increased numbers of LCVs associated with autophagic components relative to
LCVs from permissive hosts. It should be noted that chemical inhibition of autophagy in
permissive hosts negatively impacts Legionella replication. Pretreatment of A/J
macrophages with either the autophagy inhibitors BFA or 3MA prior to Legionella
challenge resulted in a significant increase in degraded bacteria within the first two hours
of infection and a notable reduction in recovered CFUs specific to WT Legionella
challenge11. Unfortunately, these autophagy inhibitors do no function within the vacuum
of a single signaling process; there are strong caveats with the use of these chemical tools
due to off target effects. Genetic analysis of amoeba mutants lacking key autophagy
genes was unable to provide any evidence of a direct role for autophagy in Legionella
intracellular replication. For instance, mutations of the apg1, apg5, apg6, apg7, and apg8
genes in Dictyostelium discoideum produce autophagic defects, yet still yield normal
levels of L. pneumophila intracellular replication365. These studies demonstrate the
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complex and highly coordinated temporal regulation of the autophagic process by
Legionella IDTS. The enzymatic activities of these bacterial factors orchestrate
autophagic progression, but the importance of this pathway remains elusive, as absence
of the autophagy machinery or absence of IDTS autophagy inhibitors rarely affect L.
pneumophila intracellular replication238,329.
The transformation of the LCV into an immature autophagosome was shown to
heavily rely on autophagic uptake induced by the IDTS LegA9, an ankyrin containing
protein of unknown function. Evidence indicates LegA9 functions to tag the LCV for
autophagy recognition by the host system, although overall autophagic flux remained
unchanged when exposed to LegA9, as indicated by LC3-II induction independent of
LegA9 expression. A Legionella mutant lacking legA9 resulted in reduced vacuole
ubiquitination and reduced colocalization with the autophagy adaptor p62, which resulted
in successful L. pneumophila evasion of autophagic delivery to lysosomes in restrictive
hosts. An impressive increase in intracellular replication was observed during L.
pneumophila challenge in a classically restrictive macrophage host. Curiously, the legA9
deletion strain is the only known L. pneumophila mutant, other than the Δfla (flagellin
deletion) strains that can successfully replicate in restrictive macrophages or monocytes,
again emphasizing the importance of the autophagic system in Legionella replication and
survival248.
Contrary to autophagy promotion by LegA9, several Legionella effectors,
including RavZ and LpSPL, have been shown to inhibit the autophagic process. The
Legionella IDTS sphingosine-1 phosphate lyase (LpSpl) inhibits host autophagy through
modulating sphingolipid metabolism. The bacterial protein mimics the eukaryotic
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sphingosine-1-phosphate lyase 1 (SGPL1) in both structure and function. Host
sphingolipids function as bioactive membrane components that play a fundamental
regulator for critical host processes, particularly autophagy. LpSpl expression, dependent
on its lyase activity, reduced sphingomyelin and ceramide levels, but most noticeably
LpSpl negatively affected sphingosine levels during infection. The altered sphingolipid
metabolism hindered initiation of starvation-induced autophagy and served to counteract
the host antibacterial response, enhancing Legionella survival126,417,418. Another
extensively studied autophagy inhibitor produced by L. pneumophila is RavZ. This
effector specifically cleaves membrane conjugated LC3 (LC3-PE) forming on developing
autophagosomes. RavZ targets autophagosomes through membrane and
phosphatidylinositol 3-phosphate (PtdIns3P) interactions202,211,338,369, then extracts LC3PE from the membrane followed by irreversible LC3 deconjugation from the PE
lipid83,271,550. The presence of both lpspL and ravZ within the L. pneumophila genome
further substantiate the model of Legionella developing an immature autophagosomal for
a designated period of the infection.
Hours into infection, Legionella releases its own autophagosome maturation block
through the activity of the IDTS LepB (Figure 1.15.A). This bacterial protein expresses
both lipid kinase activity112,218 and Rab targeting GAP activity. The LepB kinase activity
converts PtdIns3P into PtdIns(3,4)P2 and has been suggested to function in collaboration
with the bacterial phosphoinositide phosphatase SidF to convert LCV localized PtdIns(3)
of unknown origin to PtdIns(3,4)P, and ultimately PtdIns(4)P112. LepB Rab1 GAP
activity serves to inactivate Rab1, Rab8, Rab13 and Rab15 localized to the LCV
membrane in the later hours of infection218,316,557. Early during infection SidM GEF
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activity specifically activates LCV membrane localized Rab1218,304,335,444, followed by
SidM mediated Rab1 AMPylation151,181,464,482, which prevents Rab GAP proteins from
accessing the constitutively GTP bound Rab1 (Figure 1.15.A,B). Eventually, the IDTS
SidD reverses Rab1 AMPylation181,409,496, facilitating inactivation of Rab1 through LepB
GAP activity (Figure 1.15.A)181,218,316,340,557. By the final phase of infection at 12-18 HPI,
a significant proportion of vacuoles have acidified487, colocalize with LAMP-1 and
cathepsin D proteins, and have the LCV membrane decorated with autophagic proteins11.
Eventually after several rounds of replication and vacuole expansion to house the
increasing bacterial load, the bacteria escape from the vacuolar compartment into the
cytoplasm. Then pore-forming toxins lyse the cells releasing intracellular bacteria into the
environment to restart the infection cycle within a new host9,45,324,326.

1.6.4. Legionella targets the host ubiquitin system
Like many other intracellular pathogens, Legionella needs to rapidly manipulate
host systems during infection. To manufacture these dynamic cellular changes, pathogens
have found robust success with hijacking the post-translation modification system, which
host cells themselves rely on for swift adaptation to changing environments12,376,431,478.
Ubiquitination is a highly conserved pervasive PTM system utilized by eukaryotes. It was
therefore not surprising that several L. pneumophila IDTS were discovered to directly
target the Ub system by mimicking E3 Ub ligases domains123,265,376. Many of these E3
mimics were identified through homology to the eukaryotic F- and U-box domains,
which are closely associated with the ligases. Proteins with an F-box constitute one of
three components in the SCF complex (Skp, Cullin, F-box containing complex). In this
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multi-protein complex the F-box protein serves as a Ub ligase tagging proteins destined
for proteasomal degradation with Ub. Alternatively, RING/U-box proteins contain a ~70
amino acid motif (U-box) that was identified as a ubiquitin chain assembly factor in
yeast. This motif enables U-box protein to collaborate with an E1, E2, and other
potentially other E3s to catalyze ubiquitin chain formation. U-box proteins often serve as
bridging partners and may not act as an E3 for the protein complex when an additional
Ub ligase is present, but in the absence of additional E3s, U-box proteins can serve in
their stead106,183,377.
To date, at least two RING/U-box family E3 ligases and at least five F-box
containing L. pneumophila translocated proteins have been described290. The Legionella
effectors LubX (a.k.a. LegU2) and GobX contain two or a central U-box respectively.
LubX acts in cooperation with the E2 enzymes UbcH5a or UbcH5c to polyubiquitinate
the dual specificity kinase Clk1 involved in pre-mRNA processing. LubX also targets the
Legionella IDTS SidH for polyubiquitination and subsequent degradation by the
proteasome, representing the first described example of a Legionella ‘metaeffector’, in
which one bacterial protein regulates another bacterial protein within the host. The
second less described U-box protein in Legionella is the Golgi localized ligase GobX,
which contains a single eukaryotic characteristic U-box. Two of the more intensely
studied Legionella F-box protein are LegU1 and AnkB (a.k.a LegAU13/Ceg27). LegU1
integrates into a functional SCF complex providing E3 ligase activity to the complex and
targets BAT3, a host chaperone that regulates the ER stress response, for ubiquitination.
AnkB promotes polyubiquitination of proteins at the LCV and recruit Skp1. It has been
proposed that the purpose of AnkB polyubiquitination of target proteins is designed to
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promote proteasomal-mediated protein turnover generating necessary metabolites for
bacterial replication. The abundance of bacterial effectors that mimic host E3 ligases or
F-box domains underscores the importance of exploiting ubiquitination for microbial
pathogenesis.
Ubiquitinated proteins localize to the LCV as early as 1hr after uptake by a host
cell and may represent a method for L. pneumophila to dictate the protein composition of
the LCV by modulating protein turnover213,226. For instance, the IDTS AnkB
ubiquitinates a multitude of host substrates, promoting their proteasomal degradation. It
has been proposed that this increases the amino acid pools and energy sources that L.
pneumophila can commandeer for bacterial proliferation. Labeling of LCV membrane
with ubiquitinated conjugates results from a number of other host and bacterial-mediated
ubiquitination events, making the model of increased amino acid pools due to a single E3
ligase difficult to explain. In regards to these other ubiquitination pathways, it is likely
that each phase of intracellular infection is likely to represent different pools of LCVdriven Ub conjugates. These Ub populations would potentially vary in the levels of
conjugated or unconjugated Ub, the types and prevalence of specific Ub chain linkages,
and Ub conjugation source (bacterial- vs. host-mediated). Fluorescence microscopy and
proteomic studies of ubiquitin fluctuations associated with L. pneumophila infection
provide substantial evidence for the highly dynamic nature and importance of Ub
signaling at the LCV226,266,389. Moreover, a number of studies from the Legionella field
have identified a collection of IDTS that have homology to Ub enzymatic or regulatory
domains of eukaryotic or intracellular pathogen origin. These bacterial enzymes often
heavily rely on molecular mimicry of eukaryotic enzymatic folds and associated domains,
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like E3 Ub ligases and deubiquitinases. This mimicry presumably results from
prokaryotes lack of this PTM system and its associated molecular machinery. As such, it
is highly likely these bacterial enzymes arose in the genome through horizontal gene
transfer over the course of Legionella evolution within different eukaryotic
hosts21,199,387,543,567.
Alternatively, there are Legionella effectors that employ protein structures notably
absent from the eukaryotic ubiquitin toolbox. For instance, bacterial pathogens have
developed novel E3 enzyme appropriately termed ‘novel E3 ligases or NELs (Figure
1.8.B). The Legionella SidC effector family represents a completely divergent class of
Ub ligases. SidC was shown to promote ubiquitin accumulation at the LCV concomitant
with ER recruitment to the LCV during first two hours of infection206. SidC is
translocated across the LCV membrane where it associates with the vacuoles cytoplasmic
face using its C-terminal phosphatidylinositol-4-phosphate [PI(4)P]- binding
domain111,150,530. Here, the bacterial protein enhances ER vesicle recruitment and
accumulation of polyubiquitinated conjugates at the LCV membrane. These phenotypes
were dependent on a canonical catalytic triad, C46-H444-D446, identified within SidC
and its homologue SdcA 199,206,216. This protein is able to produce high-molecular-weight
polyubiquitin chains linked through any of the seven lysine residues on Ub. This was
determined after single Ub lysine mutants were insufficient to abolish polyubiquitin
formation compared with a Ub mutant lacking all lysine residues, which abrogated
ubiquitin chain formation150,203,206,301,399. Another curious L. pneumophila effector found
to targets ubiquitin and enhance ER association with the LCV during the first few hours
of infection is SidJ. This protein serves as a both a bacterial ‘metaeffector’ and antagonist
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to SidE family activity. This was demonstrated in fluorescence microscopy studies
showing SidE localization at the LCV is temporally regulated by SidJ232 and through coexpression of SidJ and SidE protein in yeast, which alleviated SidE family lethality 184,232.
The studies presented in this thesis, as well as other research groups, discovered the SidE
proteins were themselves able to manipulate ubiquitination at the LCV. Of particular note
was the panel of Rab proteins that SidE proteins could target for ubiquitination. Amongst
this panel of Sde targeted Rab proteins, Rab33b appears to be the preferred target, while
Rab1, Rab6, and Rab30 were also targeted to a lesser extent396. Rab33 is a Golgi resident
GTPase that directly interacts with ATG16L to down regulate autophagosome
formation13,74,225. This SidE mediated ubiquitination was through a completely novel
mechanism and Ub linkage relative to the classic Ub conjugation system, which will be
discussed in detail within the results chapters below. The same research group then
discovered SidJ contained a DUB domain that targets both K63 and K48 polyUb, but was
also able to specifically deconjugate SidE-mediated ubiquitination through a second
DUB-like domain that that cleaves the phosphodiester linkage between Ub and the
protein substrate. These enzymatic activities were critical for the role of SidJ in recruiting
ER to the LCV during amoeba challenge397. The relationship between SidJ and the SidE
family will be discussed further in the SidE family section below, but highlights the
intertwined pathways of ER modulation through the ubiquitin signaling.
In addition to subverting Ub signaling pathways, ER association with the LCV,
and proteasome activity, evidence indicates L. pneumophila may inhibit dendritic cell
aggresome-like induced structure (DALIS) formation as a method to impair antigen
presentation 1,226,339. DALIS structures arise from pathogen-derived molecules, like LPS,
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where aggregates of ubiquitinated proteins accumulate and potentially serve as a transient
antigen storage system1,18,66,212,382. Interestingly, WT Legionella pneumophila promotes
vacuole ubiquitination, but was able to inhibit DALIS formation unlike a dotA3 when
TLR2 was stimulated to induce DALIS formation226. By eliminating a long-lived
standing supply of ubiquitinated bacterial antigen281, Legionella can further inhibit host
immune responses by limiting cell-surface antigen presentation and prevent dendritic cell
activation 1,131,212. This repertoire of Ub modulating bacterial effectors demonstrates a
conserved tactic of L. pneumophila to use IDTS to hijack the host Ub signaling system,
specifically to promote ER interaction with the LCV.

1.7. SidE family and the Sde operon.
The SidE Family (Substrate of Icm/Dot complex, protein E paralogues) is a
family of translocated L. pneumophila proteins, of which relatively little was known prior
to the initiation (late 2011) of the thesis work described here. The family consists of five
proteins, including SidE, SdeA, SdeB, SdeC, and SdeD, although the relationship of SidD
to the other SidE proteins is debatable due to the distinct structural and size differences of
SdeD. SdeC, sdeB, and sdeA are organized contiguously, with sidJ inserted between
sdeC and sdeB within the genome (Figure 1.17.A). Unlike the sde locus, that contains
most of the protein family, sidE is present at an entirely separate region of the L.
pneumophila genome28,294. The SidE proteins are extremely large, hydrophilic proteins
with extensive α-helices in the carboxy-terminal region. The proteins range from an
expected molecular weight of 170kDa-217kDa and they have no known orthologues28.
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Figure 1.17. SidE and SidJ relationship during L. pneumophila amoebae infections.
(A) sdeC-sdeA locus includes five genes (sdeC, lpg2154, sidJ, sdeB, and sdeA), whereas the sidE
gene is located at a separate genetic locus. The SidE family consists of the related proteins SidE,
SdeC, SdeB, and SdeA (black arrows). (B-F) Replication of various L. pneumophila strains in A.
castellanii was determined at the indicated time points post infection and expressed as fold
growth. (B) Suppression of the growth defect of the CleanΔP170 (ΔsidE ΔsdeC ΔsdeB-A)
mutant by expression of low amounts of SdeA. (C) Complementation of the ΔsidJ mutant by
expression of SidJ. (D-F) Overexpression (OP) of SdeA does not inhibit the growth of the wild
type strain Lp02 (D) or the CleanΔP170 mutant (E) but does inhibit the replication of the ΔsidJ
mutant (F). (G) Overproduction of SdeA causes Legionella to traffic into the endocytic pathway
of amoebae. A. castellanii pre-incubated with Texas Red Ovalbumin (TrOV), which labels the
endocytic pathway and vacuoles, then infected with Lp02, a dotA mutant (Lp03) and a ΔsidJ
mutant containing vector (v) or a plasmid over-expressing SdeA (sdeA OP). The percent of
bacteria that co-localized with TrOV was quantitated at 0, 1, and 3 hours post infection. Data are
means ± SEM of three independent experiments. Approximately 100 bacteria were scored per
condition and asterisks indicate statistical difference (P<0.05). Reproduced with permission from
Jeong et al, 2015232.
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Bardill et al demonstrated that SdeA-C effectors are secreted within the first
minutes of macrophage infection in a Dot/Icm dependent manner28. Immunofluorescence
microscopy of individual and combination sidE family deletions, in addition to CyaA
translocation assays, demonstrated rapid SdeA secretion and association with the
cytoplasmic face of the LCV membrane during infection. The CyaA translocation assay
utilizes a B. pertussis calmodulin-dependent adenylate cyclase toxin (CyaA) as a reporter
fusion to the N-terminus of SdeA. Translocation into the cytoplasm was monitored
through increases in cAMP level, dependent on interaction with calmodulin found
exclusively in the eukaryotic cytosol 28,61. Bardill and colleagues showed that expression
of SdeA-C could be observed as early as 5 minutes post infection (mpi) 28. After
challenge of A/J bone marrow-derived macrophages (BMDM) with L. pneumophila,
SdeA-C localization was observed at the poles of the cytoplasmic face of the LCV28. This
type of localization has been previously observed with various other confirmed L.
pneumophila IDTS92,535. 231. SdeA-C levels at the LCV peak around 30mpi, followed by a
steady decrease in detectable levels at the LCV over the next several hours28. In addition,
SdeA-C exhibited growth-phase regulation in liquid medium, with peaks in expression at
early stationary phase, a property that is similar to other Dot/Icm substrates28. Further
confirmation of SdeA-C T4SS-dependent translocation came from affinity
chromatography and pull-down studies using the T4SS component IcmS as bait, which
targets a number of IDTS for translocation 28,288,347.
Genetic analysis of SidE family has been explored through individual or
combination deletions of the effector family. Loss of the entire SidE family produced no
observable growth defect in A/J BMDM28,301. The absence of a growth phenotype with

65

IDTS mutants, particularly within mammalian hosts, is a reoccurring theme in the
Legionella field. Genetic studies indicate that this growth resilience in mammalian host
results from IDTS exhibiting overlapping function and/or overlaps in the cell process
targeted by the bacterial effector proteins 354,355. Genetic studies in the several amoebae
hosts often offer genetic insights on IDTS classically obscured by mammalian
complexity. For instance, challenge of Acanthamoeba castellanii or Dictyostelium
discoideum with a sidE family deletion mutant results in at least a 10-fold defect in
intracellular replication relative to a WT infection28,232,452. This defect could be
eliminated by expression in trans of individual SidE members from a plasmid, indicating
that these proteins function in redundant fashion to promote successful infection (Figure
1.17. B). Deletion of the SidE antagonist, SidJ, also results in a significant impairment of
intracellular replication in amoebae (Figure 1.17.C), which was dramatically exacerbated
by overexpression of SidE proteins in a sidJ deletion mutant (Figure 1.17.F). SidE
overexpression only negatively affected intracellular replication in an Acanthamoeba
castellanii challenge when SidJ was absent (Figure 1.17.D,E). Endocytic labeling
experiments in amoeba with Texas Red Ovalbumin (TrOV) reveal that overexpression of
SidE proteins in the absence of SidJ promote LCV maturation along the endocytic route
leading to decreased bacterial viability (Figure 1.17. F). This suggests that the SidJ-SidE
relationship is critical for proper LCV maturation during the first hours of infection. The
occurrence of several highly homologous proteins stacked within a bacterial genome, as
the sde genes are, indicate that gene duplication events resulted from the need to generate
specialized effectors for specific hosts or target proteins to ultimately broaden
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Legionella’s host or IDTS target range for more efficient infection regardless of the host
L. pneumophila may encounter within its aquatic environment28,124,354,355.

1.8. Profiling Ceg9-Rtn4 interaction reveals Ceg9-independent Rtn4 structural
reorganization and LCV association.
As mentioned earlier, Legionella modifies its intracellular compartment to
become an ER-derived niche and this process involves manipulating host ER. One of the
Legionella pneumophila IDTS implicated in mediating LCV interaction with the
peripheral ER. This IDTS of unknown function, Ceg9, was found to strongly interact
with two isoforms of the structural ER tubule protein Rtn4 (Rtn4b/d) Figure 1.18.A)172.
This interaction was particularly interesting because it is the first report of a Legionella
protein to specifically target a peripheral ER tubule protein. Fluorescence microscopy of
permissive macrophages infected with WT L. pneumophila revealed strong colocalization
between Rtn4 and the LCV within minutes of infection. This LCV-associated Rtn4
displayed novel characteristics from the remaining Rtn4 population in the cell after
subjecting the cells to detergent permeabilization (Figure 1.18.B). Since Rtn4 is an
integral ER membrane protein, treatment with a detergent to permeabilize cells
membranes prior to immunofluorescence staining, results in dissolution of the ER lipid
bilayer, solubilizing most integral membrane proteins, and extracting the Rtn4 network.
In direct contrast to the native membrane extractable Rtn4, a detergent-resistant reticular
network of Rtn4 remained around the LCV after Triton X100 permeabilization (Figure
1.18.B). This population of detergent-resistant Rtn4 appears at the LCV within 10
minutes post infection (mpi) and by 40 min, the majority of LCVs are associated with a
detergent resistant Rtn4 aggregate (Figure 1.18.C). The association of Rtn4 with LCV
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was absent in a T4SS defective strain of L. pneumophila, Lp03, also known as dotA3, and
occurred independently of Ceg9 (Figure 1.18.C). This indicates that a L. pneumophila
T4SS substrate, other than Ceg9, is responsible for the transformation of Rtn4 at the
LCV172.

Figure 1.18. L. pneumophila T4SS substrate Ceg9 interacts with Rtn4b/d and Rtn4
accumulates at the LCV dependent on T4SS, but independent of Ceg9.
Experiments performed by Eva Haennsler172
(A) HEK293T cells were transfected with the 3xFLAG vector control and 3xFLAGtagged Ceg9, extracted, and subjected to α-FLAG immunoprecipitation, SDS-PAGE
fractionation, and immunoblot analysis with the denoted antibodies. Lanes: Input, 0.87%
of the starting material; Un., 0.91% of the unbound supernatant; IP, 12.5% of the
immunoprecipitation fractions eluted by boiling in 2x SDS sample buffer. (B)
Representative examples of Rtn4 visualization after infection of A/J mice BMDMs with
denoted L. pneumophila strains and detergent (Triton X100) extraction, followed by
immunofluorescence microscopy. Panels: left, L. pneumophila; center, Rtn4; right, merge
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images with L. pneumophila strains (red) and Rtn4 (green). (C) A/J mice BMDMs were
challenged at an MOI of 1 with the wild type strain Lp02, the dotA3 or T4SS deficient
strain Lp03, and a ceg9 deletion mutant. At the denoted time points, the cells were fixed
and probed for Legionella and Rtn4. The phagosomes surrounded by reticular network or
aggregates of Rtn4 with a signal above background were enumerated for each time point.
The data represented are the averages and standard errors of three coverslips per data
point and is representative of several independent experiments. Adapted from Haenssler
et al, 2015 by combining select panels from Fig. 1 and Fig. 5.172
To investigate the association of tubular ER with the LCV during infection,
Haenssler et al172 challenged mammalian cells with L. pneumophila and analyzed for
Rtn4 association with the LCV using immunofluorescence (IF) microscopy 172. As shown
in the original report of Rtn4-Ceg9 association172, a detergent-resistant Rtn4 formed a
reticular network proximal to the LCV by 40 min post infection260, which was then
observed condensed around the LCV circumferentially at 8 hours post-infection (hpi) in
Triton X100-permeabilized samples (Figure 1.18.B, Figure 1.19.A,B)260. The inability to
detect the well-characterized tubular reticulon network throughout the cell was
investigated by changing permeabilization agents. The three agents selected were 1)
methanol, an organic solvent that dissolves membrane lipids, while preserving most
protein-protein interactions; 2) Triton X100, a non-ionic non-selective detergent that may
extract proteins along with lipids depending on the concentration and conditions; and 3)
SDS (sodium dodecyl sulfate), a harsh anionic detergent that denatures proteins by
disrupting non-covalent bonds within and between proteins. Consistent with the previous
report172, Rtn4 colocalization with the LCV required a functional T4SS (Figure 1.19.C).
Strikingly, staining of the entire Rtn4 network could only be detected in methanol treated
samples that were permeabilized in the absence of detergent. In contrast, Rtn4
colocalized with the LCV after wild type L. pneumophila challenge under all
permeabilization conditions tested, even in the presence of 5% SDS (Figure 1.19.C).
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Figure 1.19. L. pneumophila challenge promotes Rtn4 transformation.
Experiments performed by Eva Haenssler260
(A,B) A/J mice BMDMs were challenged with L. pneumophila, followed by fixation,
permeabilization with 0.1% Triton X100 and probing with α-Rtn4 (green), α-L.
pneumophila (red), and Hoechst (blue). Scale bar: 5µm. (C) BMDMs challenged for 1 h
with Lp02 (WT) or an icm/dot (dotA3) mutant were fixed, permeabilized as noted, and
probed. Scale bar: 5µm. Arrows indicate location of bacterium within infected cells. (D)
Altered electrophoretic migration of Rtn4 after L. pneumophila challenge, indicated by
pointer and High MW. HeLa cells were challenged for 2 h, solubilized in SDS at room
temperature, fractionated by SDS-PAGE, and probed. Lanes: Un, uninfected; WT, Lp02;
dotA3, icm/dot- or T4SS defective. Reproduced with permission from Kotewicz et al,
2017260.
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Therefore, the persistent Rtn4 association with the LCV results from structural changes
that distinguish this fraction from the cellular pool of Rtn4.
The imperviousness of the Rtn4 to SDS extraction intimated that these structural changes
might be detectable on SDS gels. To test this hypothesis, mammalian cells (Cos1, Cos7,
or HeLa) were challenged with the WT or dotA3 strains and SDS extracts were
fractionated by SDS-PAGE and analyzed with α-Rtn4 immunoblots. A high molecular
weight (HMW) Rtn4 species was identified in extracts from infections with the WT
strain, while another ER membrane protein, calnexin, showed no altered migration
(Figure 1.19.D). This HMW Rtn4 species was absent in dotA3 infected cells, just as SDSresistant Rtn4 was not observed at the LCVs of dotA3 (Figure 1.19.C,D). Taken together,
the co-occurrence of an unextractable Rtn4 population at the LCV, revealed via IF
microscopy, and the formation of a HMW, detergent-resistant Rtn4, uncovered by SDSPAGE fractionation, suggest these novel Rtn4 forms represent the same pool of L.
pneumophila modified Rtn4.
1.9. Study Aims.
The ability of L. pneumophila to target a predominantly tubular ER-localized
protein at the earliest moments of infection suggests that the bacterium has adopted an
early strategy to interact with peripheral ER prior to acquisition of rough ER components
later during infection. From these early clues, we postulated that upon phagocytosis into a
host, L. pneumophila rapidly interacts with the peripheral tubular network through one or
more of its T4SS translocated proteins to facilitate the generation of an ER-derived
vacuole, competent for bacterial replication. The study described in the subsequent
dissertation was designed to decipher the players in this tubular ER manipulation
71

strategy, the molecular mechanism underlying the observed Rtn4 transformation, and
finally to address the role these distinctive ER transformations play during infection.
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Chapter 2:
Materials and Methods

This chapter contains excerpts that have previously been published in (reprinted with
permission of publisher):
Kotewicz KM, Ramabhadran V, Sjoblom N, Vogel JP, Haenssler E, Zhang M, Behringer
J, Scheck RA, Isberg RR. Cell Host Microbe. 2017 Feb 8; 21(2):169-181. Epub 2016 Dec
29.
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2.1. Ethics statement.
This study was carried out in accordance with the Guide for Care and Use of
Laboratory Animals of the National Institutes of Health. The Institutional Animal Care
and Use Committee (IACUC) of Tufts University approved all animal procedures. The
animal work was predominantly used for the isolation of macrophages, but a single
experiment did involve Legionella pneumophila infections of live female 8-week old A/J
mice. IACUC Protocol numbers for studies represented here: B2015-192 (replaced
B2013-18) ‘Legionella Growth in Macrophages’, B2014-122 (replaced B2011-149)
‘Mechanisms of Legionella pneumophila’, and B2014-122 (K. Davis) ‘Mechanism of
Legionella pneumophila virulence’ in a collaboration with K. Davis (former Isberg postdoctoral associate, currently at Johns Hopkins University in faculty position
2.2. Bacterial culture and media.
L. pneumophila derivatives used in these studies were streptomycin-resistant
restriction-defective thymidine auxotrophs derived from a clinical isolate of Legionella
pneumophila, strain Philadelphia-1 (Lp01). L. pneumophila strains were propagated on
charcoal–N-(2-acetamido)-2-aminoethanesulfonic acid (ACES)–yeast extract plates, with
or without thymidine as needed (CYE/T) and in ACES-yeast extract broth (AYE/T)
37,191,299

. Plasmids were introduced by electroporation 37 or by mating with Escherichia

coli Tra+ helper strain RK600 492. Luminescent Legionella strains were constructed using
the ahpC::luxCDABE construction as described [125]. Strains harboring the pGFP CmR or
pmCherry CmR isopropyl-β-D-thiogalactopyranoside (IPTG)-inducible plasmids were
cultured with 5µg/mL Cm, 0.1mg/mL thymidine, and 1mM IPTG during growth in broth.
L. pneumophila ΔsdeC-A in-frame deletion mutant was generated using a derivative of
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the suicide vector pSR47S115 as previously described 28. The “clean” sidE family
deletion, which lacks sdeC, sdeB-sdeA, and sidE and was previously published as ∆p170
[232], was a kind gift from J. Vogel (Washington University, St. Louis MO). Individual
Sde members were expressed without IPTG induction in L. pneumophila in a Gateway™
(Invitrogen) cloning compatible pJB908 having an N-terminal PolyHistidine tag, a kind
gift of T. O’Connor. The Gateway™ compatible pJB908 was further modified to add an
N-terminal c-myc epitope tag for double epitope tag protein expression in L.
pneumophila. QuikChange™ site directed mutagenesis was used to generate point
mutations in sde genes. For the infection of mammalian cells, L. pneumophila strains
were grown overnight to post-exponential phase (OD600 3.5-4.5) to a predominantly
motile state as described previously 191. Strain derivations and primers utilized in this
study are described below in Tables 2.1.-2.4.
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Table 2.1. Legionella pneumophila strains used in this study.
Strain
Genotype
Description
Lp02
(WT) Philadelphia 1, thyA rpsL
Wild type
hsdR
Lp03
Lp02 dotA03
Translocation
deficient
Δceg9
Lp02 Δceg9
Pentuple

Lp02 Δlpg1603–lpg1686,
Δlpg1104–lpg1128, lpg1136—
lpg1169, Δlpg1933–
lpg1999Δlpg2369–lpg2465,
Δlpg2508–lpg2573
Lp02 pGFP
Lp02
(pMMB207Δmob267Ptac::GFP)
Lp02 pmCherry Lp02
(pMMB207Δmob267Ptac::mCher
ry)
KK034
Lp02ΔsdeC-sdeA (Δlpg21532157) kanR PahpC::lux
KK034 pGFP
KK034 (pMMB207Δmob267
Ptac::GFP)
KK034 pmCherry KK034 (pMMB207Δmob267
Ptac::mCherry)
KK034 pSdeCWT KK034 (pJB908att-sdeCWT)
KK034
pSdeCC118S
KK034 pSdeBWT
KK034 pSdeAWT
KK050 pvector
KK050 pSdeCWT
KK050 pSdeBWT
KK050 pSdeAWT
JV6113
KK099
KK099 pGFP

Reference

38
172

Strain missing
18.5% of genome

354

Wild type, GFP+

193

Wild type
mCherry+

260

sdeC-sdeA
deletion, Lux+

260

PolyHis/cmyc::SdeC WT
KK034 (pJB908att-sdeCC118S)
PolyHis/cmyc::SdeC DUBKK034 (pJB908att-sdeBWT)
PolyHis/cmyc::SdeB WT
KK034 (pJB908att-sdeAWT)
PolyHis/cmyc::SdeA WT
Pentuple, ΔsdeC-sdeA (Δlpg2153- Pentuple lacking
2157) kanR PahpC::lux
sde operon,
contains sidE
KK50 (pJB908att-sdeCWT)
KK50 (pJB908att-sdeBWT)
KK50 (pJB908att-sdeAWT)
Lp02 ΔsidE ΔsdeC ΔsdeBA
sidE family
(Δlpg0234, Δlpg2153 Δlpg2156- deletion
2157)
JV6113 kanR PahpC::lux
sidE family
deletion, Lux+
KK099 (pMMB207Δmob267
Ptac::GFP)
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38

260
260
260
260
260
260

This study
This study
This study
This study
232

[260
260

KK099
pmCherry
KK099 pvector

KK099 pSdeCWT
KK099
pSdeCC118S
KK099
pSdeCH416A
KK099
pSdeCR763A
KK099
pSdeCE859A
KK099 pSdeBWT
KK099
pSdeBR763A
KK099
pSdeBE859A
KK099 pSdeAWT
KK099
pSdeAR766A
KK099
pSdeAE862A

KK099 (pMMB207Δmob267
Ptac::mcherry)
ΔsidE ΔsdeC ΔsdeBA (pJB908att- pJB908 Gateway™
empty)
vector ΔccdB
(PolyHis/c-myc
epitope tag vector)
KK099 (pJB908att-sdeCWT)
PolyHis/cmyc::SdeC WT
KK099 (pJB908att-sdeCC118S)
PolyHis/cmyc::SdeC DUBKK099 (pJB908att-sdeCH416A)
PolyHis/cmyc::SdeC NPKK099 (pJB908att-sdeCR763A)
PolyHis/cmyc::SdeC ARTKK099 (pJB908att-sdeCE858A)
PolyHis/cmyc::SdeC ARTKK099 (pJB908att-sdeBWT)
PolyHis/cmyc::SdeB WT
KK099 (pJB908att-sdeCR763A)
PolyHis/cmyc::SdeB ARTKK099 (pJB908att-sdeBE859A)
PolyHis/cmyc::SdeB ARTKK099 (pJB908att-sdeAWT)
PolyHis/cmyc::SdeA WT
KK099 (pJB908att-sdeAR766A)
PolyHis/cmyc::SdeA ARTKK099 (pJB908att-sdeAE862A)
PolyHis/cmyc::SdeA ART-

260
260

260
260
260
260
260
260
260
260
260
260
260

Table 2.2 Escherichia coli strains used in this study.
E. coli
BL21 DE3
F- ompT hsdSB gal dcm (DE3)
supE44 ΔlacU169(Φ80lacZDM15) hsdR17 recA1 endA1
DH5α
gyrA96 thi-1 relA1
DH5α λpir
DH5a (λpir) tet::Mu recA
MT607 pRK600 recA56 pro-82 thi-1 hsdR17 supE44 (RK600 XL-1)

256
135

Table 2.3. Oligonucleotides used in this study.
Primers
Description
Sequence (5’ à 3’)
SdeC flanking
GGGGACAAGTTTGTACAAAAAAGCAGGCTTCATGCCTAAATA
primer with attB1 CGTAGAAGGGGTAG
SdeC flanking
GGGGACCACTTTGTACAAGAAAGCTGGGTCCTATTAGAAACC
primer with attB2 ATACCTTATGTCATCG
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SdeB flanking
primer with attB1
SdeB flanking
primer with attB2
SdeA flanking
primer with attB1
SdeA flanking
primer with attB2
SdeC – pQE-80L
SdeC – pQE-80L
(C-terminus
StrepII)
Quickchange:
SdeC C118S
Quickchange:
SdeC C118S
Quickchange:
SdeB C118S
Quickchange:
SdeB C118S
Quickchange:
SdeA C118S
Quickchange:
SdeA C118S
Quickchange:
SdeC H416A
Quickchange:
SdeC H416A
Quickchange:
SdeC/SdeB
R763A
Quickchange:
SdeC/SdeB
R763A
Quickchange:
SdeC E859A
Quickchange:
SdeC E859A
Quickchange:
SdeB E859A
Quickchange:
SdeB E859A
Quickchange:
SdeA E862A
Quickchange:
SdeA E862A

GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGCCTAAATA
TGTAGAAGGGGTAG
GGGGACCACTTTGTACAAGAAAGCTGGGTCCTATTAAAAGTA
ACCACTTTCTCGGTG
GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGCCTAAGTA
TGTCGAAGGGGTAG
GGGGACCACTTTGTACAAGAAAGCTGGGTCCTATTAAAATCC
TATAGTTTTTTTATTGG
GGGGGATCCATGCCTAAATACGTAGAAGGG
GGGGAGCTCTTATTATTTTTCGAACTGCGGGTGGCTCCAAGCG
CTGAAACCATACC
GAGCCCGGCCTAAACAAAGGCCTATCTGGCTATTGGGTAGCC
TC
GAGGCTACCCAATAGCCAGATAGGCCTTTGTTTAGGCCGGGC
TC
GAAGCAACCCAATAGCCAGATAGCCCCTTGTTTAGGC
GGCCTAAACAAGGGGCTATCTGGCTATTGGGTTGCTTC
AGGCGACCCAGTAGCCGGATAATCCCATATTCAAACC
GGTTTGAATATGGGATTATCCGGCTACTGGGTCGCCTC
CAT ATC CTG ATA AAT CAA GGC GCT ATG GTC GAT TTA
ATG AGG AC
GT CCT CAT TAA ATC GAC CAT AGC GCC TTG ATT TAT CAG
GAT ATG
CTCCGAAAAAACTGTATGCTGGATTAAATCTGCCACAAG
CTTGTGGCAGATTTAATCCAGCATACAGTTTTTTCGGAGC
CATATGGCTGGTTCCGAAGATGCATTTTCCGTTTATTTGC
GCAAATAAACGGAAAATGCATCTTCGGAACCAGCCATATG
CATATGACTGGATCAGAAGATGCATTTTCCGTTTATTTGCC
CAAATAAACGGAAAATGCATCTTCTGATCCAGTCATATGG
CATGGCGAAGGCACCGAAAGTGCATTCTCCGTTTATTTGCCG
CTCCGGCAAATAAACGGAGAATGCACTTTCGGTGCCTTCGCC
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Rtn4-APEX2GFP-F
Rtn4-APEX2GFP-R

GATCGGTACCAGGCTCGAACTCGGGCTCGGGCATGGGAAAGT
CTTACCCAACTGTGAGT
GATCGGATCCAGGCATCAGCAAACCCAAGCTCGGA

Table 2.4. Plasmids used in this study.
Plasmids
Transfection
screen
pQE-80L
Expression vector for N-terminal PolyHis tagged proteins
pQE-SdeCWT
pQE-80L sdeC, C-terminus StrepII tag
WT
pQE-SdeA
pQE-80L sdeA, C-terminus StrepII tag
pQE-SdeCC118S
pQE-80L sdeC C118S, C-terminus StrepII tag
H286A
pQE-SdeC
pQE-80L sdeC H286A, C-terminus StrepII tag
R342A
pQE-SdeC
pQE-80L sdeC R342A, C-terminus StrepII tag
pQE-SdeCH416A pQE-80L sdeC H416A, C-terminus StrepII tag
pQE-SdeCR422A pQE-80L sdeC R422A, C-terminus StrepII tag
pQE-SdeCR763A pQE-80L sdeC R763A, C-terminus StrepII tag
pQE-SdeCE859A pQE-80L sdeC E859A, C-terminus StrepII tag
pRtn4b-GFP
peGFP-N1 rtn4b
pcDNA3 APEX2NES
pRtn4b-APEX2GFP
peGFP-N1 rtn4b::APEX2::GFP
pSR47-PahpC::lux pSR47 containing P. luminescens lux operon
pSR47s
oriTRP4 oriR6K kan sacB
SR47S ΔsdeC-sdeA (contains region flanking sdeA and
pJB2199
sdeC)
pJB908
RSF1010 thyA+ bla+ Δmob
pJB908attR
pJB908 PolyHis/c-myc-attR1-[CmR ccdB]-attR2
pJB908att-empty pJB908 PolyHis/c-myc-attB1-attB2
pSdeCWT
pJB908 PolyHis/c-myc-attB1-sdeCWT-attB2
pSdeCC118A
pJB908 PolyHis/c-myc-attB1-sdeCC118A-attB2
pSdeCC118S
pJB908 PolyHis/c-myc-attB1-sdeCC118S-attB2
pSdeCC293A
pJB908 PolyHis/c-myc-attB1-sdeCC293A-attB2
pSdeCH286A
pJB908 PolyHis/c-myc-attB1-sdeCH286A-attB2
pSdeCR342A
pJB908 PolyHis/c-myc-attB1-sdeCR342A-attB2
pSdeCH416A
pJB908 PolyHis/c-myc-attB1-sdeCH416A-attB2
pSdeCR422A
pJB908 PolyHis/c-myc-attB1-sdeCR422A-attB2
pSdeCR763A
pJB908 PolyHis/c-myc-attB1-sdeCR763A-attB2
pSdeCE859A
pJB908 PolyHis/c-myc-attB1-sdeCE859A-attB2
pSdeBWT
pJB908 PolyHis/c-myc-attB1-sdeBWT-attB2
pSdeBC118S
pJB908 PolyHis/c-myc-attB1-sdeBC118S-attB2
pSdeBR763A
pJB908 PolyHis/c-myc-attB1-sdeBR763A-attB2
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Ref
Table 2.5.
Qiagen
260
260
260
260
260
260
260
260
260
172

260
89
314
28
450
260
260
260

This study
260
260
260
260
260
260
260
260
260

This study
260

pSdeBE859A
pSdeAWT
pSdeAC118S
pSdeAR766A
pSdeAE862A

pJB908 PolyHis/c-myc-attB1-sdeBE859A-attB2
pJB908 PolyHis/c-myc-attB1-sdeAWT-attB2
pJB908 PolyHis/c-myc-attB1-sdeAC118S-attB2
pJB908 PolyHis/c-myc-attB1-sdeAR766A-attB2
pJB908 PolyHis/c-myc-attB1-sdeAE862A-attB2

[260]
[260]
This study
[260]
[260]

2.3. Antibodies, chemicals, and Western blots.
Antibodies and chemicals were purchased from the following sources, and used at
the following dilutions. Rat α-L. pneumophila (raised as polyclonal serum) was used at
1:5,000-1:15,000 (batch dependent) dilutions while α-Rtn4 used for immunofluorescence
was purchased from Lifespan Biosciences (LS-B6516, 1:500 dilution) and was detected
with α-rat IgG Alexa Flour 594 (1:500) and goat α-rabbit Alexa Fluor 488 (1:500)
(Jackson Laboratories). Hoescht 33342 was purchased from Life Technologies
(1:10,000). For generating cross-linked α-Rtn4 resin, α-Rtn4 was purchased from Santa
Cruz Biotechnology (Nogo N-18, sc-11027). Either uniform percentage SDS-PAGE gels
(made in house with the Hoefer system) or precast gradient gels (Miniprotean TGX 420%) were purchased from Bio-Rad to fractionate samples. Gels were then transferred to
GE Amersham™ Protran™ nitrocellulose (0.2µm) and blocked with 4% non-fat milk or
2% bovine serum albumin (BSA) in Tris-HCl buffered saline with 0.1% Tween-20
(TBST) for at least 20-30 min prior to incubation with primary antibody. Monoclonal
mouse α-HA-probe (F-7; 1:500), α-ethenoadenosine (α-εAdo; 1G4; 1:500 Santa Cruz or
1:1000 Novus Biologicals), α-Ub (P4D1, 1:500 Santa Cruz or 1:2000 Cell Signaling
Technologies), rabbit α-GAPDH (1:500; sc-25778), and α-GST (1:500-1000; Z-5)
antibodies were purchased from Santa Cruz Biotechnology. Rabbit α-GFP antibody was
purchased from Life Technologies (1:2,000; A11122), α-Rtn4 (, 1:5000; LS-B6516
rabbit) from Lifespan Biosciences, and rabbit monoclonal α-LC3a/b (1:2,000; D3U4C)
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from Cell Signaling Technologies were used for immunoblots. Rabbit α-actin (1:1,000;
A2066) and the monoclonal PolyHistidine antibody for immunoblots were purchased
from Sigma (1:1,000-2,000; HIS-1).
ECL-Plus Western blotting reagent (Pierce) was used for chemiluminescent
detection. Alternatively, the Li-Cor near-fluorescent secondary antibodies detection
system was used for immunoblot detections with the Li-Cor Odyssey CLX scanner. In
brief, for the Li-Cor system after SDS-PAGE fractionation, proteins are transferred to
nitrocellulose membranes, blots were blocked with 4% non-fat milk in TBST for at least
20 min prior to primary antibody incubation. After blocking, milk in TBST was removed,
membrane rinsed with TBST, then primary antibody was diluted into 2% BSA in TBST
for 2hr room temperature incubation or overnight incubation at 4°C gently shaking
(>75rpm/min). Then after primary removal and at least 3 subsequent TBST washes of 510 min on a shaking platform, nitrocellulose membranes were incubated in 4% non-fat
milk diluted in TBST for 40-45min with the appropriate Li-Cor secondary antibodies (LiCor secondary antibodies, donkey IRDye 680RD α-mouse, Goat IRDye 680RD α-rabbit,
and/or donkey IRDye800CW α-mouse, goat IRDye800CW α-rabbit, 1:20,000) followed
by 3 additional 5-10min washes in TBST, and a final wash in TBS prior to development
on the Li-Cor Odyssey CLX scanner.
Silver staining was performed using SilverQuest kit (Invitrogen) as per
manufacturers rapid development protocol. MG-132 was from Calbiochem and was used
at 10µM final concentration and chloroquine was used at a final concentration 100µM
(Caymen Chemicals). Purified GST-HA-Rtn4b was purchased from MRCPPU
(https://mrcppureagents.dundee.ac.uk/reagent-catalogues). Purified recombinant human
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ubiquitin, ubiquitin tetramers, HA-ubiquitin, PolyHistidine-ubiquitin, NEDD8, SUMO
were purchased from Boston Biochem (R&D systems). Purified recombinant Human
p62/SQSTM1 with a C-terminus PolyHistidine tag (AA 1-356-H6, NBP1-44490) was
purchased from Novus Biologics.
2.4. Eukaryotic cell culture.
Bone marrow-derived macrophages (BMDMs) were isolated from femurs and
tibias of female 8-10week old A/J mice as previously described 24,25,123 and frozen in fetal
bovine serum (FBS) with 10% dimethyl sulfoxide (DMSO). Cells were plated the day
before infection in RPMI 1640 (Gibco) supplemented with 10% FBS and 2 mM
glutamine at 37°C with 5% CO2. HeLa, HEK293T, Cos1, Cos7 obtained from ATCC
were cultivated in Dulbecco modified Eagle medium (Gibco) supplemented with 10%
heat-inactivated (FBS, Invitrogen) (vol/vol), 100U/ml of penicillin-streptomycin (Gibco)
at 37°C with 5% CO2. The animal studies were approved by the Institutional Animal
Care and Use Committee (IACUC) of Tufts University, see ethics statement for protocol
numbers.
2.5. Immunofluorescence of Rtn4-LCV colocalization.
BMDMs were plated on glass coverslips at 1-2x105/well in 24-well plates. Cells
were challenged at a multiplicity of infection (MOI) = 1 and plates were centrifuged at
1000 x rpm for 5 min. For Rtn4 colocalization assays, BMDMs were challenged for 1 hr
at 37°C, unless otherwise indicated. Slides were washed three times with PBS to remove
non-internalized bacteria, fixed in PBS containing 4% (wt/vol) paraformaldehyde for 1520 min at room temperature, and washed 3X with PBS. After blocking in PBS containing
4% (vol/vol) BSA, cells were permeabilized in PBS containing 1% (vol/vol) Triton X-
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100 (Tx-100; 0.1% for Cos7 cells) for 30min unless otherwise indicated, then washed 3X
in PBS, and then blocked in PBS containing 4% BSA. Cells were then stained in PBS
(containing XXBSA??) with α-L. pneumophila rat or rabbit serum (1:5,000) and α-Rtn4
(Lifespan Biosciences, LS-B6516, 1:500) for 1hr and detected with donkey α-rat IgG
Alexa Flour 594 (1:500) and goat α-rabbit Alexa Fluor 488 (1:500) (Jackson
Laboratories) Diluted in PBS (containing XXBSA??). Hoescht 33342 (Life
Technologies, diluted 1:10,0000 in PBS) was used to label DNA. The Rtn4 positive L.
pneumophila vacuoles were visually identified by immunofluorescence microscopy for
50 cells/coverslip, with at least 3 coverslips evaluated per condition. Representative
images were taken using Zeiss Axiovert or Nikon inverted phase fluorescence
microscopes, and contrast and brightness were adjusted in Photoshop™ (Adobe), using
linear corrections.
2.6. Formation of HMW Rtn4 screen.
Cos1 or HeLa cells were seeded at 1x105 the day prior to transfection, and 3µg of
pDEST53 (GFP only control) or a vector expressing GFP::Legionella Icm/Dot
translocated substrates (IDTS) were transfected into cells with Lipofectamine 2000™
(Life technologies) for 40-46h299. Cells were collected in PBS and sample buffer (lacking
reducing agent) at room temperature, then lysates were sheared with 26 gauge needle and
samples were analyzed by SDS-PAGE fractionation coupled with immunoblots. Table
2.5 indicates the GFP::L. pneumophila T4SS substrates that were transfected and assayed
for changes in Rtn4 migration.
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Table 2.5. Known/putative IDTS from L. pneumophila Gateway® library
screened for altered Rtn4 migration.
Transfection Vector Protein
Altered Rtn4 Migration
R
pDEST53
pDEST53 (GFP) Amp
−
pDEST_lpg0008
−
pDEST_lpg0012
−
pDEST_lpg0030
−
pDEST_lpg0035
Ceg1
−
pDEST_lpg0038
LegA10
−
pDEST_lpg0045
−
pDEST_lpg0056
−
pDEST_lpg0080
Ceg3
−
pDEST_lpg0081
−
pDEST_lpg0082
−
pDEST_lpg0086
−
pDEST_lpg0090
Lem1
−
pDEST_lpg0096
Ceg4
−
pDEST_lpg0103
VipF
−
pDEST_lpg0107
−
pDEST_lpg0112
−
pDEST_lpg0160
−
pDEST_lpg0171
LegU1
−
pDEST_lpg0191
Ceg5
−
pDEST_lpg0195
−
pDEST_lpg0210
−
pDEST_lpg0227
Ceg7
−
pDEST_lpg0240
Ceg8
−
pDEST_lpg0246
Ceg9
−
pDEST_lpg0276
LegG2
−
pDEST_lpg0279
−
pDEST_lpg0285
Lem2
−
pDEST_lpg0518
−
pDEST_lpg1183
−
pDEST_lpg1496
Lem10
−
pDEST_lpg1969
PieE
−
pDEST_lpg2128
−
pDEST_lpg2131
LegA6
−
pDEST_lpg2137
LegK2
−
pDEST_lpg2143
−
pDEST_lpg2147
−
pDEST_lpg2148
−
pDEST_lpg2153
SdeC
+
pDEST_lpg2154
SidE-like
−
pDEST_lpg2155
SidJ
−
pDEST_lpg2156
SdeB
+
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pDEST_lpg2157
pDEST_lpg2160
pDEST_lpg2166
pDEST_lpg2176
pDEST_lpg2182
pDEST_lpg2199
pDEST_lpg2200
pDEST_lpg2206
pDEST_lpg2207
pDEST_lpg2210
pDEST_lpg2215
pDEST_lpg2216
pDEST_lpg2222
pDEST_lpg2224
pDEST_lpg2244
pDEST_lpg2248
pDEST_lpg2257
pDEST_lpg2271
pDEST_lpg2298
pDEST_lpg2509
pDEST_lpg2523

SdeA
Lem19
LegS2
AdoMet Transferase
WipC
LegA2
NTPase
IpnE
PpgA

LegC7/YlfA
SdeD

+
−
−
−
−
−
−
−
−
−
−
−
−
−
−
−
−
−
−
−
−

2.7. Immunofluorescent microscopy of ubiquitin kinetics at the LCV.
BMDMs were plated on glass coverslips at 1-2x105/well in 24-well plates. Cells
were challenged at a multiplicity of infection (MOI) = 1 and plates were centrifuged at
1000 x rpm for 5 min. The infection clock was initiated post centrifugation and upon
transfer of cells to 37°C CO2 incubator for the indicated time post centrifugation for
ubiquitin kinetic assays (e.g., 0, 10, 30, 60 min. post infection (mpi)). Slides were
washed three times with PBS to remove non-internalized bacteria, then fixed in PBS with
4% (wt/vol) paraformaldehyde for 20 min at room temperature, and washed 3x with PBS.
After blocking in PBS with 4% (vol/vol) bovine serum albumin (BSA), cells were
permeabilized in PBS with 1% (vol/vol) freshly diluted TritonX-100 (0.1% Tx-100 for
Cos7/Cos1 cells) for 30min, washed 3x in PBS, blocked in PBS containing 4% BSA.
Cells were then stained with anti-L. pneumophila rat or rabbit serum (1:5,000) and anti85

Rtn4 (Lifespan Biosciences, LS-B6516, 1:500) or anti-polyubiquitin (FK1, Enzo, 1:250)
for 1hr and detected with donkey anti-rat IgG Alexa Flour 594 (1:500) and goat antirabbit Alexa Fluor 488 (1:500). Hoescht 33342 (Life Technologies, 1:10,0000 in PBS)
was used to label DNA. The ubiquitin positive L. pneumophila vacuoles were determined
for 50 cells/coverslip by immunofluorescent microscopy with at least 3 coverslips
assessed per condition. Representative images were taken using a Zeiss AxioObserver Z1
or Nikon Diaphot fluorescence microscopes, and image analysis was performed using
Photoshop™ (Adobe), adjusting pixel densities using linear corrections.
2.8. Rtn4 Immunoprecipitations.
For transfections preceding Rtn4 Immunoprecipitations (IP), HEK293T cells were
plated in DMEM medium containing 10% fetal calf serum at a density of 4 x 106 cells in
a tissue culture-treated 10cm dish. The next day, 12µg of pMT123 DNA (pHA::ubiquitin)
was transfected into cells using Lipofectamine 2000, following manufacturer’s procedure
(Life Sciences). The mammalian HA::ubiquitin expression plasmid pMT123 was a kind
gifts from D. Bohmann and S. Lippard 123,508. The next day, transfection medium was
removed and replaced with DMEM with 10µM MG132 (Calbiochem) at ~30-60min
prior to challenge with L. pneumophila at an MOI=10 for the indicated times. Postchallenge, the medium was carefully removed, cells gently washed in PBS, then lifted in
PBS, centrifuged at 4°C at 1000 x RPM, resuspended in ice cold PBS, centrifuged at 4°C,
and then cell pellets were immediately frozen on liquid nitrogen and stored at -80°C until
the immunoprecipitation could be performed (Figure 2.1).
For Immunoprecipitations, anti-Rtn4 resin was generated by disuccinimidyl
suberate crosslinking with anti-Rtn4 (Nogo N-18, Santa Cruz sc-11027) to Protein A/G
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Plus™ resin at 2µg antibody per µl of packed resin as described in manufacturer protocol
(Pierce crosslink IP kit). Samples were lysed in 20 mM Tris (pH=7) containing 1% Triton
X-100, 150 mM NaCl, 5 mM MgCl2 and complete protease inhibitor cocktail
(Roche/Sigma, Cat. # 11697498001) with end-over-end rotation for 20 min at 4°C. Cell
debris was removed by centrifugation at ≥14,000 x g for 10 min at 4°C. Cleared lysates
were transferred to a microcentrifuge spin column, diluted with an equal volume of
detergent-free buffer (20 mM Tris (pH=7), 150 mM NaCl, 5 mM MgCl2), and mixed
with 40µl of buffer-equilibrated resin (50% slurry) for each sample. Resin binding was
allowed to proceed at 4°C via end-over-end rotation for 4 hrs to 16 hrs. Rtn4 resin washes
were performed ≥5 times in cold 20 mM Tris (pH=7) containing 1% Triton X-100, 150
mM NaCl, 5 mM MgCl2 at 4°C. For elution, Rtn4 resin in spin columns was incubated
with 0.1M glycine (pH = 2.8) with 0.2% TritonX-100 for 5min, centrifuged at 3000
RPM, eluate was reapplied to resin for additional 5 min incubation at room temperature,
then eluate was centrifuged, neutralized with 0.5M Tris (pH=10.55), resuspended with
reducing SDS sample buffer, boiled, then fractionated by SDS-PAGE coupled with
immunoblot analyses (Figure 2.1).
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Figure 2.1. Protocol for assessing Rtn4 ubiquitination after L. pneumophila
challenge of mammalian cells through HA-ubiquitin transfection and α-Rtn4
immunoprecipitation (IP).
A plasmid for mammalian expression of HA-ubiquitin was transfected into HEK293T
cells for 24 hrs after which culture medium was removed and replaced with fresh medium
containing the proteasome inhibitor MG132 (10µM), to limit protein turn over during
infection until Immunoprecipitations could be performed. After cells had been incubated
for 30-60 min with MG132, cells were challenged with L. pneumophila or associated
sidE family mutants for 10 min or 3 hrs, washed, and frozen prior to IP. Then infected
HEK293T extracts were solubilized with detergent, the soluble fraction was collected and
then subject to α-Rtn4 immunoprecipitation. Elutes were fractionated with SDS-PAGE
and analyzed for HA-ubiquitin co-migration with Rtn4 species through immunoblots.
2.9. Protein purification.
Full-length sdeC or sdeA genes were amplified by PCR and cloned into the
bacterial expression vector pQE-80L (Qiagen) with BamHI and SacI restriction sites to
generate a 6xHis-SdeC-StrepII fusion construct (Table S1). Wild-type or point mutant
SdeC constructs were introduced into in BL21-DE3 and expressed growing cultures in
2X Yeast Tryptone broth (2xYT) overnight at 37°C, back diluted 1:100 in 2xYT, grown
to exponential phase (OD600 0.4-0.8), induced with 1mM IPTG, and grown for an
additional 4-6 hrs. Bacteria were collected by centrifugation; pellets were subjected to ≥ 4
freeze-thaw cycles in lysis buffer (50mM NaH2PO4, 300mM NaCl 10mM imidazole,
pH=7.6) followed by sonication. Clarified supernatants were batch purified using
sequential double tag purification with Ni-NTA (Thermo) followed by Strep-tactin (IBA)
affinity chromatography at 4°C following manufacturers instructions, then dialysis into
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20mM Tris (pH = 7.4), 10mM NaCl (1x ART buffer), and concentration with Amicon
Ultracel™ 50k (Millipore). Purified aliquots were stored at -80°C in same buffer
containing 10% glycerol to minimize or eliminate freeze thaw cycles.
2.10. Deubiquitinase assays.
Recombinant human homotypic-linked ubiquitin tetramers (K63, K48,
M1/Linear, Boston Biochemistry, R&D) were incubated with 20nM recombinant SdeC at
37°C in 20mM Tris-HCl (pH=7.4), 10mM NaCl, (1X ART buffer) for the indicated time.
A fraction of the reaction was removed and terminated by the addition of reducing
sample buffer. Samples were then heated to 50-55°C for 20-30min to avoid Ub chain
aggregation as per manufacturer’s suggestion, and samples were fractionated by SDSPAGE and analyzed by silver stain (SilverQuest™ , Invitrogen) or Western blots.
2.11. ADP-ribosylation/nucleotidase assays.
ADP-ribosylation assays were set up on ice in 1X ART buffer with either 10µM
HA-ubiquitin, ubiquitin, or PolyHistidine-ubiquitin (Boston Biochem), and 20nM
recombinant SdeC/SdeA, 100µM Nicotinamide 1,N6-ethenoadenine dinucleotide or βNicotinamide adenine dinucleotide (ε-NAD, Santa Cruz Biotech/Sigma). Reactions were
initiated by addition of enzyme and transferred to pre-warmed 37°C thermocycler.
Reactions were terminated by addition of reducing sample buffer or freezing with liquid
N2, followed by lyophilization (Labconco Freezone12), resuspension in reducing sample
buffer, and boiling. Reactions were analyzed with SDS-polyacrylamide gels coupled with
Western blot, silver stain, or Coomassie Blue analysis.
For assays with cell extracts, 293T cells were harvested by lifting in PBS,
centrifugation, followed by an additional PBS wash, whereas Cos7 cells were harvested
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by lifting in PBS containing 0.05% trypsin, followed by PBS washes. Cells were lysed by
passaging 4-5 times with a Dounce homogenizer, and the soluble material, lacking the
nuclear fraction, was collected followed by clearing with two 3000 x RCF spins. The
soluble protein extract was quantified via Bradford assay (Bio-Rad, 5X Protein
Concentrate) and 100 µg of freshly prepped mammalian cell extract was added to
reactions. Reactions with cell extract were terminated by freezing in liquid nitrogen,
lyophilization, resuspension in 8M urea, and addition of reducing sample buffer prior to
SDS-polyacrylamide gels analysis coupled with Western blot, silver stain, or Coomassie
analysis.
2.12. Intracellular L. pneumophila growth in Dictyostelium discoideum and BMDMs.
D. discoideum strain Ax4 was cultured as described [471] and cells were plated at
1 x 105 in a Nucleon white flat bottomed, white walled treated 96-well plate (Thermo)
and given at least 3h to adhere in MB medium (20 mM MES [2(N-morpholino)
ethanesulfonic acid, pH 6.9, 0.7% yeast extract, 1.4% BBL thiotone E peptone). Amoeba
were challenged with L. pneumophila at an MOI=0.5 for 2h, washed 3X in MB, then
measured for luciferase expression once every hour for ≥100 hrs in a plate reader (Tecan
Infinite 200Pro) at 25.5°C. BMDMs from A/J mice were plated at 1 x 105 in a Nucleon
white flat bottomed, white walled treated 96-well plate (Thermo) the day prior to
infection in RPMI (No phenol red, with glutamine, Life Technologies) with 10% FBS
and allowed to adhere overnight. BMDM medium was replaced prior to L. pneumophila
challenge at an MOI=0.05 for 2 hrs, washed 3x in RPMI, then measured for luciferase
expression once every hour for ≥72 hrs in a plate reader (Tecan Infinite 200Pro) at 37°C.

90

2.13. Rtn4 ubiquitination in vitro.
Assays were initiated on ice in 1X ART buffer with 400nM GST-HA-Rtn4
(MRCPPU, https://mrcppureagents.dundee.ac.uk/reagent-catalogues) or GST (Thermo,
E. coli derived), recombinant human Ub derivatives (Boston Biochem) at 10 µM final
concentration, 20nM recombinant SdeC, and 100µM nicotinamide 1,N6-ε-adenine
dinucleotide (Santa Cruz Biotech/Sigma) in 50µl. Reactions were initiated by addition of
enzyme followed by transfer to a pre-warmed 37°C thermocycler for 1hr, terminated by
addition of sample buffer and boiling.
2.14. Electron microscopy.
For analysis of Rtn4b localization about the LCV [273], Cos7 cells were plated in
35mm glass bottom No.2 uncoated gridded dishes (MatTek, catalogue number:P35G-214-C-GRID) at 1 x 105 cells. The following day, cells were transfected with Rtn4bAPEX2-GFP in Lipofectamine LTX™ reagent for 16-18 hours. 1 hr prior to Legionella
challenge, the medium with transfection reagent was replaced with DMEM+10% FBS.
Cells were then challenged with L. pneumophila expressing mCherry or GFP for
designated times, washed with PBS, fixed in PBS containing 2% gluteraldehyde solution
for at least 1 h on ice, then washed in PBS before further processing. To reveal Rtn4b
localization, the fixed cells were incubated in ice-cold PBS containing 20mM glycine for
two 5-minute blocking steps before washing in PBS and staining. The washed cells were
then incubated on ice for 15 min in 1.5 mls PBS containing SigmaFast DAB tablets,
allowing a precipitate to form (2 tablets/5 mls PBS; Sigma-Aldrich, #D4418). The
washed cells were stored in PBS prior to processing for transmission electron microscopy
(TEM). Thin section analysis of these samples, as well as that of A/J mouse BMDMs that
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were challenged with L pneumophila were performed as described previously [492].
Embedding, sectioning and imaging of samples from both macrophages and Cos7 cells
were performed by the Harvard Digestive Diseases Center Imaging Core at Beth Israel
Deaconess Hospital (Dr. Susan Hagen, Director). These experiments resulted from a
collaboration between V. Ramabhadran, who designed the experiment, and K. Kotewicz,
J. Berhinger, and M. Zhang, who were responsible for carrying out and analyzing EMAPEX2 experiments.
2.15. Mass spectrometry.
Identification of Rtn4b/d-modification was performed after IP of Rtn4b/d from
extracts of transfected HeLa cells, fractionation on SDS-PAGE followed by silver
staining. Rtn4b/d electrophoretic variants were excised, trypsin-digested, and subjected to
liquid chromatography tandem mass spectrometry (LC-MS/MS) for modification analysis
by the Boston Children’s Hospital IDDRC Core, using a Thermo-Fisher Q-Exactive
OrbiTrap-type mass spectrometer. To determine molecular masses of Ub derivatives,
10µM Ub monomer was incubated with 20 nM SdeCWT or SdeCH416A and 100 µM εNAD for 2 h and 1 h, respectively in ART buffer. Samples were then frozen using liquid
N2 to terminate the reaction. The samples were thawed on ice and buffer exchange was
performed into ultrapure water using Illustra Nap5 columns (GE). Samples were diluted
with ultrapure water to 1 µM of the Ub derivative and 1 µl was injected for LC-MS
analysis. Reversed-phase chromatography was performed on an Agilent 1260 Infinity LC
system with a ZORBAX 300SB-C8 column (2.1 x 100mm, Agilent) using a
water:acetonitrile gradient mobile phase containing 0.1% formic acid. Mass spectrometry
analysis was performed on an Agilent 6530 Accurate-Mass Q-TOF. To determine
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deconvoluted molecular masses, data were analyzed using Bioconfirm software.
2.16. Tandem liquid chromatography mass spectrometry.
LC-MS/MS analysis was performed by the Taplin Biological Mass Spectrometry
Facility at Harvard Medical School. Excised gel bands were washed with acetonitrile for
10 min., dehydrated in vacuo, and rehydrated in 50 mM ammonium bicarbonate
(AmBiC) solution prior to incubation with AspN/trypsin (12.5 ng/ml each) at 37oC
overnight [455]. Peptides were then extracted by removing the AmBiC solution, followed
by one wash with a solution containing 50% acetonitrile (ACN) and 1% formic acid
(FA). The extracts were then dried in a Speedvac (~1 hr) and stored at 4oC. On the day of
analysis, the samples were reconstituted in 5-10 µl of solvent A (2.5% ACN, 0.1% FA).
A nano-scale reverse-phase HPLC capillary column was created by packing 2.6 µm C18
spherical silica beads into a fused silica capillary (100 µm inner diameter x ~30 cm
length) with a flame-drawn tip [374]. After equilibrating the column each sample was
loaded via a Famos auto sampler (LC Packings, San Francisco CA) onto the column. A
gradient was formed and peptides were eluted with increasing concentrations of solvent B
(97.5% ACN, 0.1% FA). As peptides eluted they were subjected to electrospray
ionization and then introduced into an LTQ Orbitrap Velos Pro ion-trap mass
spectrometer (Thermo Fisher Scientific, Waltham, MA). Peptides were detected, isolated,
and fragmented to produce a tandem mass spectrum of specific fragment ions for each
peptide. Peptide sequences were determined by matching protein databases with the
acquired fragmentation pattern by the software program, Sequest (Thermo Fisher
Scientific, Waltham, MA) [39]. All databases include a reversed version of all the
sequences and the data was filtered to between a one and two percent peptide false

93

discovery rate.
2.17. Live microscopy.
Cos7 cells were seeded in 35mm glass bottom No.1.5 uncoated dishes (MatTek)
at 1 x 105 cells. The following day, cells were transfected with ~500ng of plasmid coding
for Rtn4b-GFP-APEX2 expression for 16-18 hours and 1hour prior to Legionella
challenge, the medium with transfection reagent was replaced with DMEM+10% FBS.
For bacterial challenge, the transfected cells were placed on the stage of a Zeiss
AxioObserver fitted with environmental and temperature controls set at 37oC, 5% CO2.
After allowing 15 min equilibration, either the Lp02 mCherry or the ΔsdeA-C mCherry
strain was introduced at MOI = 20. Imaging was initiated immediately on a single cell,
using a 63X Plan Apochromat 1.40NA lens. Images were grabbed every ~15 s for 10 min
using a Hamamatsu Orca-R2 CCD camera and Zeiss AxioVision software. These
experiments were designed and performed by V. Ramabhadran (Former Isberg postdoctoral associate).
2.18. LC3 maturation during L. pneumophila infection.
BMDMs were plated in 24-well tissue culture treated dishes at 5 x 105 and
allowed to adhere overnight. The next day, cell medium was exchanged with fresh RPMI
containing 10% FBS and glutamine. Chloroquine (100µM, Caymen Chemicals) was
added to cells 2 hrs prior to challenge with motile L. pneumophila at an MOI=2 and
chloroquine remained in the media during infection. After 2 hrs of BMDM challenge
with L. pneumophila, BMDMs were washed 3X with phosphate buffered saline (PBS)
and then lysed in 50µl of reducing sample buffer, boiled, and fractionated with 15% SDSPAGE followed by immunoblotting with α-LC3 (1:2000, Cell Signaling Technologies)
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and α-Actin (1:1000, Sigma) with Li-Cor secondaries (donkey IRDye 680RD α-mouse,
Goat IRDye 680RD α-rabbit, and/or donkey IRDye800CW α-mouse, goat IRDye800CW
α-rabbit 1:20,000) and Odyssey CLX detection (LI-COR Biosciences). Cos7 cells were
seeded in 6-well dishes at 8 x 105 cells per well the day prior to bacterial challenge. The
next day, medium was replaced with DMEM with 10% FBS and chloroquine (100µM) 2
hrs prior to L. pneumophila challenge at an MOI=10 for 2 or 6 hrs. For the 6 hr
incubation, after 2hrs of challenge, non-internalized bacteria were washed 3x with
DMEM with 10% FBS and fresh DMEM with 10% FBS, then an chloroquine was added
back to the cells for the remaining 4 hrs of incubation. At the completion of the 2 or 6 hr
challenge, Cos7 cells were washed 2-3x with phosphate buffered saline (PBS), then lysed
in 250µl reducing sample buffer and probed with α-LC3 and α-GAPDH (1:500-1000,
Santa Cruz Biotechnology) for immunoblots.
2.19. Deubiquitinase assay post Sde modification of polyubiquitin.
His-tagged recombinant full length wild type SdeC, SdeC point mutants (C118S,
H416A, E858A), or a no enzyme control were bound to Ni-NTA (Thermo HisPur™)
resin at 1ug enzyme per 25µl of packed resin in 1X ART buffer for 1 hr at 4°C with endover-end rotation. The SdeC-beads were washed 3X with 1X ART buffer to remove nonadsorbed enzyme with microcentrifuge spin filters spun at 3000 x RCF at room
temperature. After the final wash, each 25µl of pelleted resin was resuspended with 2µg
of recombinant human homotypic-linked polyubiquitin chains (2µg/300µl reaction Ub3-7
K63 or K48, Boston Biochem, R&D) and 500µM ε-NAD in 1X ART buffer for 2 hrs
with end-over-end gentle rotation at 37°C. After incubation of SdeC and polyUb chains
together, the SdeC-bound resin was removed with microcentrifuge spin column filters
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and the polyUb reaction mixture was collected. This polyUb fraction was then incubated
with either 1) 100nM human recombinant PolyHistidine-otubain 1, isoform 1 (Boston
Biochem); 2) 50nM recombinant USP2 catalytic domain (CD) 259-605 (Boston
Biochem); 3) 50nM recombinant PolyHistidine-CYLD (Boston Biochem); 4) 50nM
recombinant SdeC DUB CD (1-192), or 50nM full length SdeC (1-1533) at 37°C in
20mM Tris 10mM NaCl, pH7.4, (1X ART buffer) for the indicated time. A fraction of
the reaction was removed and terminated by the addition of reducing sample buffer to
monitor DUB kinetics as needed. Samples were then heated to 50-55°C for 20-30min to
avoid Ub chain aggregation, as per manufacturers instruction, and samples were
fractionated by SDS-PAGE and analyzed by silver stain (SilverQuest, Invitrogen) or
Western blots. Relative DUB activity was determined using Image Studio software (LiCor analysis package) after 2 hrs incubation, comparing the efficiency of cleavage of
modified Ub relative to unmodified.
2.20. Autophagy adaptors binding of polyUb post Sde-mediated modification of Ub.
His-tagged recombinant full length wild type SdeC, SdeC point mutants (C118S,
H416A, E858A), or a no enzyme control were adsorbed to Ni-NTA (Thermo His-Pur™)
resin at 1ug enzyme per 25µl of packed resin in 1X ART buffer for 1 hr at 4°C with endover-end rotation. SdeC conjugated resin was washed 3X with 1X ART buffer to remove
non-conjugated enzyme with microcentrifuge spin filters centrifuged at 3000xg at room
temperature. After the final SdeC resin wash, each 25µl pelleted resin was resuspended
with 4µg of recombinant human homotypic-linked polyubiquitin chains Ub3-7 (K63 or
K48, 4µg/600µl reaction volume, Boston Biochem, R&D) and 500µM ε-NAD in 1X
ART buffer for 2 hrs with gentle end-over-end rotation at 37°C. During incubation of
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SdeC and polyUb chains, recombinant autophagy adaptors (either 1µg of recombinant
PolyHis-p62, recombinant PolyHis-optenurin, or recombinant PolyHis-Hmp cloned from
Yersinia pseduotuburculosis and purified from E. coli BL21(DE3), kind gift of Connor
Murphy, Isberg Lab) were adsorbed to 5µl pre-equilibrated packed Ni-NTA resin
(Thermo His-Pur™) through 1 hr with end-over-end rotation at 4°C in low adhesion
1.5ml microcentrifuge tubes. PolyUb chains were then separated from SdeC by collection
of SdeC resin in a microcentrifuge column spin filter and then the polyUb fraction was
incubated with recombinant autophagy/control proteins on Ni-NTA resin for 1 hr at room
temperature with end-over-end rotation. The resin was washed 3-5x with 50mM Tris
0.1% BSA (vol/vol) pH7.5 at room temperature, then resin having adsorbed proteins and
bound polyUb chains were eluted from the Ni-NTA beads with 250mM imidazole diluted
in 50mM Tris 0.1% BSA (vol/vol) pH7.5. Reducing sample buffer was then added to the
elution, and samples were heated to 55°C for 20-30 min, fractionation by SDS-PAGE,
and analyzed by immunoblot.
2.21. Sequential modification of Ub by Sde mART and NP domains.
His-tagged recombinant full length SdeC (20nM) was adsorbed to Ni-NTA resin
(5µl packed resin) for 1hr at 4°C with end-over-end rotation in 1X ART buffer. After
generation of SdeC resin, the beads were washed 4-6x with 500µl 1X ART buffer by
centrifugation at 3000 x RCF at 4°C and the supernatant was removed with a 30G needle
on a 1ml syringe. Next, SdeC resin was incubated with or without 100µM ε-NAD and
10µM recombinant Ub monomer (Boston Biochem). The mixture was incubated for 1 hr
at 37°C with end-over-end rotation. The Ub and ε-NAD mixture was separated from
SdeC resin by centrifugation at 3000 x RCF for 1min at 4°C, and then the reaction
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supernatant was collected with a 30G needle and kept on ice through additional
processing. The supernatant was centrifuged in a fresh pre-chilled low adhesion tube and
the supernatant was once again collected into a fresh pre-chilled low adhesion tube to
guarantee no residual Ni-NTA resin was passed through to the final collection tube.
Finally, ~400-660nM recombinant human GST-HA-Rtn4b was added to the ubiquitin
mixture and incubated at 37°C in a pre-warmed thermocycler for 1 hr. Reactions were
terminated by the addition of reducing sample buffer, boiling, SDS-PAGE fractionation,
and silver stain or immunoblot analysis.

Figure 2.2. Cartoon schematic of process to assess sequential steps of SdeC mediated
Rtn4-ubiquitination in vitro.
Recombinant full length SdeC (1-1533) or mutant full length point mutant SdeC (H416A
or E858A) constructs are attached to Ni-NTA resin, then incubated with ε-NAD+ and
ubiquitin monomer (yellow orb) to post-translationally modify ubiquitin (PTM is
represented as a blue ball attached to Ub). After allowing time for Ub modification, SdeC
resin is removed, and the post-translationally modified or native ubiquitin remains in the
supernatant, which is transferred to a fresh eppendorf tube where recombinant GST-HARtn4 is added to the supernatant. In some experiments fresh recombinant SdeC or SdeC
point mutants were added at the point of GST-HA-Rtn4 addition (not shown in model
above) to assess the utility of modified Ub as a SdeC substrate for conjugation to Rtn4.
After the Ub supernatant fraction was allowed to react with GST-HA-Rtn4 for an hour at
37°C, the reaction was terminated with SDS sample buffer, then Rtn4 ubiquitination was
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assessed by SDS-PAGE fractionation coupled with silver staining or immunoblot
analysis.
2.22. Clearance of L. pneumophila from A/J mice after intranasal infection.
For single L. pneumophila strain infections, 2 groups of approximately 8-weekold male or female A/J mice (Jackson Laboratories, ME) were inoculated separately to
assay the virulence of ΔsidE ΔsdeC ΔsdeB-A pvector compared to ΔsidE ΔsdeC ΔsdeBA psdeCWT strain. L. pneumophila strains were cultured overnight in a series of AYE
dilutions to allow a motile, infectious, post-exponential population of each L.
pneumophila mutant to be available for mouse inoculation. After determining the motility
and A600, each strain was washed 2x in sterile room temperature PBS and was diluted to
generate a 20μl PBS L. pneumophila mixture with 2 x 104 CFU in total. Mice were
anesthetized and L. pneumophila was inoculated intranasally (i.n.) by slowly pipetting a
drop of inoculum onto one nostril and waiting for inhalation, then repeating slowly until
the entire 20μl inoculum was taken down the nasal passage. At 4 hrs and 48 hrs post
inoculation, mice were sacrificed; 1ml of sterile PBS was used to wash mice lungs, BAL
(Bronchoalveolar lavage) fluid was collected, and plated for CFU. Serial dilutions of
BAL fluid were plated onto both CYET and CYE agar plates to determine the number of
viable bacteria and to confirm plasmid retention in bacteria colonizing the lung. Lung
CFU were determined 72-96 hrs after plating. Kim Davis (Formerly of the Isberg Lab,
currently at Johns Hopkins University) was responsible for the development and
implementation of animal infections for the L. pneumophila pulmonary mouse model of
infection. Enumeration of L. pneumophila CFUs from BAL fluid of ΔsidE ΔsdeC ΔsdeBA pvector or ΔsidE ΔsdeC ΔsdeB-A psdeCWT infected mouse lungs was carried out by K.
Kotewicz. These infections, from Dec. 2016, offer preliminary results on the importance
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of the SidE family during pulmonary mouse infections and would require significant
numbers of additional animal infections to fully assess the virulence differences in a
ΔsidE family infection, wild type infection, and ΔsidE family infection with in trans
expression of individual SidE proteins. This experiment represents a single replicate with
5 mice per infecting strain per infection time point (4 vs. 48 hrs). A general schematic of
the infection protocol is diagramed below in figure 2.2.

Figure 2.3. Cartoon representation of the protocol used to assess L. pneumophila
virulence in a mouse pulmonary infection model (Designed by K. Davis).
To assess the importance of the SidE family during a mouse pulmonary model of
infection, A/J mice were anesthetized and intranasally (i.n.) inoculated with 2 x 104 L.
pneumophila in PBS containing either ΔsidE ΔsdeC ΔsdeB-A pvector (KK099) or ΔsidE
ΔsdeC ΔsdeB-A psdeCWT (KK099 pSdeCWT). The infection groups were housed
separately after inoculation and After 4 or 48 hrs, mice were killed, BAL fluid was
collected, and plated on CYE and CYET plates for CFU enumeration from the lungs.
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Chapter 3:
Sde proteins are a family of Legionella IDTS that ubiquitinate and reorganize the
tubular endoplasmic reticulum.

This chapter contains excerpts that have previously been published in:
(reprinted with permission of publisher)
Kotewicz KM, Ramabhadran V, Sjoblom N, Vogel JP, Haenssler E, Zhang M, Behringer
J, Scheck RA, Isberg RR. Cell Host Microbe. 2017 Feb 8; 21(2):169-181. Epub 2016 Dec
29.
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3.1. Targeted transfection screen of L. pneumophila T4SS substrate protein(s)
reveals Sde proteins promote Rtn4 reorganization.
The intracellular pathogen Legionella pneumophila generates a host-derived
vacuolar compartment that supports bacterial replication within a cell. This intracellular
niche ultimately resembles the rough endoplasmic reticulum, but the purpose and
mechanisms underlying the vacuole transformation to an ER-like compartment remain
focus of intense study in the Legionella field. Although the Legionella containing vacuole
(LCV) resembles rough ER hours after phagocytosis, the peripheral tubular ER network
is perfectly situated to immediately interact with an incoming intracellular pathogen. In
many cases tubular ER would likely be the second structure an incoming intracellular
pathogen would encounter, after the plasma membrane, since extensive regions of the
plasma membrane remain in close association with tubular ER, particularly during
phagocytosis351,379,561. Early evidence for this line of reasoning within the Legionella field
arose from a study showing that the L. pneumophila T4SS substrate Ceg9 forms a
tripartite complex with atlastin-1 and Rtn4 isoforms, Rtn4b/Rtn4d (Figure 1.18.)172.
Infection with L. pneumophila was observed to produced an aberrant accumulation of
detergent resistant Rtn4 at the LCV, dependent on a functional T4SS (Figure 1.X)172,260.
To decipher which of the L. pneumophila T4SS substrate(s) was responsible for altering
Rtn4, we employed our ability to detect the detergent resistant Rtn4 from immunoblots of
infection extract by challenging HeLa cells with different L. pneumophila mutants. Cells
were challenged for 2 hrs with either L. pneumophila lacking Ceg9, a T4SS substrate
previously shown to interact with Rtn4172, a minimalized L. pneumophila strain lacking
12.7% of the genome (Δpent)354, WT Legionella, or a T4SS defective strain, dotA3.
Infected cell extracts from both Δceg9 and Δpent strain challenge resulted in a HMW
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Rtn4 species similar to a WT infection (Figure 3.1. WT, Δpent, Δceg9) Consistent with
previous observations, a dotA3 infection did not alter Rtn4 and the immunoblot mimicked
an uninfected cell extract (Figure 3.1. dotA3, Un).

Figure 3.1. Rtn4 HMW species forms independently of Ceg9 and still develops in an
effector minimalized mutant, Δpentuple strain.
Experiments performed by Eva Haenssler260
Altered electrophoretic migration of Rtn4 after L. pneumophila challenge, indicated by
black arrowhead and High MW label. HeLa cells were challenged for 2 h, solubilized in
SDS at room temperature, fractionated by SDS-PAGE, and probed with α-Rtn4. Rtn4b/d
monomers are the prominent bands at 50kDa, Rtn4 dimers are present at 100kDa, and
higher order oligomers such as tetramers can be observed at 200kDa and above. Lanes:
Un, uninfected; WT, Lp02; dotA3, icm/dot- or T4SS defective; Δceg9, Ceg9 deletion
strain; Δpent, pentuple deletion strain354.
From these results, we designed a targeted transfection screen to assay the effect
of individual L. pneumophila proteins on Rtn4, by selectively screening gene candidates
located outside the Δpent deletion regions. Plasmids encoding individual GFP-tagged L.
pneumophila T4SS substrates were transiently transfected into mammalian cells for 4046 hrs, then cell extracts were fractionated by SDS-PAGE and probed with α-Rtn4
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(Figure. 3.2. A). Of the >60 L. pneumophila substrates examined (Table 2.5), three
members of the Sde family, SdeC, SdeB, and SdeA, generated an HMW Rtn4 species. In
addition, a modified form of Rtn4 that migrated just above the abundant Rtn4b/d
monomers (~50kDa) was observed (Figure 3.2.A; modified). Interestingly, transient
expression of two additional SidE family homologues, sidE (lpg0234) and sdeD
(lpg2509), was unable to induce the transformation of Rtn4. These three large L.
pneumophila T4SS substrates that were capable of targeting Rtn4 are organized in a
contiguous locus with lpg2154 and sidJ, a known antagonist/regulator of SidE family
function (Figure 3.2. B).

Figure 3.2. Three Legionella homologues from the SidE family are individually
capable of altering electrophoretic migration of Rtn4 during transient
overexpression.
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(A) Sde family members result in Rtn4 electrophoretic variants after transient
transfection into mammalian cells. Cos1 cells were transfected for 40-46 hrs with
plasmids expressing GFP fusions to the indicated L. pneumophila T4SS substrates, then
cells were extracted, gel fractionated and blots probed with α-Rtn4. (B) The
chromosomal arrangement of the sde genes in a 20kb operon-like structure with
antagonist/regulator sidJ (lpg2155).
3.2. SdeA, SdeB, SdeC are each independently responsible for Rtn4 transformation
during L. pneumophila infection.
To determine if L. pneumophila lacking the sde family was capable of inducing
colocalization of detergent-resistant Rtn4, BMDMs were challenged for 1 h with L.
pneumophila and analyzed by immunofluorescence microscopy (Figure 3.3. A-C). More
than 70% of wild type (Lp02) LCVs were associated with Rtn4, while no colocalization
was observed with dotA3 (Lp03) vacuoles (Figure 3.3. A-C). Both a complete sde family
deletion (Δsde, KK099, ΔsdeC ΔsdeB-A ΔsidE; Table 2.1)232 and a sde locus deletion
(ΔsdeC-A, KK034; Table 2.1) were unable to induce Rtn4 association with the LCV
(Figure. 3.3. A,B). Comparison of the results between these two different genetic
backgrounds indicates the ER-LCV association was independent of other sidE family
homologues still present in the genome, including sidE (lpg0234) and sdeD (lpg2509).
Furthermore, the Rtn4 transformation did not require other sde locus genes, including
lpg2154 and sidJ (lpg2155). Expression of plasmid-encoded SdeC or SdeB was able to
completely restore Rtn4-LCV association to WT levels in either sde deletion background,
while there was partial restoration with expression of SdeA (Figure 3.3. A-C).
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Figure 3.3. Sde proteins are responsible for Rtn4 reorganization during infection.
(A,B) BMDMs from A/J mice were challenged at an MOI =1 for 1 hr with denoted L.
pneumophila strain, followed by fixation, permeabilization with 1% Triton X100 and
probing with α-Rtn4 (green), α-L. pneumophila (red), and Hoechst (blue) for nuclear
DNA staining. LCVs associated with Rtn4 signal above background were considered
positive, represents at least three independent experiments with 50 LCV/coverslip
counted with 3 coverslips per condition evaluated. Wild type, Lp02; dotA3, T4SS
defective or an icm/dot-; Δsde, ΔsidE ΔsdeC ΔsdeB-A or Δlpg0234 Δlpg2153 Δlpg21562157 (KK099); ΔsdeC-A, Δlpg2153-2157 (KK034). (C) Representative
immunofluorescent micrographs of BMDMs infected with noted L. pneumophila strain.
Deletion of sde family (KK099) prevents Rtn4 rearrangements about the LCV, which can
be complemented by expression of individual Sde proteins. Scale bar: 5µm.
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3.3. Live microscopy of Rtn4b-GFP during L. pneumophila infection reveals rapid
Rtn4 nucleation outward from LCV.
The prior immunofluorescence microscopy studies of Rtn4 at the LCV provide
static images of the relationship between these two highly dynamic structures172,260. The
interpretation of these images typically occurs in the absence of the native tubular ER
network, due to paraformaldehyde fixation followed by detergent extraction of
membrane. This limits the amount of information we could acquire on the dynamics of
Rtn4 at the LCV and the interactions between the transformed Rtn4 with the peripheral
ER network. To address these experimental blind spots, we surveyed the dynamics of
Rtn4-LCV association in real-time. Cos7 cells were transfected with Rtn4b-GFP, then
challenged with WT L. pneumophila or Δsde (KK034 pvector) strains expressing
mCherry and monitored over a 10 min period (Figure 3.4. A,B). The Rtn4b-GFP signal
illustrates a high-resolution outline of the ER network, which strongly contrasts with the
poor resolution of endogenous Rtn4 in prior micrographs after concentrated detergent
extraction (Figure 1.18.B. and 3.3.C). In response to the WT infection, an Rtn4 signal
intensified around the vacuole membrane, enveloping the entirety of the LCV. Then the
Rtn4 signal dramatically nucleated outward from the LCV in several directions in Rtn4rich tubular protrusions. These intense Rtn4 projections were observed branching, some
of which formed junctions with other Rtn4 protrusions (Figure 3.4. A). The protrusions
appeared to both move along existing ER tubule pathways, as well as forge novel ER
tubule extensions and new connections with the existing ER network. In a Δsde
challenge, there was no observable change in Rtn4 localization or intensity (Figure 3.4.
B).
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Figure 3.4. Sde family members promote immediate Rtn4 rearrangements after host
cell contact.
Experiments performed by Vinay Ramabhadran260
Cos7 cells, which were transiently transfected to express Rtn4b-GFP, were challenged
with (A) wild type (WT, Lp02 pmcherry) L. pneumophila or (B) Δsde (ΔsdeC-A, KK034
pmcherry) and images from live cells were captured over a 10 min period. Scale bar:
5µm. Images displayed at 1.15X the captured sizes.
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3.4. Sde-dependent ER rearrangements result in distinct morphological changes.
To further resolve the transformation of tubular ER during L. pneumophila
infection, we devised a method for high resolution probing of Sde-mediated ER structural
changes. First, an Rtn4b-APEX2-GFP fusion protein was generated (V. Ramabhadran
and J. Berhinger, Figure 3.5), where GFP served as a marker for transfected cells. The
APEX2 fusion allows Rtn4 localization to be determined by coupling the protein of
interest to an engineered peroxidase reporter, which can be detected by transmission
electron microscopy (TEM) after addition of the substrate diaminobenzidine (DAB). This
peroxidase reaction precipitates fusion proteins in place to generate an electron dense
signal providing sub-organelle resolution of the fusion protein localization81,273,279,306.
Cos7 cells were transiently transfected with an Rtn4b-APEX2-GFP fusion then
challenged with the WT or Δsde strains expressing mCherry for 1 h, and analyzed for
deposition of DAB by microscopy. Bright-field microscopy revealed strong DAB
depositions associated with WT LCVs, mimicking the Rtn4b structures previously
observed by fluorescence microscopy (K. Kotewicz, M. Zhang, and J. Behringer, (Figure
3.5).
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Figure 3.5. Rtn4b-APEX2-GFP accumulation and deposition at WT L. pneumophila
LCVs.
(Top) Map of the Rtn4b-APEX2-GFP construct. (Bottom) DAB deposition mimics
topology of Rtn4 rearrangements in response to L. pneumophila. Cos7 cells harboring
Rtn4b-APEX2-GFP were challenged with wild type (WT) L. pneumophila (pmCherry)
for 1 hr, then fixed, subject DAB precipitation. Yellow arrow indicates the site of L.
pneumophila (red) with localized DAB deposition mimicking patterns observed with
immunofluorescence microscopy. Scale bar: 10µm. Special thanks to Jess Behringer for
the image acquired during her rotation through the lab.
One hour after infection, TEM images of WT LCVs revealed vesicle-mimicking
structures (termed pseudovesicles) with dense DAB deposition about their surface in
close proximity to the vacuole (Figure 3.6. A-C, red arrows). Furthermore, DAB-rich
depositions formed numerous projections extending out perpendicularly from the
cytoplasmic face of pseudovesicles often towards the surface of other pseudovesicles
(Figure. 3.6. A,C,D, white arrow heads). These bridge-like structures were reminiscent of
the proteinacious bridges observed between tubular ER and mitochondria at membrane
contact sites95. LCV membranes adjacent to the WT were darkly stained by DAB
110

depositions, indicating high levels of Rtn4 contiguous with the vacuole membrane
(Figure. 3.6. A). In contrast, vacuole membranes encompassing the Δsde mutant had little
evidence of either pseudovesicles or DAB staining (Figure. 3.6. E-G). To determine if the
pseudovesicular structures observed were specific to the presence of the fusion protein,
TEM of bone marrow-derived macrophages (BMDMs) challenged with WT L.
pneumophila was performed (V. Ramabhadran). Analogous pseudovesicular structures,
as well as linear projections from these structures were observed surrounding the LCV
(Figure 3.7. A-E). There is strong precedence for this observation, as pseudovesicular
structures occurring immediately after infection have been observed numerous times in
the literature (Table 3.1). There were no pseudovesicular structures in BMDMs
challenged for 1 h with L. pneumophila mutants lacking sde (Figure 3.8. A-I). Instead,
the LCV was associated with long membranous ribosome-rich structures that resembled
irregularly stacked rough ER sheets, indicating premature association of rough ER with
the LCV (Figure 3.8. A,B,D,E,G,H,I). Rough ER association with the LCV during the
earliest phase of infection has rarely, if ever, been observed in the literature (Table 3.1.),
and was only occasionally observed in micrographs of cells challenged with WT (Figure
3.7. D).
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Figure 3.6. TEM of L. pneumophila infection of Cos7 cells with Rtn4b-APEX2-GFP
reveals Rtn4 rich ‘pseudovesicles’ and proteinacious bridges linking them
dependent on Sde family.
Sde-dependent ER rearrangements generate Rtn4-staining pseudovesicles or linear
stacks. (A-G) Cos7 cells harboring Rtn4b-GFP-APEX2 challenged for 1 h with either
LP02 (A-D) WT or (E-G) the Δsde strain (KK099), subjected to DAB staining followed
by TEM. (A(inset1/2) are TEM images of different sections from the same cell. Panels
(A/D inset) are a high magnification image of Rtn4-rich region abutting a bacterium that
can be seen in panel A/D. (E-G) Δsde strain results in poorly defined LCV membrane,
note absence of Rtn4 staining and ‘pseudovesicles’. Inset regions are highlighted with
white dashed box, yellow stars indicate location of bacterium, red arrows indicate Rtn4rich ‘pseudovesicles’, white arrowheads indicate membrane projections or proteinacious
bridges, black arrowheads point to weakly defined membranes in direct apposition to the
LCV.
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Figure 3.7. TEM of WT L. pneumophila infected BMDMs reveal Rtn4 rich
‘pseudovesicles’ and membrane stacks that accumulate at the LCV.
Shown are transmission electron micrographs of BMDMs from the A/J mouse challenged
for one hour with Lp02 (WT) strain. (A,B) Arrows point to pseudovesicles, with boxed
area noting region in interest displayed in next panel. (A(inset)) Region of interest noted
in panel A. Arrows point to projections from pseduovesicle to LCV. Dashed boxes are
displayed to show regions displayed in partner images at different magnifications. (C)
Prominent stacks emanating from LCV. Boxed area refers to region on interest displayed
in next panel. (C(inset)). Region of interest from panel C. Arrows point to stacks of
membranous compartments extending from LCV. (D) Pseduovesicles noted by arrows.
Image shows apparent rough ER sheet recruitment at early infection time points. (E)
BMDM challenged for 1 h with LP02 (WT). (E(inset)) Boxed area at higher
magnification. Arrowhead points to projections from round structure.
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Figure 3.8. TEM of ΔsdeC-A infected BMDMs results in premature ER sheet
association with the LCV.
Experiments performed by Vinay Ramabhadran260
Lack of pseudovesicle and accumulation of endoplasmic reticulum sheets surrounding
LCVs of Δsde or ΔsdeC-A mutants. (A-F) Shown are transmission electron micrographs
of bone marrow derived macrophages from the A/J mouse challenged for one hours with
L. pneumophila mutants lacking the Sde family. Macrophages challenged with sde
mutants (A) KK099, clean sidE family deletion or (B-I) KK034, sde locus deletion
ΔsdeC-A strain. Note long ribosome-studded membranes (ER sheets) and lack of
pseudovesicles.
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Table 3.1. Survey of published electron micrographs that analyze L. pneumophila
intracellular replication.
Compiled by Ralph Isberg260
Organism
Legionella
pneumophila

Legionella
pneumophila

Legionella
pneumophila
Legionella
pneumophila

Legionella
pneumophila
Legionella
pneumophila

Legionella
pneumophila

Legionella
pneumophila
Legionella
pneumophila
Legionella
longbeachae
Legionella
pneumophila
Legionella
pneumophila

FIGURES
Fig. 1C: 2.5 hpi. Large number of
round structures ("vacuoles")
(100+nm) surround replication
compartment. Appears very similar
to Rtn4-APEXII stain.
All in presence of cycloheximide.
Fig. 1A: flattened round vacuoles
tightly associated. Fig. 1C: 4 hpi.
Ribosomes, ER. Fig. 1D: 6 hpi.
See round structures (100-400 nm.)
Fig. 1E: 8 hpi. Numerous round
structures.
Fig. S1: WT. 6 hpi. Multiple large
vacuolar structures associated with
bacterial vacuole.
Fig. 3: TEM shows images of large
number of bacteria in cells.
Associated compartments cannot
be evaluated.

Fig. 1E: 8 hpi.
See rough ER.

Fig. 2B: 8 hpi.
Rough ER.

Other figures, all
later time points
Fig. 3: 4 hpi. Clear view of large
(16- 24 hpi)
vacuoles near replication vacuole.
showing filled
up amoebae.
Other figs: too
Fig. 8: Round 200 nm "vacuoles"
many bacteria to
with thickened membrane.
interpret.
Fig. 7: 6 hpi.
Multi-bacterial
vacuoles
surrounded by
Fig. 2: 6 hpi. Multi-bacterial
rough ER, with
compartments surrounded by rough
evidence of
ER.
quashed
"vacuole" next to
replication
compartment.
Fig. 3A: 6 hpi. Squished electron
dense "vacuoles" associated with
bacterial compartment.
Fig 4: TEM of extracellular
bacterium.
Fig. 1: Single bacterium. No
apparent structures associated.
Fig. 3: 36 hrs co-culture show
cells with serpentine ER around
replication compartments. >10
bugs/cell

Host Cells
Fig. 3: 5 hpi. See
Bip (ER marker)
in large
"Vacuole."

Ref

Hartmannella (Abu Kwaik,
vermiformis 1996)

U937 cells

(Abu Kwaik,
1998)

A. polyphaga

(Al-Khodor
et al., 2008)

U937 cells

(Alli et al.,
2000)

Acanthamoeb (Anand et
a palestinensis al., 1983)
Guinea Pig
(Baskerville
pulmonary
et al., 1983)
macrophages

U937 Cells

(Berger and
Isberg,
1993)

U937 Cells

(Berger et
al., 1994)

Extracellular
only

(Cazalet et
al., 2010)

HeLa cells

(Daisy et al.,
1981)

Acanthamoeb (Dey et al.,
a castellani
2009)

Legionella
pneumophila
Escherichia
Fig. 1B: 24 hpi. Large numbers of
coli
bacteria.
Staphylococcu
s aureus

Guinea pig
(Elliott and
alveolar
Winn, 1986)
macrophages
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Legionella
pneumophila

Legionella
pneumophila

Legionella
pneumophila
Legionella
longbeachae

Legionella
pneumophila
Legionella
pneumophila
Legionella
pneumophila

Legionella
pneumophila

Legionella
pneumophila
Legionella
pneumophila
Streptococcus
pneumonia
E. coli
Pseudomonas
aeruginosa
Pseudomonas
alcaligenes
Neisseria
gonorrhoeae
Neisseria
meningitidis

Fig. 6: a, b:
Appears to be
"Vacuoles"
Fig. 1: a: appears to be ribosomes
around
around vacuole, 4 hpi (difficult to
replication
resolve)
compartment 4
hpi (difficult to
resolve)
Fig. 2A: 21 hpi. See single bug
vacuole (reinfection?) with
multiple large vacuoles
surrounding it. 2D: 45 hpi. See ER
whorls.
Fig. 1A: 5 hpi. Replication
compartments associated with
large vacuoles. Fig. 1B: 24 hpi.
Replication compartment
associated with rough ER,
ribosomes.
Fig 3a: 3 hpi. Large thick
membraned compartments
associate with replication
compartment. Fig. 3c: 24 hpi.
Ribosomes associated with
compartment.
Fig. 5: In presence of cytocholasin;
not scored.
48 hr infections? Fig. 1C: See solo
bacterium in vacuole with
associated large vesicles.
Fig. 8: Six day infection of C.
elegans. See intestinal cells with
internal bacteria and multiple
vesicle associated. Unclear if
vesicles near replication
compartment induced by bacteria
or in uninfected as well.
Fig. 5: 48 hpi. Stretched out
"vacuoles' about 300+ nm in
length.

Fig. 7: a(U937),
appears to be
"Vacuoles"
around replication
compartment.
b(WI-26):
appears to be RER
around replication
compartment 4
hpi (difficult to
resolve)

WI-26 human
type I alveolar (Gao et al.,
epithelial cells 1998)
and U937

HeLa cells

(Garduno et
al., 1998)

MM6
(Gerhardt et
macrophageal., 2000)
like cell line

HeLa cells

(Goldoni et
al., 1995)

(Goldoni et
al., 1998)
(Greub and
Hartmannella
Raoult,
vermiformis
2003)
HeLa cells

Fig. 1G: 3.5 min pi. 100 nm +
"vacuoles" associated with
compartment with monocytes.
Coiling phagocytosis.

Other figures:
very early time
points, as well as
analysis of E.
coli and
antibody-coated
bacteria.

Legionella
pneumophila

Fig. 3A: 1 hpi. Stretched out
vesicles and vacuoles. Fig. 3B: 1
hpi. Large vesicles, mitochondria.
Fig. 3C: 6 hpi. Ribosomes
accumulate.

Fig. 4A: 1 hpi.
Large vesicles,
spikes coming
from replication
vacuole. 4B: 6
hpi. Lined by
ribosomes.

Legionella
pneumophila

Fig. 8B: 2 days pi. Ribosome
studded replication compartment.
10 nm 'Filaments."

C. elegans

(Hellinga et
al., 2015)

A. castellanii

(Holden et
al., 1984)

monocytes,
(Horwitz,
alveolar macs,
1984)
neutrophils

(Horwitz,
1987)

Human
Monocytes
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(Horwitz
and
Silverstein,
1980)

Legionella
pneumophila
Escherichia
coli
Legionella
Pseudomonas
Mycobacteriu
m
Chlamydia
Legionella
pneumophila
Escherichia
coli

(Horwitz
and
Silverstein,
1981)

Fig. 1A: 30 min. pi. Large smooth
vesicles in human PMN.

Human
polymorphs

Fig. 4C: Legionella micrograph
difficult to interpret.

Acanthamoeb (Iovieno et
a keratitis
al., 2010)

Pigtail
monkey
alveolar
macrophages
Guinea pig
lungs,
macrophages
and
neutrophils

Fig 5a: 1 hpi. Difficult to discern
morphology. Fig 5B: 48 hpi. Large
replication vacuoles.

(Jacobs et
al., 1984)

Legionella
pneumophila

Figs. 2 and 4: Guinea pig lung
infections, 3 days pi, macrophages
show ribosomes surrounding
replication vacuole.

Legionella
pneumophila

3 hour infection; Fig. 8: larger
numbers of bacteria in a single
vacuole

Tetrahymena (Kikuhara et
thermophila al., 1994)

Legionella
pneumophila 3 day co-culture; Fig.2: MultiHartmannella bacterial vacuoles.
vermiformis

Hartmannella (King et al.,
vermiformis 1991)

Legionella
pneumophila

A/J mouse
(Klein et al.,
peritoneal
1991)
macrophages.

48 hpi?: Fig. 2: Large numbers of
bacteria. Rough ER.

Legionella
pneumophila Fig. 7: 6 hpi. Large spacious
Dictyostelium vacuole with nearby vesicle.
discoideum
L. dumoffi, only. Fig. 2B: 3 hpi.
See round Vesicle (ER-like double
Legionella
membrane), rough ER. Fig 1C: 6
dumoffii
hpi. Clear rough ER and clusters
Legionella
of large vesicles: Figs 2D,E: 12
pneumophila
hpi. Ribosome studded and rough
ER as well as persistent vacuole.
Legionella
dumoffii
dumoffi only
Legionella
pneumophila
Legionella
Large numbers of bacteria in
pneumophila vacuole? Cytoplasm?
Legionella
Fig. 3: 6 hpi. Single bacterium with
pneumophila mitochondrion.
Legionella
Fig. 7: 6 hpi. TEM of heavy metal
pneumophila
labeling. Too low power to
Acanthamoeb
observe morphology.
a polyphaga
Fig. 1: 8 hpi. Fig. 1B: Several large
vacuoles, and clear evidence of
stacks of rough ER. Fig. 1C: Huge
Legionella
stacks of ER, plus "rough ER
pneumophila fingers" extend from a round
structure. Fig. 1D: Rough ERencompassed "vacuole" adjacent to
replication compartment.
Legionella
pneumophila

(Katz and
Hashemi,
1983)

D. discoideum

(Li et al.,
2005)

Vero cells

(Maruta et
al., 1998a)

Alveolar
epithelial

(Maruta et
al., 1998b)

Acanthamoeb
a
Rat alveolar
epithelial cells

(Michel et
al., 1998)
(Mody et al.,
1993)

A. polyphaga

(Molmeret et
al., 2002)

(Molmeret et
al., 2004)

U937 cells;
human
(Molmeret et
monocyteal., 2007)
derived
macrophages

Fig. 1: 1 hpi. Vacuoles associated
with compartment. 8 hpi. Rough
ER (U937.) Fig. 2A: Large
vacuoles associated (MDM.)
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Legionella
pneumophila
Escherichia
coli

Human
(Nash et al.,
alveolar
1984)
Macrophages

Fig. 2: 24 hpi. Large replication
compartments, some ribosomes.

Fig 4b, MRC-5 cells (1-2 hpi?),
"Vesiculated" cytoplasmic
membrane associated with
Legionella
Legionella-containing vacuole;
pneumophila
Fig. 4d, MRC-5 cells, rough-ER
like structures about replicating
bacteria
Legionella
Fig. 7B: Panel 2, large number of
pneumophila associated vesicles. Panel 1, ER
Dictyostelium and stretched "vesicle."
Legionella
Figs 5 and 6: 3.5 min. pi.
pneumophila Pseudopod coils. An ER structure
L. micdadei
near coil. Monocytes.

MRC5, Vero (Oldham and
and HeLa
Rodgers,
cells
1985)

Figs. 7 and 8:
PMNs
pseudopod coils.

Fig. 3A, B:
Vesicles
surrounding
replication
vacuole stain
intensely for
G6Pase, ER
marker.

Fig. 4A: 1 hpi ER
fragments
surrounding
replication
vacuole stain
intensely for
G6Pase,ER
marker. Figs
4C,D,E: See clear
ER-like labeling
at 3 and 8 hours.
Fig. 4D: See
heavy staining of
membrane around
"Vesicle"
consistent with
associated
"vesicles" having
a double
membrane.

RAW 264.7

(Ragaz et
al., 2008)

PMN and
human
monocytes

(Rechnitzer
and Blom,
1989)

Fig. 5C,D: 1
hpi. See
GTPase
staining of
finger-like
projections
similar to those
seen in
micrograph
displayed in
attached
manuscript.

Legionella
pneumophila

Fig. 1: 1 hpi. Large numbers of
large vesicles (100nm +)
associated. No clear ER.

Legionella
pneumophila

6 hpi: Fig. 1C multiple bacteria in
a single compartment with clear
rough ER associated around
Legionella-containing vacuole

U937 cells

Legionella
pneumophila

Fig. 1: Large multi-bacterial
vacuoles. Late time points.

Human
(Schmid et
tropoblast cell
al., 1991)
line

Legionella
pneumophila Fig. 2: Purified L. pneumophila
Dictyostelium compartments have clear
discoideum
association with large vacuoles.
L. hackeliae
Legionella
pneumophila

Legionella pneumophila

Legionella
pneumophila

Fig. 7: 7 hpi. 7A: Human
monocytes. Heavy ER
immunoperoxidase staining of
flattened "vacuole" (200 nm +).
7B: Human monocytes. ER
staining of ER-like structures. 7c:
Murine macrophages. ER-like
staining associated with
compartment.

(Robinson
and Roy,
2006)

(Rodgers
and Gibson,
1993)

(Shevchuk et
al., 2009)
Fig. 3D;
ribosome
studded
replications
vacuoles.

Infected
guinea pig
(Surgot et
lungs;
al., 1988)
macrophages

human
monocytes
(Swanson
and murine
and Isberg,
bone marrow 1995)
macrophages
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Legionella
pneumophila

Legionella
pneumophila
Legionella
pneumophila
Legionella
micdadei

Fig. 1: 5 min. pi. "ER-derived"
vesicles as much as 300 nm in
length. Membrane thicker than
vacuolar membrane. Fig. 2: 15
min. pi. See flattened vesicles of
similar size and filaments
connecting them.

Fig. 4: 19 hpi.
See ribosomes
around
replication
vacuole. Fig 5:
See at two hours
little evidence of
RER, but
evidence of
continued
associate of "ER
vesicles."

U937 Cells

(Tilney and
Roy, 2001)

(Vandenesch
et al., 1990)
Fig. 6B: 18 hpi. ER closely
associated.

Human
monocytes

(Weinbaum
et al., 1984)

Legionella
pneumophila

Fig. 9: Large compartments
containing bacteria in alveolar
guinea pig macrophages from
infected animals

Guinea pig
lungs

(Williams et
al., 1987)

Legionella
pneumophila

Fig. 2: Large numbers of bacteria
in late infection (2-3 days pi.)

Human
embryonic
lung
fibroblasts

(Wong et al.,
1980)

Legionella
pneumophila

Fig. 1: 24 hpi. Large bacterial
compartments.

Fig. 2: 24 hpi.
Large bacterial
compartments.

Murine
(Yamamoto
macrophages et al., 1992)

3.5. Sde family members induce Rtn4 monoubiquitination
As mentioned previously, transfection of individual Sde proteins resulted in the
formation of both a HMW Rtn4 species and a modified Rtn4 species that migrated just
above the Rtn4b and Rtn4d monomers. In hopes of deciphering the mechanism
underlying Sde-mediated Rtn4 transformation, we designed a method to isolate and
identify this modified Rtn4 species. First, GFP-SdeC was transiently transfected into cells
to produce modified Rtn4. Then Rtn4 was immunoprecipitated using a crosslinked αRtn4 resin, which prevents the elution of antibody chains from the resin. This step was
crucial, since the heavy chain of antibodies fractionate at ~50kDa, which would comigrate with Rtn4 monomers obscuring down-stream analysis. After
immunoprecipitation, the modified Rtn4 species was excised from SDS gels for LCMS/MS analysis (Figure 3.9. A). The modified Rtn4 sample showed almost complete
coverage of Ub, although curiously the classic Gly-Lys isopeptide diagnostic of
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ubiquitination and Ub linkage type could not be detected (Tables 3.2. and 3.3.). Several
peptides present in the control Rtn4 monomer samples were noticeably absent from the
modified Rtn4 species, consistent with those peptides containing residues targeted by the
modification (Table 3.3). Furthermore, the migration of the modified Rtn4 was consistent
with monoubiquitination (8.5 kDa) of one or both Rtn4 isoforms (Rtn4b/Rtn4d). The
minor difference in molecular weight (~2kDa) between the two Rtn4 isoforms along with
their simultaneous recognition by Rtn4 antibodies made distinguishing between them
difficult. To confirm the identity of the Rtn4 modification as monoubiquitin, HA
(hemagglutinin)-tagged Ub was transiently co-expressed with either GFP-SdeC or a GFP
control in cells. Then transfected cell extracts were subject to Rtn4 immunoprecipitation
(IP) and immunoblot analysis. Eluates of immunoprecipitates from SdeC-transfected cells
revealed two prominent HA positive bands above 50kDa (Figure 3.9. Panel B, compare
each of the E lanes). The migrations of the two species were consistent with single and
double Ub modification of Rtn4 in response to SdeC. No ubiquitination of Rtn4 was
observed in eluates from GFP control transfections (Figure 3.9. B, Eluate lanes). The
HMW species previously observed by α-Rtn4 immunoblots could not be detected by
silver stain analysis, suggesting this population was not present at a high enough
concentration for silver stain visualization or else this HMW Rtn4 was not
immunoprecipitated, potentially due to removal of the insoluble fraction of cell extract
prior to Rtn4 IP.
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Figure 3.9. Expression of Sde family members promote Rtn4 monoubiquitination.
(A) GFP-SdeC or GFP (vector) were transiently expressed in HeLa cells for 24 h,
followed by Rtn4 IP. Eluates were fractionated by SDS-PAGE and stained. (B) HA-Ub
was transiently co-expressed with either GFP or GFP- SdeC in HeLa cells for 24 h, then
subjected to IP with α-Rtn4 IP, fractionated by SDS-PAGE, and probed for Ub-modified
Rtn4 with α-HA (E=Eluate, FT=Flow-through, T=Total).
Table 3.2. Mapping of Rtn4 peptides identified by LC-MS/MS, see Figure 3.9.
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Table 3.3. Rtn4 and ubiquitin peptide prevalence identified by LC-MS/MS.
Modified Rtn4
(GFP-SdeC)
2
2
0
0
0
0
0
0
0
0
8
0
0
0
2
0
0
0
0
0

Rtn4b/d
(GFP-SdeC)
6
3
1
0
2
2
2
1
3
0
29
2
1
0
1
3
1
2
2
5

Rtn4b/d
(GFP)
10
6
3
3
0
0
2
0
2
2
50
2
0
3
0
3
4
2
0
8

KPAAGLSAAPVPTAPAAGAPLMDFGNDFVPPAPR
KPAAGLSAAPVPTAPAAGAPLMDFGN
KPAAGLSAAPVPTAPAAGAPL
KPAAGLSAAPVPTAPAA
KPAAGLSAAPVPTAPA
PAAGLSAAPVPTAPAAGAPLMDFGNDFVPPAPR
AAGLSAAPVPTAPAAGAPLMDFGNDFVPPAPR
SAAPVPTAPAAGAPLMDFGNDFVPPAPR
MDFGNDFVPPAPR
DFGNDFVPPAPR
FGNDFVPPAPR
DFVPPAPR

0
0
0
0
0
0
0
0
0
0
0
0

31
0
0
0
0
4
13
7
5
3
2
2

71
2
2
2
5
4
26
4
9
2
5
2

GPLPAAPPVAPER
PLPAAPPVAPER
LPAAPPVAPER
PAAPPVAPER
APPVAPER
PAAPPVAPERQPSWDPSPVSSTVPAPSPLSAAAVSPSK
APPVAPERQPSWDPSPVSSTVPAPSPLSAAAVSPSK
PVAPERQPSWDPSPVSSTVPAPSPLSAAAVSPSK
QPSWDPSPVSSTVPAPSPLSAAAVSPSK
QPSWDPSPVSSTVPAPSPL
SWDPSPVSSTVPAPSPLSAAAVSPSK
SWDPSPVSSTVPAPSPL
DPSPVSSTVPAPSPLSAAAVSPSK
PSPVSSTVPAPSPLSAAAVSPSK
PSPVSSTVPAPSPL
SPVSSTVPAPSPLSAAAVSPSK
TVPAPSPLSAAAVSPSK
VPAPSPLSAAAVSPSK
PAPSPLSAAAVSPSK
SAAAVSPSK

24
2
4
0
0
0
0
0
6
0
0
0
2
4
0
0
0
0
0
4

72
7
13
10
5
2
1
1
128
4
16
2
10
8
3
2
0
0
2
4

105
8
13
17
2
7
0
0
156
4
18
2
21
28
5
7
4
2
2
6

0
0
0

2
3
0

7
8
2

0
0
1
0
0
0

0
5
22
1
1
1

1
2
25
3
0
3

RTN4 Peptides
MEDLDQSPLVSSSDSPPRPQPAFK
MEDLDQSPLVSSSDSPPRPQPA
MEDLDQSPLVSSSDSPPR
SDSPPRPQPAFK
SPPRPQPAFK
QPAFKYQFVREPEDEEEEEEEEEEDEDEDLEELEVLER
FKYQFVR
FKYQFVREPEDEEEEEEEEEEDEDEDLEELEVLER
YQFVREPEDEEEEEEEEEEDEDEDLEELEVLER
REPEDEEEEEEEEEEDEDEDLEELEVLER
EPEDEEEEEEEEEEDEDEDLEELEVLER
EDEEEEEEEEEEDEDEDLEELEVLER
EEEEEEEEEDEDEDLEELEVLER
EEEEEEEEDEDEDLEELEVLER
EEEEEEEDEDEDLEELEVLER
EEEDEDEDLEELEVLER
EDEDEDLEELEVLER
EDEDLEELEVLER
EDLEELEVLER
DLEELEVLER

Missing
in
Modified
Rtn4

HF
LF
LF
LF
HF
LF
HF
HF
HF
LF
LF
LF

HF LPEDDEPPAR
Missing in
Modified HF TPPAPAPAAPPSTPAAPK
Rtn4
LF
PAAPPSTPAAPK

Rtn4b
Specific

PAAPKRRGSSGSVVVDLLYWR
RGSSGSVVVDLLYWR
GSSGSVVVDLLYWR
SGSVVVDLLYWR
GSVVVDLLYWR
SVVVDLLYWR
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Rtn4d Specific

VVVDLLYWR
ASEPVIRSSAVVDLLYWR
PVIRSSAVVDLLYWR
SSAVVDLLYWR
AVVDLLYWR
KGVIQAIQK
GVIQAIQKSDEGHPFR
GVIQAIQK
VIQAIQK
SDEGHPFRAYLESEVAISEELVQK
SDEGHPFR
EGHPFR
AYLESEVAISEELVQK
EVAISEELVQK
ISEELVQK
YSNSALGHVNCTIK
YSNSALGHVN
YSNSALGH
SALGHVNCTIK
VNCTIK
RLFLVDDLVDSLK
LFLVDDLVDSLK
PVIYERHQAQIDHYLGLANK
HQAQIDHYLGLANKNVK
HQAQIDHYLGLANK
HQAQIDHY
QAQIDHYLGLANK
AQIDHYLGLANK
QIDHYLGLANK
IDHYLGLANK
DHYLGLANK
HYLGLANK
YLGLANK

LF NVKDAMAKIQAK
DAMAKIQAK
Missing in HF
Modified LF
IQAKIPGLKR
Rtn4
HF
IQAKIPGLK
LF
IPGLKR
TOTAL

0
0
0
1
0
0
0
2
0
0
2
0
30
0
0
2
2
2
0
0
0
8
0
0
26
0
2
0
0
2
0
0
0

1
0
1
2
1
0
0
7
1
1
9
1
137
0
2
15
11
3
2
2
6
21
1
0
145
0
6
2
2
4
4
2
1

3
1
0
3
1
2
2
10
2
5
25
0
190
2
2
24
10
5
0
0
10
33
0
2
206
2
12
4
2
10
0
5
0

0
0
0
0
0

1
6
0
5
2

2
14
3
9
2

140

862

1295

Rtn4b/d
(GFP-SdeC)
0
2
0
0
0
0
1
0
3

Rtn4b/d
(GFP)
0
0
0
0
0
0
0
0
0

Modified Rtn4
(GFP-SdeC)
3
6
3
3
2
1
3
2
TOTAL
23

UBIQUITIN Peptides
MQIFVK
TITLEVEPSDTIENVK
IQDKEGIPPDQQRLIFAGK
IQDKEGIPPDQQR
EGIPPDQQRLIFAGK
LIFAGKQLEDGR
TLSDYNIQK
ESTLHLVLR
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To analyze if Rtn4 ubiquitination occurs during L. pneumophila infection, cells
were transiently transfected with HA-Ub and challenged with WT or Δsde L.
pneumophila, then subjected to Rtn4 IP. Immunoprecipitates from WT challenge
predominantly resulted in ubiquitination of what appeared to be the smaller Rtn4b
isoform within 10 min of infection (Figure 3.10; WT, 10 MPI). By 3 hrs (180 MPI), both
Rtn4b and Rtn4d isoforms were robustly monoubiquitinated, with evidence of HMW
ubiquitinated forms accumulating (Figure 3.12. WT 180 MPI). The absence of the Sde
family resulted in the complete loss of Rtn4 ubiquitination, similar to mock-infected cells
(Figure 3.10; vector, mock). The Δsde strain harboring SdeC showed inefficient
complementation of monoubiquitination, but evidence of HMW ubiquitinated forms were
present, whereas complementation of ubiquitination with either SdeB or SdeA was
robust, producing substantial Rtn4b/d mono- and multi-ubiquitination (Figure 3.10). The
pattern of Rtn4 ubiquitination in these strains was broadly reminiscent of a WT infection,
with an abundance of detectable mono- and di-Ub modified Rtn4.
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Figure 3.10. Sde proteins promote Rtn4 ubiquitination within minutes of L.
pneumophila infection.
HEK293T cells were transiently transfected with HA-Ub for 24 hrs, the cell culture
medium was replaced with 10µM MG132 (Millipore) medium 30-60 min. prior to
challenge with indicated L. pneumophila strains and the infection was allowed to proceed
for 10 MPI or 180 MPI (MPI, minutes post infection), prior to IP with α-Rtn4. Rtn4 IP
elutes were fractionated with SDS-PAGE and Rtn4 ubiquitination was probed with α-HA
immunoblots. Cell extract used for the IP was probed with α-actin to control for
comparable levels of protein in the IP input.
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Chapter 4:
Sde proteins contain an N-terminal deubiquitinase (DUB) domain that
preferentially cleaves K63-polyubiquitin.
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4.1. Sde proteins contain deubiquitinase (DUB) domain that limits
polyubiquitination of the LCV early during infection.
To understand how the Sde proteins promote Rtn4 ubiquitination, we used Phyre2
and HHPred software to search for the presence of any secondary structure or sequence
homology to Ub related domains245. Three prominent conserved enzymatic domains were
apparent in the N-terminal half of the Sde proteins (Figure 4.1; panel A). The first high
confidence domain predictions contained homology to a cysteine protease fold within the
most extreme amino terminus 200 amino acids in each Sde protein (Figure 4.1; panel A).
We along with another research group found that this Sde domain had homology to
ubiquitin proteases, specifically deubiquitinating enzymes (DUBs)452. The Sde proteins
contain a conserved set of residues, HW-D-C (histidine-tryptophan - - - aspartic acid - - cysteine), which has been experimentally demonstrated to serve as the catalytic site for
homologous protease folds, including in the sentrin-specific protease 8 that targets the
ubiquitin-like modifier NEDD8, ubiquitin carboxyl-terminal hydrolase 14 (UCH14), and
ubiquitin carboxyl-terminal hydrolase 8 (UCH8) (Figure 4.1; panel B). To understand the
role of this ubiquitin hydrolase domain in promoting Rtn4 ubiquitination and ER
structural transformation, each predicted catalytic residue of SdeC DUB domain was
mutated in sdeC, as was the catalytic cysteine in sdeB and sdeA. To determine if the Sde
DUB domain plays a role in the Rtn4 structural transformation, BMDMs were challenged
with L. pneumophila and individual sde mutants to assay the percentage LCV that
colocalize with detergent-resistant Rtn4. As previously described, BMDMs were
challenged for 1 hr with L. pneumophila and analyzed by immunofluorescence
microscopy after detergent extraction. Infections with Δsde strain expressing individual
Sde mutants, where the predicted catalytic cysteine residue was mutated to a serine,
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resulted in a drop of Rtn4-positive vacuoles by 50% or more relative to Rtn4 positive
LCVs associated with the corresponding wild type Sde protein (Figure 4.1; panel C).
Next, we examined if the DUB domain were important for intracellular
replication in the amoebal host Dictyostelium discoideum. Luciferase expressing L.
pneumophila was used to challenge the amoeba for 2 hrs, then bacterial replication was
monitored hourly by luciferase expression over the next 4-5 days. Infection with Δsde
strain resulted in a significant replication defect relative to WT infection (Figure 4.1;
panels E,F). Plasmid encoded sdeC or sdeB allowed L. pneumophila replication as well,
or better, than WT. Plasmid encoded sdeC or sdeB DUB domain point mutants produced
similar growth curves to their WT counterparts, with the SdeBC118S mutant apparently
growing better than WT (Figure 4.1; panel F, compare Δsde psdeBC118S with Lp02). This
demonstrates that the Sde DUB activity is not essential for the bacterial protein family’s
role during intracellular growth. We have found that the Sde ubiquitin protease domain
contributes to the transformation of Rtn4 and its association with the LCV, but this
domain is not ultimately required for this transition, nor is the deubiquitinase domain
critical for the Sde protein’s role during infection, as the absence of the domain has no
effect on growth within Dictyostelium discoideum.
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Figure 4.1. Sde DUB domain activity enhances Rtn4 transformation, but is not
required for intracellular growth in Dictyostelium discoideum.
(A) Cartoon schematic of the three conserved Sde family domains predicted by Phyre2
and HHPred, online secondary structure homology prediction software245. The domain
organization and predicted catalytic residues for each domain are indicated for SdeC. (B)
The SdeC DUB catalytic core (query line) aligned to sentrin-specific protease 8 fold
(SENP8, template line) by Phyre2245. Red boxes indicate known catalytic residues in
sentrin-specific protease 8453, template line maroon highlight indicates insertion relative
to template, orange highlight indicated deletion relative to template, grey highlight
indicate homologous residues, secondary structure predictions are indicated by green
spirals for α-helices and blue arrows for β-sheets245. (C-D) BMDMs from A/J mice were
challenged at an MOI =1 for 1 hr with denoted L. pneumophila strain, followed by
fixation, permeabilization with 1% Triton X100 and probing with α-Rtn4 (green), α-L.
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pneumophila (red), and Hoechst (blue) for nuclear DNA staining. LCVs associated with
Rtn4 signal above background was considered positive, represents at several independent
experiments with at least 50 LCV/coverslip counted with 3 coverslips per condition
evaluated. Wild type, Lp02; dotA3, T4SS defective or an icm/dot-; Δsde, ΔsidE ΔsdeC
ΔsdeB-A or Δlpg0234 Δlpg2153 Δlpg2156-2157 (KK099). (E-F) Dictyostelium
discoideum was challenged with luciferase-expressing L. pneumophila mutants for 2 hrs
at an MOI=0.5 and then intracellular bacterial growth was monitored every hour for the
next 120+ hrs in a plate reader. Growth curves are representative of at least 3 independent
experiments with a single experiment and ±SD shown.
To address whether the Sde DUB domain serves as an ubiquitin hydrolase that
functions during infection, we challenged BMDMs with Δsde expressing individual Sde
members or their corresponding DUB domain point mutants and analyzed the kinetics of
polyubiquitination accumulation at the LCV using immunofluorescence microscopy.
Over the first 30 min of WT L. pneumophila infection starts with very few if any
vacuoles staining positively for polyUb, but by 30 MPI ~20-40% of WT LCVs stain
polyUb positive (depending on the experiment) with the FK1 monoclonal antibody,
which is specific for polyubiquitin and does not recognize other Ub forms (Figure 4.2;
wild-type, 0-30 MPI). Without a functional T4SS, L. pneumophila did not elicit
polyubiquitination of the replication vacuole (Figure 4.2; dotA3). In the absence of sde
members, the majority of LCV were polyubiquitin-positive within 15 MPI and a
significant percentage of LCVs were positive after a mere 5 min centrifugation of
bacteria onto BMDMs and immediate fixation (Figure 4.2; vector, 0-15 MPI). This
demonstrates the rapid effect that Sde proteins have on host ubiquitination immediately
upon phagocytosis. Plasmid expression of individual Sde proteins in a Δsde background
was able to partially reduce the LCV hyper-ubiquitination observed in the Δsde pvector
strain (Figure 4.2; compare vector with psdeC or psdeB at 0 MPI). This polyUb reduction
by Sde protein was most pronounced at 0 MPI where less than 20% of LCVs remained
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polyUb positive. At 10 to 30 MPI infection of BMDM challenged with Δsde psdeC or
Δsde psdeB resulted in a large increase in positive LCVs, often with more than 60% of
vacuoles positive, which was higher than even WT infection levels (Figure 4.2; compare
Wild-type to Δsde psdeC or Δsde psdeB, 30 MPI). Intriguingly, plasmid expression of
SdeA in a ΔsdeC-A background resulted in constitutively low levels of LCV
polyubiquitination, whereas expression of SdeA in a clean Δsde background, which
retains the sidJ gene, produced polyUb kinetics similar to Δsde psdeC or Δsde psdeB.
Under conditions of maximum complementation, at 0 MPI, polyUb-positive LCVs are
rarely seen, but within 10 to 30 MPI polyUb levels rise above those observed in WT
infections (Figure 4.2; panel A,B, compare ΔsdeC-A psdeA with Δsde psdeA, 0-30 MPI).
The Sde proteins ability to limit polyUb at the LCV is dependent on an active DUB
domain in the Sde proteins, as the SdeC(C118S) DUB mutant is wholly unable to reduce
polyUb levels, resulting in rapid stable polyubiquitination of the majority of vacuoles at 0
MPI, similar to what was observed with the Δsde pvector strain (Figure 4.2; psdeC
C118S 0 MPI).
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Figure 4.2. Sde proteins limit LCV polyubiquitination early during infection
dependent on their DUB domain.
(A,B) BMDMs from A/J mice were challenged at an MOI =1 for indicated infection
times (after 5 min centrifugation of bacteria onto BMDMs) with denoted L. pneumophila
strain, followed by fixation, permeabilization with 1% Triton X100 and probing with αpolyUb (α-FK1, green), α-L. pneumophila (red), and Hoechst (blue) for nuclear DNA
staining. Wild type, Lp02; dotA3, T4SS defective or an icm/dot-; Δsde, ΔsidE ΔsdeC
ΔsdeB-A or Δlpg0234 Δlpg2153 Δlpg2156-2157 (KK099); ΔsdeC-A, Δlpg2153-2157
(KK034). (C) Representative images from 20 MPI are shown for the indicated strains in
part A/B are shown. SdeC C118S, DUB deficient; scale bar=5µm.
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4.2. Sde proteins react with a DUB specific probe in vitro.
To further profile the Sde family DUB domain we examined the Sde proteins
reactivity with a broad spectrum cysteine DUB inhibitor that serves as a biotin labeled
probe116,117,146. The probe includes a biotin tag with an aminohexanoic acid (Ahx) linker
to ubiquitin containing a DUB reactive C-terminal PA (propargylamide) group (Figure
4.3; panel A). The C-terminal carboxylate of Ub substituted with propargylamide serves
as an alkyne reactive group in a selective reaction with the active-site cysteine residue of
deubiquitinating enzymes (Figure 4.3. A)117. Proteomic studies confirmed the probes
selectivity toward deubiquitinating enzymes along with reactivity across all major
eukaryotic DUB families, UCH, USP and OUT, which other traditional DUB probes,
such as VME, cannot easily achieve116,117. Sde proteins were expressed from a plasmid in
E. coli followed by incubation of the bacterial lysates with or without the DUB probe,
biotin-Ub-PA. Lysates were then probed for biotin incorporation above background to
detect the presence of a cysteine DUB. Expression of full length SdeC, SdeB, and SdeA
resulted in lysates with the DUB probe producing numerous biotin reactive species
starting above 150kDa with lower reactive fragments scattered across the lower
molecular weights to ~50kDa (Figure 4.3; panels B,C). These biotin labeled species were
unique to reactions containing both Sde proteins and the biotin-Ub-PA probes, as
reactions lacking either component produced only 2-3 cross-reacting background biotin
bands on immunoblots (Figure 4.3; panels B,C, vector, Biotin-Ub-PA: − ). Consistent
with C118S representing the catalytically active DUB cysteine residue, all C-terminal
SdeC truncations assayed were still reactive with the biotin DUB probe (Figure 4.3; panel
C, 1-831, 1-675, 1-269). A SdeC N-terminal construct containing only the first 269
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amino acids showed robust biotin labeling just below the 37kDa marker. The biotin
labeling of the DUB active site in Sde proteins was also monitored using recombinant
SdeC or a recombinant SdeC DUB fragment, 1-192. Recombinant SdeC was incubated
with increasing concentrations of the DUB probe and the covalent linking of the two
proteins was monitored by changes in SdeC migration. Since the probe contains Ub, an
increase in SdeC migration of 10 kDa would be indicative of the bacterial protein
reacting with the probe. SdeC DUB fragment migrates at ~28kDa, while the DUB probe
alone corresponded with a faint smear at about 10kDa. With increasing levels of the
probe incubated with SdeC 1-192 an increasingly prominent band just above 35kDa
appeared (Figure 4.3; panel D).
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Figure 4.3. Sde proteins react with a biotin labeled cysteine DUB probe.
(A) Diagram of the DUB inhibitor/probe structure with a biotin head, an aminohexanoic
acid (Ahx) linker, ubiquitin moiety (Ub) with a PA (propargylamide) group at the Ub Cterminus117. (B) DH5α E. coli were induced to express full-length SdeB or SdeA from a
plasmid, then cells were sonicated and bacterial lysates were incubated with 1µM biotinUb-PA for 30 min at 37°C. Reactions were terminated by the addition of reducing SDS
sample buffer, then samples were fractionated by SDS-PAGE and probed for biotin
labeling of bacterial DUBs with α-biotin immunoblots. (C) Plasmids encoding sdeC Cterminal truncations were induced, reacted, and analyzed for biotin labeling as in part B
indicating covalent modification of Sde with Biotin-Ub-PA probe. (D,E) Recombinant
SdeC DUB domain, 1-192, (D) or full length SdeC, 1-1533, (E) concentrations were
titrated from 200nM-1µM with 1µM biotin-Ub-PA and reacted at 37°C for 30 min, then
analyzed for altered SdeC migration by Coomassie staining.
4.3. Sde proteins contain a highly preferential K63 deubiquitinase domain.
To further explore Sde family DUB enzymatic activity, a recombinant DUB
fragment (1-192) and full-length SdeC construct were produced, along with their
corresponding catalytically inactive DUB point mutants (C118S). To assess SdeC DUB
activity, we incubated the DUB domain in a Ub chain cleavage assay using K63 or K48
homotypic ubiquitin tetramers (Ub4) as the substrate. SdeCWT 1-192 concentration was
titrated in 10-fold increments and incubated with 200µM of Ub4 for 40 min at 37°C.
Cleavage was monitored by SDS-PAGE fractionation and silver staining to unveil the
formation of smaller Ub chains and Ub monomer (~8kDa). The SdeC DUB domain (1192) was able to produce detectable, but low levels of Ub cleavage in reactions with SdeC
concentrations as low as 0.2nM. In these low SdeC concentration reactions the faint
appearance of a K63 Ub trimer (Ub3) could be detected compared to a no SdeC control
reaction (Figure 4.4; lanes 2,4). At SdeC concentrations of 20-200nM the majority of
K63 Ub tetramers had been cut into smaller Ub fragments, with the majority of Ub chains
cleaved into Ub monomers in the 200nM SdeC reaction ; 4.4. lanes 6,7). Consistent with
this cleavage resulting from SdeC DUB activity rather than an undefined contaminant, no
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cleavage was observed with a non-hydrolyzable K63 Ub tetramer, even with high
concentrations of SdeC ((200nM) Figure 4.4. Lanes 3,8). Contrary to K63 Ub chain
cleavage, SdeC was unable to cut K48 Ub tetramers at low concentrations, 0.2nM to 2nM
(Figure 4.4; lanes 10,11), and very limited cleavage was observed at high SdeC
concentrations of 20-200nM (Figure 4.4; lanes 12,13). This demonstrates the strong
preference of SdeC for a specific ubiquitin linkage and that linkage specificity is encoded
within the 200 amino-terminal DUB region.

Figure 4.4. SdeC DUB domain rapidly cleaves K63-polyUb, but not K48-polyUb at
low nanomolar levels.
SdeCWT 1-192 was incubated with 200nM Ub4 for 40min at 37°C and cleavage of Ub
chains, either K63 or K48 linked polyUb, was monitored by SDS-PAGE fractionation
and silver staining for the formation of smaller Ub products and loss of Ub4.
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To further profile this linkage specificity, the SdeC DUB fragment was incubated
with di-ubiquitin representing each of the seven possible lysine linkages as well as the
methionine 1 linkage (M1/linear). Cleavage of the 200ng of the di-ubiquitin probe by
either 4ng of SdeC 1-192 or by 40ng of the non-specific Ub protease, Usp2 catalytic
domain (CD) that served as a positive control, was examined after a 30 min reaction. This
was followed by SDS-PAGE fractionation and silver stain analysis for the loss of diubiquitin and the formation of Ub monomer. SdeC 1-192 was able to cleave the K63 diubiquitin probe and to a far lesser extent, K48 and K33 cleavage could be detected
relative to the no enzyme control (Figure 4.5; SdeCWT 1-192, 30 min, K63, K48, K33).
No discernable cleavage was observed in assays containing K11 or M1/Linear diubiquitin. Unfortunately assessment of DUB cleavage for K29, K27, and K6 di-ubiquitin
probes was difficult due to the high concentration of Ub monomers contaminating the
sample prior to incubation with a DUB (Figure 4.5; SdeCWT 1-192, 0 min, K29, K27,
K6). As such, only a comparison of di-ubiquitin levels could be used as cleavage
efficiency readout. In these problematic reactions, there appeared to be a slight reduction
in di-ubiquitin levels after 30 min incubation with SdeCWT 1-192 compared to no enzyme
or SdeCC118S 1-192 control reactions, but no changes in Ub monomer concentrations
could be readily observed, indicating that there was little evidence for extensive SdeC
cleavage of these Ub linkages.
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Figure 4.5. Di-ubiquitin probes of different linkage confirm Sde DUB domain strong
preference for K63-Ub.
Di-ubiquitin chains of all possible chain linkages were incubated with SdeCWT 1-192,
SdeCC118S 1-192, or Usp CD for 30 min at 37°C. Reactions were fractionated by SDSPAGE and silver stained to reveal formation of Ub monomer indicating cleavage. USP2
CD is a non-specific Ub protease and serves as a cleavage positive control, SdeCC118S 1192 and SdeCWT 1-192 at 0 min serves as a no cleavage control. Ub1, ubiquitin monomer;
Ub2, Ub dimer; Usp2 CD, Ubiquitin Specific Protease 2 Catalytic Domain.

140

The amino-terminal DUB domain represents only ~1/8 of the entire SdeC protein,
so to understand the role of the rest of the SdeC protein, DUB cleavage kinetics were
compared between the DUB domain alone and full length SdeC. Either K63 or K48
ubiquitin tetramers (Ub4) were incubated with either 20nM of the DUB fragment of
SdeC, 1-192, or full-length SdeC, 1-1533, aliquots of the reactions were then removed
throughout the 2 hr incubation to monitor the kinetics of Ub4 disappearance and
development of Ub3, Ub2, and Ub1 products. Cleavage of K63 Ub tetramers by SdeC
DUB domain 1-192 was rapid and at 2 hrs no Ub4 remained, only Ub3-Ub1 species were
visible (Figure 4.6; top left panel). In reactions containing K48 Ub4, a large amount of
Ub4 remained after 2 hr incubation with either SdeCWT 1-192 or SdeCWT 1-1533 and a
limited amount Ub3 and Ub2 was formed (Figure 4.6; compare bottom panels, WT 0-120
min). Even after a 2 hr incubation with SdeCWT 1-192 and K48 Ub4, no Ub monomers
arose (Figure 4.6; bottom left panel). The K48 Ub4 cleavage by the SdeC DUB domain
fragment mimicked the cleavage pattern observed in reactions with full-length SdeC.
Fascinatingly, the SdeCWT 1-192 cleavage of K63 Ub4 was far more efficient than the
full-length SdeCWT 1-1533 cleavage (Figure 4.6; compare top panels, WT 0-120 min).
Reactions with SdeCWT 1-1533 and K63-Ub4 contained a large population of Ub4 that
remained untouched after 2 hrs at 37°C (Figure 4.6; top right panel). This indicates the
SdeC regions outside the DUB domain may modulate the activity of the N-terminal DUB
domain, specifically during K63-ubiquitin cleavage. In all reactions with either SdeCC118S
1-192 or SdeCC118S 1-1533, regardless of the ubiquitin linkage assayed as a substrate or
the reaction time allotted, no ubiquitin cleavage was ever observed (Figure 4.6; SdeCC118S
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1-192/1-1533 (120min)). This result confirms the identity of C118 as the catalytic
cysteine required for DUB protease activity in the Sde family.

Figure 4.6. Sde K63-preferential DUB activity is limited by other Sde domains.
Kinetics of SdeC 1-192 or SdeC 1-1533 (full length) cleavage of K63 (Top panels) or
K48 (bottom panels) Ub4 (1µM) was monitored over 2 hr incubation at 37°C by SDSPAGE fractionation and silver staining. Loss of Ub4 and formation of smaller Ub
products was monitored as a readout for Ub cleavage efficiency by DUBs. Lines indicate
location of each Ub. K63-Ub4 and K48-Ub4 only reactions or SdeCC118S 1-192 and
SdeCC118S 1-1533 with Ub4 served as a no cleavage control.
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Chapter 5:
Sde proteins contain a mono-ADP-ribosyltransferase that is essential for Rtn4
reorganization, intracellular growth in amoeba, and Rtn4 ubiquitination.

This chapter contains excerpts that have previously been published in:
(reprinted with permission of publisher)
Kotewicz KM, Ramabhadran V, Sjoblom N, Vogel JP, Haenssler E, Zhang M, Behringer
J, Scheck RA, Isberg RR. Cell Host Microbe. 2017 Feb 8; 21(2):169-181. Epub 2016 Dec
29.
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5.1. Sde ART activity is required for Rtn4 rearrangements.
We and other research groups identified an arginine-mono ADPribosyltransferase (ART) domain conserved across the Sde family proteins40,396. The Sde
DUB domain was not essential for Rtn4 transformation, so we probed the connection
between the ART domain and ER reorganization. Conserved residues in Sde family
members that aligned with catalytic ART residues from other bacterial mono-ART were
targeted for alanine mutagenesis (R-STS/T-EXE), as the arginine and the second
glutamic acid in the EXE motif are absolutely essential for function29,148,179,263,272. Then
BMDMs were challenged with a panel of L. pneumophila strains deleted for the Sde
family, but harboring plasmids with Sde ART domain point mutations, and analyzed for
Rtn4-LCV association by IF microscopy. The predicted enzymatic residues were mutated
to alanine in each Sde member and expressed in Δsde background (Figure 5.1. SdeB/C
E859A or R763A; SdeA E862A). Each Sde ART mutant was completely unable to
restore Rtn4 association with the LCV, consistent with the Sde ART domain being
essential for Rtn4 reorganization (Figure 5.1. A,B).
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Figure 5.1. Sde family mono ADP-ribosyltransferase activity is required for Rtn4
restructuring.
(A) A/J BMDMs were challenged for 1 h, fixed, permeabilized with 1% Triton X100
and probed with α-Rtn4 (green), α-L. pneumophila (red), and Hoescht (blue). 50 L.
pneumophila vacuoles were assessed for Rtn4 colocalization per coverslip with at least 3
coverslips per condition. (B) Representative micrographs of Rtn4 association with the
LCV at 1hpi (hour post infection), scale bar = 5µm.
5.2. Sde family ART domain is required for L. pneumophila intracellular growth in
Dictyostelium discoideum.
The Sde family is not required for intracellular replication in BMDMs28,452, but
the family is important for growth in an amoebal host, both Acanthamoeba castellanii28
and Dictyostelium discoideum260,396,452. We and other research groups observed that the
Sde DUB module was not required for the Sde family function during intracellular
growth in D. discoideum452 (Figure 5.2), nor was the DUB domain required for the
formation of Rtn4 rearrangements (Figure 4.1, panels C,D)260, but the ART domain was
essential for Rtn4 rearrangements (Figure 5.1). These results indicated that the ART
domain would be critical for the Sde function during infection. To test this, D.
discoideum was challenged at an MOI of 0.5 for 2 hrs with luciferase expressing WT L.
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pneumophila and Δsde mutants, then their intracellular replication was monitored by
enumeration of luciferase levels over the next 120 hrs (4-5 days)89,125. WT L.
pneumophila grew robustly and Δsde strain harboring plasmids with individual wild-type
sde genes was able to replicate to WT levels of growth (Figure 5.2. A). Infection with a
Δsde strain resulted in a significant decrease in intracellular growth after 100 hr challenge
(Figure 5.2. A). Plasmids harboring the ART mutant SdeCE859A, SdeB E859A, or SdeA E862A
were unable to restore L. pneumophila intracellular growth to levels observed with either
the WT strain or the Δsde strain harboring SdeCWT (Figure 5.2. B). Plasmids harboring an
alanine mutation at the predicated catalytic arginine residue of the ART domain,
SdeCR763A, SdeBR763A, or SdeAR766A, also failed to fully restore L. pneumophila
intracellular growth (Figure 5.2. C). Therefore, the Sde ART domain is essential for
promoting bacterial replication during an amoebal challenge.
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Figure 5.2. Sde family ART domain is required for L. pneumophila intracellular
growth in Dictyostelium discoideum
A-C) Dictyostelium discoideum was challenged with WT (Lp02) or mutant L.
pneumophila expressing luciferase (PahpC::lux). L. pneumophila intracellular growth
(luminescence) was monitored hourly. Mean ± SEM for every 5 h increment; results
representative of ≥3 replicate experiments. Panels represent the breakdown of strain by
group from a single experiment (A) Individual WT Sde protein expression restores Δsde
infection to WT levels. (B) Individual Sde expression of ART arginine catalytic residue
mutants are unable to restore Δsde infection to WT levels. (C) Individual Sde expression
of ART glutamic acid catalytic residue mutants are unable to restore Δsde infection to
WT levels.
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5.3. Rtn4 ubiquitination requires Sde ART activity.
We next evaluated the role of the Sde ART activity in promoting Rtn4
ubiquitination during L. pneumophila challenge of HEK293T cells. As previously
described, this was assayed through HA-ubiquitin transfection, followed by L.
pneumophila challenge, and α-Rtn4 IP. WT L. pneumophila infection promoted Rtn4
ubiquitination whereas the Δsde mutant was clearly defective (Figure 5.3. Compare WT
to vector). Expression of WT SdeB in a Δsde background was able to complement Rtn4
ubiquitination, albeit to lower levels, whereas the ART mutant, SdeB R763A, was
indistinguishable from a Δsde infection, indicating that the ART is required for Rtn4
ubiquitination (Figure 5.3. compare R763A to SdeB WT).

Figure 5.3. Sde family mono ADP-ribosyltransferase activity is required for Rtn4
ubiquitination. HEK293T cells transiently transfected with HA-Ub were challenged
with L. pneumophila, and extracts were subjected to IP with α-Rtn4. Eluates were
analyzed for Rtn4 Ub by probing immunoblots with α-HA. An α-actin immunoblot
illustrates comparable protein extract input for the Rtn4 IP.
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5.4. Sde proteins transiently ADP-ribosylate host proteins.
We hypothesized that any ADPr modifications were either inefficient or unstable.
To address this problem, we devised an ADPr assay that exploited an analogue of βNAD, ethenoNAD (εNAD)156,262, in which ADPr of substrates could be monitored by
Western blotting with α-ethenoadenosine (α-εAdo)156,254,262. To assay for SdeC ART
activity directed against mammalian proteins, while simultaneously monitoring cellular
ubiquitination changes in response to Sde proteins, recombinant full-length SdeC was
incubated with cell extracts and recombinant HA-Ub in the presence of εNAD. A 5 min
reaction with either WT SdeC or a DUB-defective derivative resulted in robust laddering
of ADPr-substrates, in a pattern reminiscent of polyubiquitin chain laddering (Figure 5.4.
α-εAdo, 5 min WT and C118S). By 60min, evidence for the εAdo (ADPr, ADPribosylation) signal was greatly reduced, with the only remaining signal being above
250kDa (Figure 5.4. 60 min, WT and C118S). Probing with α-HA revealed that both
SdeCWT and SdeCC118S induced robust HA-Ub polymerization, but the Ub polymerization
was unchanged over time, unlike the εAdo signal (Figure 5.4. α-HA WT and C118S). In
contrast, there was no ADPr or HA-Ub polymerization by the SdeCE859A ART mutant
(Figure 5.4. α-εAdo, α-HA). In the absence of HA-Ub, a HMW species above 250kDa
was recognized by α-εAdo and this signal disappeared over time (Figure 5.4. α-εAdo,
WT-No HA-UB). These results indicate that SdeC promotes ubiquitination of host
proteins dependent on the ART domain, and the addition of excess monoubiquitin in the
form of HA-Ub enhances the detection of transient ADPr modification of host proteins.
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Figure 5.4. SdeC promotes transient ADP-ribosylation of host proteins and
persistent HA-ubiquitin polymerization.
HEK293T extract (100µg) was incubated at 37°C for the indicated time with recombinant
SdeC (10nM), εNAD (100µM), and recombinant human HA-Ub (20µM). Ubiquitination
changes and εADPr were assessed by immunoblot with indicated antibodies. UB1 ADPr,
ADP-ribosylated ubiquitin monomer; HMW, high molecular weight species; stacking,
indicates from this line and above represents the SDS-PAGE stacking gel region
transferred to the immunoblots. Lanes; WT: WT SdeC; C118S: DUB mutant; E859A:
ART mutant; ---: No SdeC; WT(No HA-UB): WT SdeC, No HA-Ub added.
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5.5. Antagonistic relationship between Sde ART and DUB domain activities.
We have demonstrated that the Sde proteins modulate ubiquitination through both
their ART and amino terminal DUB domain, but the connection between these two
activities remains cryptic. To simultaneously analyze ADPr modification and
deubiquitination by the SdeC DUB domain, we simplified the εADPr assay by excluding
cell extracts and instead using recombinant polyubiquitin chains as a substrate.
Recombinant K63, K48, or M1-linked Ub tetramers and εNAD were incubated at 37°C
with either SdeCWT or ART deficient mutant SdeCE859A. Addition of SdeCWT, followed
by immediate introduction of SDS buffer to terminate the reaction, resulted in the
appearance of a prominent ADP-ribosylated Ub (ADPr-Ub) tetramer regardless of
ubiquitin chain linkage (Figure 5.5. 0 min, α-εAdo). This signal was dramatically
reduced, however, if incubations were allowed to continue further prior to termination of
the reaction (Figure 5.5. 120 min, α-εAdo). This indicates that ADPr modification by
SdeC is rapid and transient, explaining why previous studies were unable to detect the
modification with full-length protein396. The ADPr signal required an intact ART domain,
as no εADPr signal was observed in SdeCE859A reactions (Figure 5.5. α-εAdo E859A).
The in vitro assay also explained why we were unable to detect SdeC DUB activity, as
reduced Ub4 cleavage occurred when SdeC was incubated with εNAD in assays utilizing
K63 or K48 tetramers (Figure 5.5. WT, 0-120 min, silver stains). When the assay was
repeated using the SdeC ART mutant, the DUB activity was restored with K63-Ub chains
and enhanced cleavage of K48-Ub chains (Figure 5.5. E859A, 0-120 min, silver stains).
A 120 min incubation of K63-Ub4 and SdeCE859A resulted in the elimination of Ub4 and
an accumulation of Ub monomer (Figure 5.5. E859A, left panel (K63), silver stain).
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Reactions with SdeCWT and K48-Ub tetramers resulted in low levels of Ub3 and Ub2
within the first 5 min, but these ratios remain predominantly static through the 120 min
incubation. On the other hand, SdeCE859A DUB activity showed a slow progression of
K48 Ub cleavage over the course of a 2 hr incubation. This was visualized as a slow
increase in Ub3, Ub2, and Ub1 levels over the course of the reaction (Figure 5.5. E859A,
middle panel (K48), silver stain). No cleavage was observed with M1-linked ubiquitin
tetramers regardless of SdeC ART activity (Figure 5.5. compare WT and E859A left
panel (M1/Linear), silver stain). In the presence of WT SdeC, after the initial appearance
of an ADPr signal, a slower migrating Ub tetramer appeared relative to the unmodified
Ub tetramer (Figure 5.5. Compare WT 0 min or E859A 0-120 min with WT 5-120 min),
and this form persisted without a detectable change in migration, even as the ADPr signal
disappeared. These migration changes were present across all linkages, but were most
visible in K63-Ub4 reactions (Figure 5.5). These observations are consistent with Ub
chains being ADPr-modified by Sde proteins followed by additional processing
indicating the Sde family generates ADPr-Ub as reaction intermediate prior to further
modification observed as the loss of the εAdo epitope. Furthermore, these experiments
demonstrate that the ART activity and/or the subsequent ADPr processing strongly
interfere with the deubiquitinase cleavage.
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Figure 5.5. SdeC transiently ADP-ribosylates ubiquitin chains and this activity
interferes with SdeC DUB activity.
Recombinant SdeC derivatives (20nM) was incubated with K63 (left), K48 (middle), or
M1/Linear (right) Ub tetramers (1µM) and εNAD (100µM) at 37°C for the indicated
minutes post enzyme addition. Reactions were fractionated by SDS-PAGE, and assayed
for altered migration and ADPr of Ub, by silver staining and immunoblotting (α-εAdo).
Lanes; WT: WT SdeC; E859A: ART mutant. Arrows indicate Ub tetramers (Ub4), Ub
trimers (Ub3), Ub dimers (Ub2), and Ub monomers (Ub1).
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Chapter 6:
Sde family Nucleotidase/Phosphohydrolase domain is required for ER
reorganization, intracellular replication in Dictyostelium discoideum, and Rtn4
ubiquitination.

This chapter contains excerpts that have previously been published in:
(reprinted with permission of publisher):
Kotewicz KM, Ramabhadran V, Sjoblom N, Vogel JP, Haenssler E, Zhang M, Behringer
J, Scheck RA, Isberg RR. Cell Host Microbe. 2017 Feb 8; 21(2):169-181. Epub 2016 Dec
29.
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6.1. Sde family Nucleotidase/Phosphohydrolase domain is required for Rtn4
reorganization and intracellular replication in Dictyostelium discoideum.
The Sde proteins contain a region between the DUB and ART domains (Figure
4.1. A) with sequence similarity to the Legionella IDTS Lem10 (lpg1496), which has
recently been crystalized by two independent research groups, revealing structural
similarities of the domain to nucleotidases and other phosphohydrolases327,542. We
hypothesized that this nucleotidase/phosphohydrolase (NP) domain could be responsible
for processing of ADPr-Ub, resulting in the loss of εAdo, while leaving a modification
that retarded Ub migration (Figure 5.5. Left panel (K63), silver stain, α-εAdo). To
explore this possibility as well as the potential role of this domain in the Sde associated
infection phenotypes, including ER reorganization and Rtn4 ubiquitination, several
potential NP catalytic residues in SdeC were selected for site-directed alanine
mutagenesis (kindly advised by Kathy Wong who communicated information regarding
the Lem10 structure)542. The targeted residues were selected based on sequence similarity
to the nucleotide-binding pocket in Lem10, and the NP mutants were introduced on
plasmids into a Δsde background. The SdeC NP mutant SdeCH416A was completely
incapable of generating Rtn4 structures associated with the LCV after 1 h challenge, in
contrast to the behavior of the SdeCWT derivative, which fully restored Rtn4-LCV
association (Figure 6.1, panels A and B).
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Figure 6.1. Sde family NP domain is required for Rtn4 rearrangements.
(A,B) A/J BMDM were challenged for 1 h followed by fixation, 1% Triton X100
permeabilization, and probed as in Figure 3.3 and 5.1. L. pneumophila vacuoles were
assessed for Rtn4 colocalization with at least 50 LCV per coverslip and 3 coverslips per
condition. (B) Representative micrographs of Rtn4 association with the LCV from part A,
L.p. (red), α-L. pneumophila; α-Rtn4 (green), Reticulon 4b/d; scale bar = 5µm.
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To determine if the Sde NP domain was required for promoting intracellular
replication in its natural hosts (Figure 5.2.), WT or mutant L. pneumophila strains
expressing luciferase were used to challenge the amoebal species Dictyostelium
discoideum, and bacterial replication was monitored over 4-5 days. A plasmid harboring
SdeCH416A in a Δsde strain could not restore L. pneumophila intracellular growth to levels
observed with either the WT or the deletion strain harboring SdeCWT. Instead, expression
of the SdeC NP mutant more closely mimicked the poor intracellular growth observed
with Δsde infection (Figure 6.2.). Therefore, the Sde NP domain is required for
promoting bacterial replication during amoebal challenge.

Figure 6.2. Sde NP activity is required for robust intracellular replication in
Dictyostelium discoideum.
Dictyostelium discoideum was challenged with WT (Lp02) or mutant L. pneumophila
expressing luciferase (PahpC::lux) at an MOI of 0.5 for 2 hrs, then non-internalized
bacteria were removed and bacterial replication was monitored for luciferase expression,
as a readout for bacterial replication, on a plate reader every hour for the next 4-5 days.
Mean ± SEM for every 5 h increment; results representative of ≥3 replicate experiments
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6.2. Sde NP activity responsible for transient nature of ADPr modification; NP and
ART activity are required for Rtn4 ubiquitination (in vitro).
To probe the biochemical role of the NP domain, ADP-ribosylation and Rtn4
ubiquitination changes due to Sde proteins were simultaneously monitored in cell extracts
incubated in the presence of recombinant SdeC derivatives. Reactions with SdeCWT
produced several altered Rtn4 migration species consisting of ~9kDa incremental shifts,
consistent with the addition of one or more Ub moieties being added to the two
prominent Rtn4 isoforms, Rtn4b and Rtn4d (Figure 6.3. α-Rtn4). This Rtn4 migration
pattern was mimicked in reactions with SdeCC118S. Interestingly, both SdeCWT and
SdeCC118S reactions had nearly all of the native Rtn4 monomer (50kDa) transformed into
the higher migrating Rtn4-Ub species, present within 5 min of SdeC addition (Figure 6.3.
α-Rtn4 WT and C118S). After a 1 hr incubation with either SdeCWT or SdeCC118S, a
notable increase in the amount of native unmodified Rtn4 species reappeared, while the
amount of higher order Rtn4 species was noticeably reduced. This signals that either Sde
enzymatic activity or undefined enzymes within the cellular extract were removing Sdemediated Rtn4 modifications regenerating unmodified Rtn4 over the course of the in vitro
reaction. These higher migrating species of ubiquitinated Rtn4 were not observed in
reactions: 1) lacking recombinant SdeC, 2) containing the SdeC ART mutant, SdeCE859A,
or 3) containing the SdeC NP mutant, SdeCH416A (Figure 6.3, α-Rtn4, ---, E859A,
H416A), indicating that the ART and NP domains collaborate to promote Rtn4
ubiquitination in vitro. When these reactions were probed with α-εAdo, a HMW ADPribosylated species was apparent only in SdeCWT or SdeCC118S reactions that dissipated
over a 1 hr incubation (Figure 6.3. WT and C118S). At 5min post SdeC addition, weak
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laddering of ADPr proteins was also observed. This may have resulted due to the addition
of excess un-tagged Ub monomer (10µM) to the reactions, which supplements the Sde
ADPr substrate pool long enough to detect endogenous ubiquitination targeted for Sdemediated ADP-ribosylation (Figure 6.3. α-εAdo). The SdeCE859A mutant phenotypically
mimicked reactions lacking recombinant SdeC, with the residual ADPr signal dependent
on endogenous enzymes active within the extract (Figure 6.3. α-εAdo). Strikingly, the NP
mutant SdeCH416A construct, which showed no evidence of Rtn4 ubiquitination (Figure
6.3. α-Rtn4) and produced robust stable ADPr of numerous cell extract proteins,
including a protein that migrated at the size predicted for Ub (Figure 6.3. α-εAdo at
~9kDa). Therefore, the presence of persistent ADPr modification in the NP mutant
negatively correlated with Rtn4 ubiquitination.
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Figure 6.3. Rtn4 ubiquitination requires Sde ART and NP domains, ADPribosylation is targeted NP domain.
HEK293T extract (100µg) was incubated at 37°C for the indicated time with
recombinant SdeC (20nM), εNAD (100µM), and recombinant human Ub monomer
(10µM). Rtn4 Ub and εADPr were assessed after the indicated incubation time by
immunoblot with either α-Ado or α-Rtn4.
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6.3. Sde DUB Aids in Rtn4 Ubiquitination during L. pneumophila infection.
The Sde DUB domain plays a role in the formation of detergent resistant Rtn4 and
is important for limiting polyubiquitination at the LCV during the earliest minutes of
infection, but it remains unclear why DUB activity would be associated with a bacterial
protein that induces Rtn4 ubiquitination. In the in vitro ADP-ribosylation and Rtn4
ubiquitination assays with SdeCC118S added, robust Rtn4 ubiquitination occurred,
mimicking WT SdeC (Figure 6.3. C118S α-Rtn4). This indicates that under ideal in vitro
conditions, in which excess exogenous ubiquitin monomer is added, there exists a
reaction environment that reveals no DUB domain effect on Rtn4 ubiquitination. We
therefore hypothesized that under infection conditions the DUB domain serves to both
limit ubiquitin chains (K63) from associating with the LCV and providing a LCVlocalized pool of free ubiquitin for use in Sde ubiquitin targets during the earliest stages
of infection. We utilized the Sde DUB mutants to determine if Rtn4 ubiquitination occurs
independently of this domain during infection by transfecting HEK293T cells with HAUb followed by L. pneumophila challenge with WT, Δsde, and Δsde with WT or DUB
defective Sde members. Infected cell extracts were then subjected to Rtn4 IP and
immunoprecipitates were probed with α-HA to reveal Rtn4 ubiquitination (Figure 2.1 and
4.1). No change in ubiquitination was detectable with Δsde psdeC-C118S infection as
compared to elutes from Δsde psdeC infected extracts, which had previously been shown
to induce very low levels of Rtn4 ubiquitination (Figure 6.4 and 4.1, compare vector with
pCWT and pCC118S). Since SdeC did not robustly induce Rtn4 ubiquitination, we
constructed Δsde psdeBWT and Δsde psdeBWT strains, both of which efficiently
monoubiquitinate Rtn4. Elutes from Δsde psdeBWT challenge produce a strong HA (Ub)
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doublet, consistent with monoubiquitination of Rtn4b and Rtn4d isoform (Figure 6.4. B,
compare psdeB WT with psdeC WT). A second band corresponding with a second
ubiquitination modification was also visible along with a faint HA smear through the
higher molecular weights. In contrast, Δsde psdeBC118S challenge results in no Rtn4
ubiquitination above the negligible levels observed in a Δsde pvector strain infection
(Figure 6.4. B, compare Δsde psdeBC118S to Δsde pvector). The reduction in detergent
resistant Rtn4 present at LCVs (Figure 4.1.C,D) and loss of Rtn4 monoubiquitination
provides further evidence for the linkage between these two phenotypes associated with
Sde family function.
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Figure 6.4. Sde DUB activity augments Rtn4 ubiquitination during infection.
(A,B) HEK293T cells were transiently transfected with HA-Ub for 24 h, the cell culture
medium was replaced with 10µM MG132 (Millipore) medium 30-60 min prior to
challenge with L. pneumophila and the infection was allowed to continue for the
indicated time (MPI, minutes post infection) prior to IP with α-Rtn4 and immunoblot of
Rtn4 ubiquitination with α-HA. An α-actin immunoblot illustrates comparable protein
extract input for the Rtn4 IP.
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As the SdeCH416A NP domain mutant appeared to cause accumulation of ADPr-Ub
(Figure 6.3), the effect of the NP domain on the modification of Ub was analyzed in an in
vitro system free of cell extract. SdeCH416A was able to robustly ADP-ribosylate both
PolyHis-tagged and untagged Ub over a 60min reaction, with no loss of the εAdo signal
(Figure 6.5. α-εAdo). In contrast, WT SdeC showed a weak ADPr-Ub signal after only 1
min, and by 2 hrs the ADPr-Ub signal was undetectable, indicating that the NP activity
efficiently removed εAdo (Figure 6.5. α-εAdo). These results indicate that even in the
absence of a target to ubiquitinate, both the ART and NP domains collaborate to posttranslationally modify ubiquitin, transitioning sequentially from ADPr-Ub to a second
modification, which lacks the εAdo epitopes.

Figure 6.5. ART and NP domains collaborate sequentially to post-translationally
modify ubiquitin.
Recombinant Ub or Poly-His-Ub monomers were incubated with εNAD and recombinant
SdeC at 37°C for the indicated time. Reactions were terminated by addition of SDS
sample buffer and then Ub ADP-ribosylation was assessed by immunoblot.
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6.4. Sde proteins covalently polymerize HA-ubiquitin dependent on NP and ART
domain and independently of cysteine residues.
In earlier experiments designed to explore the activity of the Sde ART domain,
where HA-ubiquitin, cell extracts, εNAD, and recombinant SdeC were combined,
resulted in the simultaneous occurrence of a stable HA-ubiquitin polymerization and a
transient εAdo signal laddering. This rapid covalent HA-ubiquitin polymerization
coupled with its dependence on ART activity suggested this HA-ubiquitin ligation was
mediated directly by Sde proteins. To examine this hypothesis, cell extract was excluded
from the in vitro ADP-ribosylation assay and recombinant SdeC derivatives were
incubated with only εNAD and HA-ubiquitin monomers. Anti-εAdo immunoblots of
SdeCWT or SdeCC118S reactions mimicked earlier ADPr experiments that had cell extract
present (Compare Figure 5.4 and Figure 6.3). The εAdo signal generated a laddering
pattern beginning at 10kDa and increasing in ~9kDa increments to between 50-100kDa,
while the α-HA blot produced similar laddering within 5 min except the α-HA signal
extended beyond 250kDa with a significant increase around 250kDa that may represent
ubiquitinated SdeC. The α-HA laddering persisted at 1 hr post SdeC addition, unlike the
α-εAdo signal, which was almost completely gone after 1 hr with SdeCWT or SdeCC118S
incubation (Figure 6.6. lanes 1-4). SdeCE859A incubation with HA-ubiquitin did not
produce any εAdo signal and was unable to polymerize HA-ubiquitin, consistent with
ADP-ribosylation of ubiquitin being essential for Ub ligation. Interestingly, this Ub
polymerization was only observed with HA-ubiquitin, as no Ub self ligation occurs with
untagged recombinant human ubiquitin or PolyHistidine-ubiquitin, indicating this
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polymerization was probably due to crosslinking between Ub and a residue on the HA
epitope (Figure 6.6).
Ubiquitin ligation classically relies on catalytic cysteine residues and to evaluate
Sde proteins ability to serve as a Ub ligase, we individually targeted predominantly
cysteine residues that were conserved across Sde proteins for alanine mutagenesis. SdeC
C293A was excluded due to previous experiments demonstrating that this alanine
mutation had no effect on Rtn4 rearrangements (Figure 4.1. C). Of the seven recombinant
cysteine mutant constructs assayed for HA-polymerization, each mutant was still capable
of inducing HA-ubiquitin laddering ((special thanks to Kelsey Barraso on assisting with
the cloning of cysteine mutants during her 1st year rotation) Figure 6.6. α-HA). Although
all of the SdeC cysteine mutants were capable promoting HA-ubiquitin polymerization,
there were slight HA-ubiquitin polymerization kinetic differences. SdeCC566S SdeCC617S
induced noticeably less HA-ubiquitin polymerization by 5 min when compared to WT or
other SdeC cysteine mutants (Figure 6.6. Compare WT to C566S and C617S, 5 min, αHA). After a 1 hr incubation with SdeCC566S SdeCC617S the level of ubiquitin
polymerization was indistinguishable (Figure 6.6. Compare WT to C566S and C617S 60
min α-HA). These same mutant reactions also had lower levels of εAdo signal at 5 min
relative to SdeCWT reactions and rather then the εAdo signal disappearing, the amount of
protein laddering increased to levels resembling the SdeCWT or SdeCC118S 5 min reactions
(Figure 6.6. Compare WT/C118S to C566S and C617S, 5 min, α-εAdo). These mutants
suggest that a delay in ADP-ribosylation limits the Ub ligation kinetics, further
supporting the idea of ADPr-Ub as an intermediate substrate for Sde mediated
ubiquitination.
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With SdeC cysteine residues eliminated as the catalytic source of Sde-mediated
Ub ligation, we utilized a panel of recombinant SdeC NP mutants in the in vitro HAubiquitin polymerization assay to probe the effect of this domain on Ub ligation.
SdeCR342A, SdeCH416S, and SdeCR422 reactions all produce a conspicuous εAdo signal at
~10kDa and a faint εAdo signal at ~20kDa associated with contaminating Ub dimer, but
no Ub polymerization into higher order chains was observed (Figure 6.6. R342A, H416A,
R422A α-εAdo). This was confirmed by examining α-HA blots of these reactions in
which the only signal present was ~10kDa species consistent with the monomeric HA-Ub
(Figure 6.6. R342A, H416A, R422A, α-HA). The other NP domain mutant examined,
SdeCH286A, produced a α-HA and α-εAdo pattern reminiscent of SdeCC566S SdeCC617S,
where slower HA-Ub polymerization was associated with persistent ADP-ribosylation.
This HA-Ub polymerization appeared extensive by immunoblot and to further inspect
this phenomenon a WT SdeC reaction with HA-Ub was examined by silver stain. This
revealed that most of the HA-Ub remains monomeric or dimeric in the reaction with only
a small fraction of higher order polymers present. The concentration of HA-Ub oligomers
dissipated with increasing size, suggesting that the reaction was not very efficient in spite
of the fact that the immunoblot appeared to show robust polymerization. These results
demonstrate that the NP domain, just like the ART domain, is essential for Sde Ub ligase
capabilities.
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Figure 6.6. SdeC serves as an Ub ligase that promotes HA-ubiquitin polymerization
dependent on the ART and NP domain.
(A) Recombinant SdeC derivatives (20nM) were incubated with 10µM HA-ubiquitin and
100µm εNAD at 37°C for 5 to 60 min reactions. After SDS buffer termination, reactions
were fractionated with 4-20% SDS-PAGE and probed for α-εAdo (ADPr) and α-HA
(Ub). Lanes: WT, SdeCWT 1-1533; C118S, DUB defective SdeC; E859A, ART defective
SdeC; C641S/C559S/C566S/C617S/C815S/C1060S, cysteine residues throughout SdeC;
H286/R342A/H416A/R422A, NP domain residues of SdeC predicted from
Lem10/lpg1496327,542. (B) Recombinant SdeC (20nM) was incubated with HA-Ub
(10µM) for 60 min at 37°C, reactions terminated by liquid nitrogen freezing,
lyophilization, resuspension in reducing SDS sample buffer, SDS-PAGE fractionation,
and silver staining.
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6.5. SdeC ubiquitinates Rtn4 in the absence of any other ubiquitin-related enzymes.
To demonstrate that Ub modification of Rtn4 by SdeC occurs catalytically on a
natural substrate in the absence of any host components, SdeC derivatives were incubated
with a 20X molar excess of GST-Rtn4 in the presence or absence of εNAD. Impressively,
within 1 hour, nearly the entire Rtn4 population was mono- or multi-ubiquitinated, with
resulting species migrating ~8k – 24kDa larger than GST-Rtn4, and no detectable
modification of unfused GST (Figure 6.7. A-C). Upon closer inspection of the modified
Rtn4 species using a 5% acrylamide gel to generate more separation of the 70+ kDa Rtn4
products, reveals between 6-8 Rtn4 modification species (Figure 6.7. D,E).
Ubiquitination of Rtn4 required both the NP and ART domains, as neither SdeCH416A nor
SdeCE859A could promote any Rtn4 ubiquitination (Figure 6.7. E859A, H416A). The loss
of either NP or ART activity, however, could be overcome by mixing the two mutant
proteins together in the presence of GST-Rtn4, with extremely efficient ubiquitination
after 1 hr (Figure 6.7. E859+H416A). These results are consistent with ADPr-Ub being a
substrate of the SdeC NP domain, in which trimming of ADPr and transfer of Ub to Rtn4
requires the NP activity.
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Figure 6.7. In vitro SdeC ubiquitinates Rtn4 dependent on ART and NP activity, but
independent of other Ub factors.
GST-HA-Rtn4 or GST was incubated at 37°C for 1 h with SdeC, εNAD and recombinant
human Ub monomer. Reactions were separated by 10% SDS-PAGE and assessed for
altered Rtn4 migration by (A) silver stain or immunoblot for (B) α-GST and (C) α-Ub.
(D,E) Reactions were separated by 5% SDS-PAGE to examine each altered Rtn4
migration event by (D) silver staining and (E) immunoblot for α-Rtn4. Lanes: -, No
SdeC; WT, wild-type SdeC; E859A, SdeC ART inactive; H416A, NP inactive. 20nM
SdeC derivatives added.
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6.6. Sde ubiquitination pathway requires the sequential enzymatic activity of the
ART and then the NP domain.
The evidence above suggests that the ART and NP domain of Sde proteins
collaborate to modify ubiquitin and facilitate Ub ligation to a substrate protein, such as
Rtn4 or ER associated Rabs396. The experiments above do not distinguish between Sdemediated ubiquitination being a result of enzymatic ligation or generation of a reactive
ubiquitin byproduct that undergoes non-enzymatic glycation of Ub to a substrate protein
through a Maillard-like reaction. To distinguish between these possibilities, recombinant
SdeC, SdeA, or SdeC mutants were conjugated to Ni-NTA resin and incubated with
ubiquitin monomers and εNAD. After a 2 hr incubation, the Sde resin was removed and
the ubiquitin/εNAD mixture was incubated for an additional hour with GST-HA-Rtn4b
and additional recombinant Sde proteins, if indicated (post resin), and monitored for
Rtn4-ubiquitination by SDS-PAGE fractionation and silver staining (Figure 6.8.A). When
recombinant SdeC (WT) or SdeA was pre-incubated with Ub in the presence of εNAD+,
and then the modified Ub was separated from SdeC conjugated beads and incubated with
GST-HA-Rtn4b, no ubiquitination was observed (Figure 6.8, panel A; panel B, lane 5,7;
panel C, lane 4). Ubiquitin pre-incubation in the presence of εNAD+ with SdeC ART
(E859A), NP (H416A), or a combination of both mutants, followed by Sde resin removal
and Rtn4b incubation with the Ub mixture, similarly did not promote ubiquitination
(Figure 6.8, panel A; panel B, lane 8-10). In contrast, when SdeC or SdeA was incubated
directly with GST-HA-Rtn4b in the presence of Ub and εNAD+, 6-8 Rtn4b
ubiquitination species arose as well as several ubiquitinated SdeC forms (Figure 6.8,
panel A; panel B, lane 6; panel C, lane 5). These results are strong evidence that a
glycated Ub form is not the precursor for transfer of Ub to Rtn4.
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The ubiquitination pattern observed after SdeC/AWT and Rtn4 co-incubation was
reproduced by reactions in which SdeCH416A (ART active/NP defective) was preincubated with Ub to induce Ub-ADPr and then transferred to a reaction with SdeCE859A
(ART defective/NP active) and GST-HA-Rtn4b present (Figure 6.8, panel B, lane 12). In
contrast, the reverse incubation sequence, pre-incubation of SdeCE859A (ART
defective/NP active) with Ub followed by transfer to a mixture with SdeCH416A and GSTHA-Rtn4b (ART active/NP defective) was unable to promote any Rtn4 or SdeC
ubiquitination. Therefore, these results argue strongly that ADPr-Ub serves as the
substrate for the NP domain to transfer Ub to the Rtn4 target (Figure 6.8, panel B, lane
11).
We next asked if the Ub modification that is left after Sde mediated processing of
Ub-ADPr could serve as a substrate for Sde-mediated Ub conjugation, just as ADPribosylated ubiquitin does (Figure 6.8, panel B, lane 12). To assay for this, SdeCWT was
pre-incubated with Ub1 and εNAD, then SdeC was removed and GST-HA-Rtn4b was
added to the Ub mixture with fresh SdeCWT, SdeCE859A, or SdeCH416A added. In reactions
in which fresh SdeCWT or SdeCE859A was added in the post incubation step, very little
SdeC and Rtn4b ubiquitination were observed, consistent with the SdeCWT pre-incubation
terminally modifying nearly the entire Ub population, preventing it from serving as a
substrate for SdeC-mediated ligation to Rtn4b (Figure 6.8, panel D, lane 8,9). When the
modified Ub was then incubated with SdeCH416A and Rtn4 (the post step), absolutely no
Rtn4 ubiquitination was visible, consistent with the NP domain being required for ADPr
processing and Ub ligation (Figure 6.8, panel D, lanes 10). If this were not the case, we
would have expected to see similar weak Rtn4 ubiquitination as in the previous two
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reactions, in which fresh SdeCWT or SdeCE859A was added in the presence of Rtn4b. There
was no evidence of substrate competition limiting Rtn4b ubiquitination in reactions that
used resin-immobilized SdeCH416A or SdeCE859A in the pre-incubation step, with SdeCWT
present in the post reaction, consistent with either Ub or ADPr-Ub serving as acceptable
Sde ligation substrates (Figure 6.8, panel D, lane 11,12). Using these substrates, the
reactions had robust Rtn4b ubiquitination reminiscent of Rtn4b co-incubation with WT
SdeC (Figure 6.8. panel D, lanes 11,12 vs. 7).
To further demonstrate that Rtn4b ubiquitination results from SdeC enzymatic
activity, rather then a non-enzymatic glycation we increased the incubation time of the
SdeWT-modified Ub with Rtn4b, as glycation reactions kinetics can vary345,494. GST-HARtn4b was incubated with native Ub or SdeCWT modified Ub for 18 hrs at 37°C in the
presence or absence of fresh SdeC. After 18 hrs with native Ub and GST-HA-Rtn4b in a
reaction, no ubiquitination was detected, but a increase in the amount of Rtn4 dimers and
trimers was visible as a faint wide band at ~150 and ~225kDa (Figure 6.8. panel D, lane
15). The same result was observed when modified Ub (SdeCWT Pre-incubation) was
incubated with Rtn4b for 18 hrs in the absence of SdeC. If unmodified Ub was incubated
with Rtn4 in the presence of SdeCWT for 18hrs, Rtn4 ubiquitination was observed, but at
notably reduced levels compared to a 1 hr SdeCWT incubation with Rtn4b (Figure 6.8,
panel D, compare lane 16 with 7 or 13[control reaction present within same gel]). These
experiments demonstrate that there is a sequential ubiquitin modification pathway
catalyzed in which the ART domains acts to modify Ub, while the NP domain acts as the
transferase that uses the modified Ub as the substrate for transfer to Rtn4.
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We further investigated the kinetics of Sde mediated Rtn4 ubiquitination using
this simple recombinant protein in vitro system consisting of GST-HA-Rtn4b, SdeC, Ub1,
and εNAD. We previously observed the disappearance of higher order ubiquitinated Rtn4
species over time in reactions with cell extract and recombinant SdeC. This suggested to
us that Sde proteins might be able to remove their own Ub modification to substrate
proteins (Figure 6.8, SdeCWT or SdeCC118S at 0 vs. 60 min). To further probe this concept,
we co-incubated GST-HA-Rtn4b and SdeCWT at either 20nM or 200nM in the presence
of εNAD and monitored the kinetics of Ub addition and potential Ub removal in an in
vitro system. At either concentration of SdeC assayed, Rtn4b ubiquitination was
extremely rapid, as evidenced by notable Rtn4b monoubiquitination in 20nM SdeC
reactions and high levels of multi-ubiquitinated Rtn4b in reactions with 200nM of SdeC
for the period of time necessary to add enzyme and immediately quench reactions with
SDS (Figure 6.8, panels E, F, 0 min). Strikingly, in reactions with 20nM of SdeC, a
reduction in higher order Rtn4 ubiquitinated species could be detected by the
reappearance of native Rtn4b within 15 min post enzyme addition (Figure 6.8, panel E,
15 min). These higher order Rtn4-Ub species collapsed back down to primarily native
and monoubiquitinated Rtn4 at the conclusion of an18 hr incubation. This same highly
rapid appearance and progressive disappearance of ubiquitinated Rtn4 species was
observed in reaction with 200nM SdeC. These higher enzyme concentrations also
revealed that the SdeC ubiquitination followed a nearly identical pattern as Rtn4
ubiquitination. First, SdeC ubiquitinated species appear rapidly, then slowly disappeared
with time (Figure 6.8. panel F, SdeC-Ub 0 vs. 18hr). These experiments demonstrate the
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highly active nature of the Sde proteins and their ability to both conjugate and
deconjugate their own post-translational modification.
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Figure 6.8. In vitro SdeC ubiquitinates Rtn4 dependent on sequential ART then NP
activity.
(A) Schematic diagram of sequential in vitro reactions showing the indicated Ub
modification status at each phase along with whether reactions were sufficient to
ubiquitinate Rtn4. (B-D) SdeC derivatives (20nM) were conjugated to Ni-NTA resin and
then incubated at 37°C for 1 h with εNAD (100µM) and recombinant human Ub
monomer (10µM). SdeC resin was removed and the Ub mixture combined with GSTHA-Rtn4b and fresh enzyme where indicated below the dotted line in the ‘Post’ or ‘Sde
Post Resin’ section. Reactions were separated by 5% SDS-PAGE and assessed for altered
Rtn4 migration by silver stain. Lanes: -, No SdeC; WT, wild-type SdeC; E859A, SdeC
ART inactive; H416A, NP inactive. 20nM SdeC derivatives added. (E-F) Recombinant
SdeCWT (20 or 200nM) was incubated with Ub1 (10µM), GST-HA-Rtn4b (400nM), and
εNAD (100µM) for the indicated time and reactions were separated by 5% SDS-PAGE
and assessed for altered Rtn4 migration by silver stain.
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6.7. A Sde-promoted biochemical pathway leads to ribose-monophosphate modified
ubiquitin.
Our results argue that Ub conjugation to Rtn4 by the Sde family is a consequence
of covalent ADPr modification of Ub followed by enzymatic processing of the ADPr
modification and ultimately Ub ligation to targets. To understand the nature of the
transient Ub-modified intermediate and its apparent trimming, monomeric Ub was
incubated with SdeC derivatives in the presence of εNAD and analyzed by liquid
chromatography-mass spectrometry (LC-MS). In the absence of SdeC, the molecular
mass of monomeric Ub was 8564.57 Da, but after 1 h incubation with the SdeCH416A
mutant, ≥90% of Ub population increased by a mass of 565.05 to 9129.62 Da (Figure 6.5.
and Figure 6.9. A), consistent with a single εADP-ribose moiety added. Incubation of
SdeCWT with Ub, on the other hand, resulted in ≥90% of the Ub population converted to
8776.5 Da (Figure 6.5. and Figure 6.9. A). This 212 Da mass increase is consistent with
ribose-monophosphate modification of Ub, as a consequence of cleavage at the
diphosphate bridge between adenosine and ribose (Figure 6.9. A, B). Therefore, in the
absence of a Ub recipient, the ART domain recognizes and modifies Ub, followed by
diphophohydrolase processing to ribose-monophosphate by the NP domain (Figure 6.9.
B). The proposed reaction is similar to a subset of nucleotidases that show
diphosphohydrolase activity toward ADPr-modified proteins100,367.

178

Figure 6.9. ART and diphosphohydrolase-dependent ribose-monophosphate
modification of Ub.
(A) Recombinant Ub was incubated with SdeCWT (bottom panel) or without SdeC (top
panel) for 120 min or for 60 min with SdeCH416A (middle panel), then subject to LC-MS
analysis and the deconvoluted masses of the peaks for each sample displayed. SdeCWT
reaction results in a modification of 212 amu. [M] = mass of native Ub; Ub (black), No
SdeC present; SdeC((H416A) grey), SdeC ART active, NP defective; SdeC((WT) red)
wild type SdeC, ART active NP active. Sample verification, see Figure 6.5., recombinant
Ub or poly-His-Ub monomers were incubated with εNAD and recombinant SdeC
derivatives at 37°C for the indicated time. Rtn4 Ub and εADPr were assessed by SDSPAGE fractionation and immunoblot with indicated antibodies. (B) Proposed pathway to
generated modification of 212 amu.

179

6.8. Both Sde mediated ADP-ribose and ribose monophosphate modification to
ubiquitin occurs at R42.
To determine if the final reaction product is found on Ub residue R42396, as
predicted by diphosphohydrolase action on R42-εADP, the modified Ub species were gel
extracted, subjected to trypsin/AspN double digestions and analyzed by liquid
chromatography-tandem mass spectrometry (LC-MS/MS). The double digestion
generated a 10 amino acid fragment with an expected m/z(+2) = 694.334 for the ribosemonophosphate modified form, and m/z(+3) = 580.91 for the εADPr modified form (5ure
6.10. A, B). When extracted ion chromatograms (XIC) were analyzed for the m/z(+2)
expected for the ribose-monophosphate modified form, only Ub incubated with SdeCWT
could generate significant amounts (Figure 6.10. A). Similarly, XIC from the m/z(+3)
predicted for the εADPr modified Ub fragment showed that only the diphosphohydrolase
mutant SdeCH416A could generate significant levels of this product (Figure 6.10. B).
To gain further evidence for a diphosphohydrolase activity, Ub was incubated
with SdeCWT for two hours, and then treated with alkaline phosphatase (AP) to remove
the predicted phosphate group. The +212 Da modification by SdeC was reduced to a
+132 Da modification (Figure 6.10. C, Ub+SdeC+AP), predicted for phosphatase
processing to simple ribose (Figure 6.10. D). Therefore, in the absence of a ubiquitination
substrate, the ART and diphosphohydrolase collaborate to promote phospho-ribosylation
of Ub.
To conclusively demonstrate the proposed biochemical pathway, the
AspN/trypsin 10 amino acid fragment spanning R42 was subjected to b- and y-ion
analysis after LC-MS/MS. If the ribose-monophosphate modification occurs on R42,
beginning with the b4 ion, each of the successive ions should have an increase in mass of
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+212.01 (Figure 6.10. E, noted as R#). We were able to identify ions with high resolution
that matched the predicted b4 through b9 ions, each with the expected mass increase
(Figure 6.10. E). In addition, we were able to identify an ion predicted to be the intact
peptide with neutral loss of the modification (Figure 6.10. E, m/z=588.330), which has
been observed in ribose phosphate-modified peptides previously367. Therefore, SdeC
ART activity, followed by diphosphohydrolase processing of ADPr occurs on the R42
residue.

181

Figure 6.10. Sde ART and phosphohydrolase activity both target Ub at arginine 42
(R42).
(A,B) Trypsin/AspN treatment of modified Ub species followed by extracted ion
chromatography (XIC) analysis reveals predicted modifications. Shown are XIC
chromatograms of species having displayed m/z values for both major modifications
displayed in panel B. (C) Treatment of species 3 with alkaline phosphatase results in a
product predicted for ribosylated Ub. Ub was treated with noted enzymes, followed by
LC- MS, and the deconvoluted masses of the peaks for each sample are displayed. (D)
Likely products that lead to the generation of 132 amu modification. (E) Electrospray
ionization MS/MS spectrum of trypsin/AspN Ub fragment having +212 amu
modification resulting from SdeC treatment. The b-type ion fragments are displayed
above the trypsin/AspN peptide that has an increase of 212.01 amu over the predicted
size of the unmodified Ub peptide. Each predicted b-type ion was identified and
displayed along with identified y-type ion fragments. Ions marked #212 denote fragment
sizes that correspond to the predicted b-type ions having an added 212 amu. Panels
(A,B,E) LC-MS/MS was performed a Harvard Medical School by Ross Tomanino; Meng
Zhang preformed sample prep for panel (C) with analysis and LC-MS assistance from
Nicole Sjoblom and Rebecca Scheck.
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Chapter 7:
Evidence that Sde modification of Ub elicits a hyper-ubiquitination response at the
LCV, and inhibits host autophagy
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7.1. Sde ADP-ribosylation of ubiquitin induces rapid hyper-ubiquitination of the
LCV.
To further understand the effect of Sde modification of host Ub with either ADPribose or phosphoribose on ubiquitin levels at the LCV, we monitored polyubiquitination
intensity and kinetics at the LCV during the first hours of infection in macrophages. A/J
BMDMs were challenged with L. pneumophila and Δsde strains expressing SdeC ART
and NP mutants at an MOI = 1 for 0, 10, 20, or 60 min, then LCV polyubiquitin was
monitored with the α-FK1 antibody that specifically detects conjugated polyubiquitin. As
previously observed, very little polyubiquitin is associated with the LCV early in WT
infection and no polyubiquitination was observed in a T4SS defective mutant during the
first hour (Figure 7.1, panel A, Lp02, Lp03). This indicates that the LCV ubiquitination
present at the LCV in this early infection phase results from the T4SS and its IDTS.
Without the Sde family, more than 40% of the LCVs were polyUb positive as early as 0
MPI compared with nearly none in a WT infection (Figure 7.1, panel A, compare Lp02
with Δsde pvector). Expression of plasmid encoded SdeC was able to reduce the
percentage of polyUb positive LCVs throughout the first hour of infection (Figure 7.1,
panel A Δsde pvector). Again, this polyUb reduction was dependent on the Sde DUB
domain, as the expression of Sde DUB mutant, SdeCC118S, was unable to reduce polyUb
levels and mimicked or rose above levels observed in Δsde challenge. The polyUb
increase observed in Δsde psdeCC118S above Δsde during the first hour would be expected,
as expression of the DUB mutant SdeC remove an important source of Ub removal.
Furthermore, we have shown the Sde DUB mutants are still completely capable of acting
as a Ub ligase in vitro, indicating that this SdeC mutant is still actively ubiquitinating
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host proteins during infection. We do not believe Sde-mediated ubiquitination is
recognized with the polyUb antibody, as nearly all experimental evidence points indicates
Sde proteins promote monoubiquitination or multi-monoubiquitination as the primary
PTM to ubiquitin.
Infection of BMDMs with the NP SdeC mutant, SdeCH416A, would be expected to
ADP-ribosylate Ub chains and monomers around the LCV, but be unable to serve as a Ub
ligase itself. In addition, although this mutant is DUB competent, I would predict from
my results in Chapter 5 that this mutant would still be incapable of removing polyUb
chains if the chains were modified as rapidly as they were during the in vitro ADPribosylation coupled with DUB cleavage assays (Figure 5.5). Expression of plasmid
encoded SdeC NP mutant, SdeCH416A, resulted in more than 70% of LCVs being polyUb
positive within 10 min, and this level was maintained through the first hour (Figure 7.1.
A). The percentage of polyubiquitinated LCVs was similar to SdeCC118S levels at 20 and
60 MPI, but there was a significant increase in the ubiquitin intensity observed at LCVs
in SdeCH416A infections (Figure 7.1 B). Using Volocity software, 15-25 polyUb positive
LCV images were selected and analyzed for Ub intensity around the LCV above
background levels in each cell. Measurements of polyUb intensity at individual LCVs
from Δsde psdeCH416A infections were associated with significantly higher levels of
polyUb when compared against LCVs from Δsde psdeCWT, Δsde psdeCC118S, Δsde
psdeCE859A, or the very few polyUb positive LCVs we captured during a WT infection
(Figure 7.1. B). This high intensity hyper-polyubiquitination observed at the LCVs during
Δsde psdeCH416A infections was temporally stable within the first hour, as comparing
polyUb intensity between 20 min and 60min showed no significant differences (Figure
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7.1. C). These observations taken together indicate the dramatic effect the Sde proteins
can have on ubiquitination of the LCV. Furthermore, the SdeC NP mutant reveals that
limiting Sde family’s activity to ADP-ribosylation of Ub induces a robust, rapid, and
sustained ubiquitination of the LCV, likely a host Ub response to Sde activity.
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Figure 7.1. SdeC NP mutant, which ADP-ribosylates ubiquitin and cannot serve as
Ub ligase, induces hyper-polyubiquitination of LCV.
187

(A) BMDMs from A/J mice were challenged at an MOI =1 for indicated infection time
(post the 5 min centrifugation of bacteria onto BMDMs) with denoted L. pneumophila
strain, followed by fixation, permeabilization with 1% Triton X100 and probing with αpolyUb, α-L. pneumophila, and Hoechst. (B) PolyUb intensity was measured by selecting
14x12µM oval around a single L. pneumophila vacuole and then enumeration of signal
above background within the selected region. (C) PolyUb intensity was measures as in
part B and intensity was quantitated for LCVs of Δsde psdeCH416A at either 20 or 60 MPI.
(D) Representative immunofluorescent images of LCV after 20 MPI in BMDM, as
described in (A). Wild type, Lp02; dotA3, T4SS defective or an icm/dot-; Δsde, ΔsidE
ΔsdeC ΔsdeB-A or Δlpg0234 Δlpg2153 Δlpg2156-2157 (KK099); Δsde psdeCWT, SdeC
WT (DUB+/ART+/NP+); Δsde psdeCC118S, SdeC DUB mutant (DUB-/ART+/NP+); Δsde
psdeCE859A, SdeC ART (DUB+/ART-/NP+); Δsde psdeCH416A, SdeC WT
(DUB+/ART+/NP-). Scale bar=5µM.
7.2. Sde modification of polyUb (ADPr-Ub or Phosphoribose-Ub) inhibits
deubiquitinase cleavage.
Post-translational modifications of Ub are known to significantly alter proteinprotein interactions and signaling cascades242,244,261,358,361,491,534. We showed previously
that SdeC modification of Ub tetramers with εADPr or ribose phosphate interfered with
the SdeC DUB activity (Figure 5.5.), consistent with these Sde-mediated Ub PTMs also
acting to inhibit host DUBs during infection51,207,534. Both ADP-ribose and phosphoribose
modifications would serve as large bulky charged PTMs on Ub chains100,272. These PTMs
of Ub could serve to disable or perpetuate particular host signaling pathways by making
existing chains impervious to cleavage51,194,534. To test this hypothesis, polyUb chains
were modified by SdeCWT or SdeCH416A to generate phospho-ribosylated polyUb or ADPribosylated polyUb, respectively, which was then incubated with a panel of eukaryotic
DUBs or the SdeC DUB domain, and Ub cleavage efficiency was then assessed after a 2
hr incubation with the DUBs. SdeC derivatives (1µg) were adsorbed to resin for 1 hr at
4°C, then incubated with either K63 or K48 polyUb3-7 (2µg) for 2 hrs at 37°C to promote
Ub modification, then SdeC resin was removed, and polyUb3-7 was then incubated with
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either 1) human recombinant PolyHistidine-otubain 1, isoform 1 (100nM); 2)
recombinant USP2 catalytic domain (CD) 259-605 (50nM); 3) recombinant
PolyHistidine-CYLD (50nM); or 4) recombinant SdeC DUB CD (1-192, 50nM at 37°C
for 2 hr. Cleavage was monitored by immunoblot comparison of the polyUb staining after
incubation with SdeC derivatives or a no enzyme control against the polyUb staining
after a 2 hr incubation with a DUB. In the absence of SdeC modification, the linkage nonspecific DUB, USP2 CD, efficiently cleaves K63 into Ub dimer and monomer (Figure
7.2. Top panels, no enzyme resin, ---). Although the K48-polyUb chains stained less
efficiently with α-UB, K48 cleavage was also observed by the disappearance of the
higher order polyUb chains (Figure 7.2. Top left pane, no enzyme resin, ---). Curiously,
modification of polyUb3-7 with either phosphoribose or ADP-ribose enhanced α-Ub
immunoblot staining making comparisons across different reactions more challenging
(Figure 7.2. Within any panel, compare 0, no enzyme, ---, with either 0, H416; 0, WT; 0,
C118S). The K63-specific DUB CYLD and the K48-preferential DUB Otubain-1
efficiently cleaved their preferred Ub chains and showed minor cleavage of their low
efficiency substrates (Figure 7.2. No enzyme resin CYLD-K48 or Otubain-1-K63). When
polyUb3-7 was incubated with SdeCH416A, SdeCWT, or SdeCC118S beads to produce ADPrpolyUb or phosphoribose-polyUb, cleavage was severely impaired, regardless of the
DUB utilized. The only evidence of Ub cleavage in Sde-modified Ub reactions was a
slight reduction in the largest polyUb chains present above ~40kDa, which may result
from some Ub within a chain escaping Sde-mediated modification. DUB inhibition
occurred for both the K48 and K63 polyUb3-7 linkages assayed. Cleavage of Sdemodified polyUb by the SdeC DUB fragment displayed a similar pattern to USP2, in
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which cleavage of both K63 and K48 polyUb occurred on unmodified ubiquitin, but this
DUB activity was almost completely eradicated by either ADP-ribose (SdeCH416A) or
phosphoribose (SdeCWT/C118S) modifications (Figure 7.2, bottom panels, SdeC 1-192,
compare no enzyme resin with SdeCH416A, SdeCWT, or SdeCC118S). Regardless of DUB
species origin or specificity, the ability of Sde proteins to generate either of two PTMs on
polyUb has the potential for strongly interfering with host DUBs and stabilizing poly-Ub
chains about the LCV. This model is consistent with the data presented in Fig. 7.1, which
argued strongly for the NP and ART partners to enhance poly-Ub localization. It should
be noted that Dikic and coworkers have hypothesized that Sde-mediated modification of
Ub interferes with poly-Ub formation, but their model is inconsistent with the infection
data presented here, and supported by the in vitro DUB inhibition assays.
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Figure 7.2. Either ADP-ribosylated or phospho-ribosylated polyUb is highly
resistant to DUB cleavage (preliminary).
SdeC derivatives (1µg) were adsorbed to Ni-NTA resin for 1 hr at 4°C, then incubated
with either K63 or K48 polyUb3-7 (2µg) for 2 hrs at 37°C to promote Ub modification,
then SdeC resin was removed, and polyUb3-7 was then incubated with either 1) human
recombinant PolyHistidine-otubain 1, isoform 1 (100nM); 2) recombinant USP2 catalytic
domain (CD) 259-605 (50nM); 3) recombinant PolyHistidine-CYLD (50nM); or 4)
recombinant SdeC DUB CD 1-192 (50nM) at 37°C for 2 hr. Cleavage was monitored by
immunoblot comparison of the polyUb staining after incubation with SdeC derivatives or
a no enzyme control against the polyUb staining after a 2 hr incubation with a DUB.
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7.3. Evidence that Sde modification of polyUb (ADPr-Ub or Phosphoribose-Ub)
inhibits binding by autophagy adaptor, p62
The Sde proteins both limit polyUb at the LCV during infection with the DUB
domain and enhance ubiquitination through Sde-mediated Ub ligation and addition of
PTMs to resident polyUb, generating a DUB resistant population. We postulated that the
Sde-mediated PTM of Ub serves as ubiquitin camouflage, offering a new mechanism for
autophagy evasion during infection. Autophagy adaptors, such as optineurin (OPTN) and
p62 rely on polyUb binding to facilitate the formation of protein scaffolds and
downstream signaling85,291,298,368,408,448,454,544. To test this concept, recombinant SdeC was
adsorbed to beads to modify K63 or K48 polyUb3-7 chains, then SdeC resin was
discarded, and modified polyUb was incubated with p62 adsorbed to Ni-NTA resin.
After p62 elution from the resin, the binding efficiency of modified polyUb or native
polyUb was evaluated with α-Ub immunoblots. p62 was able to efficiently bind either
K63 or K48 polyUb chains that had not been exposed to SdeC (Figure 7.3. ---). If the Ub
chains were phosphoribosylated with WT or C118S SdeC, p62 was dramatically reduced
with K63-Ub chains and eliminated with K48-Ub chains (Figure 7.3. WT or C118S). The
same trend was observed with ADP-ribosylated ubiquitin, p62 binding to K63-Ub chains
was radically reduced and with K48-chains the p62 binding was all but eliminated
(Figure 7.3. H416A). These results provide an explanation for how Sde-mediated posttranslation modifications could serve as inhibitors of polyubiquitin binding, potentially
delaying or eliminating signaling pathways such as autophagy that rely on Ub binding to
initiate downstream events.
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Figure 7.3. Sde modification of polyUb chains with ADPr or phosphoribose severely
limits p62 binding to polyUb (preliminary).
SdeC derivatives (1µg) were adsorbed to Ni-NTA resin for 1 hr at 4°C, then incubated
with either K63 or K48 polyUb3-7 (2µg) for 2 hrs at 37°C to promote Ub modification.
Then SdeC resin was removed and polyUb3-7 was then incubated with p62 at room
temperature for 1 hr. p62 and any bound Ub were eluted with 250mM imidazole and
bound polyUb was measured by SDS-PAGE fractionation and α-Ubiquitin (Ub). In, input
(2.5%); FT, flow-through (2.5%); E, elute (25%).
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7.4. Evidence that Sde proteins work in collaboration with unknown L. pneumophila
factors to limit host autophagy.
As Sde family members manipulate the host ubiquitin system and the
endoplasmic reticulum, we investigated whether they were involved in L. pneumophila
subversion of the host autophagy system, which sits at the intersection of interactions
between the ER, ubiquitin signaling, and innate immunity to intracellular
pathogens177,235,333,484. L. pneumophila is notorious for utilizing multiple strategies to
target the same critical host pathways, such as autophagy. The L. pneumophila IDTS
RavZ is a well-characterized anti-autophagy factor that irreversibly deconjugates
lipidated LC3 (LC3II)202,271,550 . However, even in the absence of RavZ, there is no
autophagic response to the highly ubiquitinated LCV, in spite of the fact that Ub targeting
of compartments is a first signal that leads to autophagic clearing. Clearly, there must be
other factors that prevent recognition of the LCV. To investigate the possibility that
modification of Ub is tied to autophagy inhibition, we employed the minimalized L.
pneumophila genome strain, Δpentuple354, which lacks ravZ, but contains the Sde family.
We then utilized a Δpentuple ΔsdeC-A strain for comparison to the Δpentuple background
(strains were gifts from Dr. Tamara O’Connor).
We first assessed the importance of the Sde operon in a Δpentuple background by
monitoring intracellular growth in A/J BMDMs. Both the Δpentuple and Δsde strains are
fully competent for intracellular replication in BMDMs28,354, but if there were bacterial
IDTS within the pentuple strain deletion regions that target the same or compensatory
pathway as the Sde family, then we would expect to observe a replication defect
specifically in the double mutant background. Wild type and Δpentuple L. pneumophila
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strains both grew to similar levels over the course of a 74-76 hr challenge of
macrophages. Interestingly, a ΔsdeC-A Δpentuple strain showed reduced intracellular
replication (Figure 7.4. A). In preliminary studies using CFU enumeration to monitor
bacterial growth rather than luciferase expression, the defect in fold growth between the
WT or Δpentuple strain relative to ΔsdeC-A Δpentuple mutant was as much as a 10X by
72 HPI (Figure 7.4. B). We next examined autophagy induction during infection with
these mutant strains by monitoring differences in LC3 maturation across L. pneumophila
mutant strains by surveying LC3-II increases relative to LC3-I or a loading control (αactin), as a readout for induction of the host autophagic response113,497. LC3-II resides
within autophagosomal membranes that originate from ER membranes and is rapidly
degraded upon fusion with lysosomes during autophagic maturation286,287. We used
chloroquine pretreatment of cells to inhibit endosome fusion with lysosomes, effectively
blocking LC3-II degradation so that LC3-I:II ratios could be measured. Without
chloroquine treatment LC3-I and LC3-II levels were nearly undetectable in uninfected
and L. pneumophila infected Cos7 cells (Figure 7.4, panel C, Mock α-LC3a/b). In
uninfected Cos7 cells treated with chloroquine, a notable increase in LC3-II relative to an
actin control was observed when compared with mock treatment of uninfected cells
(Figure 7.4, Panel C, Compare chloroquine-uninfected to mock-uninfected). During Lp02
infection with chloroquine treatment, the increase in LC3-II was slightly diminished
compared to uninfected cell extracts, consistent with L. pneumophila factors limiting LC3
lipidation. This was due to L. pneumophila IDTS, as infection with the T4SS mutant,
Lp03, resulted in LC3-II levels above those observed in uninfected cells (Figure 7.4. C,
chloroquine Lp03 vs. uninfected, Lp02). This indicates the Legionella infection induced
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an autophagic response without any additional inhibitors to limit LC3 maturation. Both
Δsde and Δpentuple infections resulted in a slight increase of LC3-II relative to WT
infection and the levels appeared comparable between the two mutants (Figure 7.4, panel
C, chloroquine Δsde and Δpentuple). Challenge with Δsde Δpentuple compounded these
effects resulting in more than twice the amount of LC3-II present in these extracts
relative to Δsde or Δpentuple infected extracts (Figure 7.4, panel C, chloroquine Δsde
Δpentuple). In fact, the LC3-II levels from Δsde Δpentuple infection relative to an actin
loading control approximate the LC3-II levels observed in a T4SS mutant infection
(Figure 7.4, panel C, Compare Δsde pvector, Δpentuple, and Lp03 to Δsde Δpentuple
LC3-II levels α-LC3a/b). Expression of plasmid-encoded SdeC or SdeB, but not SdeA, in
a Δsde Δpentuple background was capable of partially reducing LC3-II levels relative to
levels with the Δsde Δpentuple parent strain infection (Figure 7.4. C, Δsde Δpent psdeC
and Δsde Δpent psdeB vs. Δsde Δpent psdeA). Comparison of LC3-II levels between these
strains at 2 compared to 6 hrs produced largely consistent trends, although overall levels
of LC3-II appeared slightly lower at 6 hrs relative to 2 hr infections (Figure 7.4. C, 2 vs. 6
hr). To examine this autophagic flux in a well-established host, A/J BMDMs were
substituted for Cos7 cells and the same strains were used to challenge the macrophages
for 2 hrs in after a 2 hr pretreatment with chloroquine. In this experiment, LC3-II levels
were largely reminiscent of those observed in Cos7 cells. A Δsde Δpentuple infection
produced more LC3-II relative to a Δpentuple infection (Figure 7.4. D, compare ΔsdeC
Δpentuple with Δpentuple). Expression of any one Sde protein from a plasmid showed
minimal or no reduction in LC3-II levels compared to a Δsde Δpentuple challenge (Figure
7.4. C, Δsde Δpent psdeC, psdeB). These experiments will need to be repeated, and
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further exploration of the Sde role during infection in a Δpentuple background likely
would necessitate generation of a strain lacking all SidE family members, but which
retain SidJ, in the Δpentuple background due to the previously described toxicity of Sde
expression in the absence of SidJ232.
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Figure 7.4. The Sde family is important for L. pneumophila growth in A/J BMDMs
and limiting autophagy during L. pneumophila infection in a minimalized genome
background (preliminary).
(A) A/J BMDM were challenged with the indicated L. pneumophila strains expressing
luciferase (Δsde backgrounds are operon deletion ΔsdeC-A with sidE still present in the
chromosome) at an MOI=0.05 for 2 hrs, then bacterial growth was monitored by
luminescence expression (RLU, relative luminescence units) in a plate reader over the
next 74 hrs. (B) A/J BMDM were challenged with indicated L. pneumophila strain for 2
hrs, then non-internalized bacteria were washed away and bacterial fold replication
relative to 2 HPI were determined at 24 hr intervals up to 72 hrs using saponin lysis of
macrophages and plating extracts for CFU enumeration on CYET plates at each time
point indicated. (C) Cos7 cells (8 x 105) were pretreated with chloroquine (100µM) for 2
hrs prior to L. pneumophila challenge at an MOI=10 for 2 hrs or 6 hrs. For the 6 hr
challenge, after 2hrs of challenge non-internalized bacteria were washed 3x and then
fresh medium with chloroquine was added back to the cells for the remaining 4 hrs of
challenge. At the completion of 2 or 6 hr L. pneumophila challenge, Cos7 cells were
lysed in SDS buffer, fractionated, and probed with α-LC3 and α-actin immunoblots. (D)
BMDMs (5 x 105) were pretreated with chloroquine (100µM) for 2 hrs prior to L.
pneumophila challenge at an MOI=2 and chloroquine remained in the media during the 2
hr infection. After 2 hrs of BMDM challenge with L. pneumophila, BMDMs were
analyzed as in panel A.
7.5. Pulmonary model of L. pneumophila infection within A/J mice reveal an in vivo
role for the Sde family.
The Sde proteins have been shown to be dispensable for Legionella growth in a
tissue culture macrophage model of infection although they are required for efficient
growth in amoebae28. This prompted the question of whether the Sde family may have a
role in a pneumonia model of infection, since their may be important events during
disease in the mouse that are not reproduced in BMDM. Macrophages only represent a
subset of bacterial-host interactions that occur during a pulmonary infection model. To
address this knowledge gap we utilized a pulmonary A/J mouse model of infection
developed by Kim Davis (Former Isberg post-doc, currently Johns Hopkins University)
in which anaesthetized mice were inoculated with 2 x 104 CFU and BAL fluid was
collected at 4 and 48 HPI to determine bacterial load by CFU. In a WT Legionella
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infection the bacterial load at 4 HPI represents the initial inoculum levels for mice with
CFUs near 104. A slight increase in bacterial load can be observed at 24 HPI, but by 48
HPI this level approximates CFU/ml at 4 HPI. No increases in bacterial loads of the lungs
were observed after Δpentuple or dotA3 challenge (Figure 7.5. A). In fact a comparison
between 4 HPI and 48 HPI of Δpentuple or dotA3 reveal a 10 to a nearly 100-fold loss in
bacterial load, respectively (Figure 7.5. A). When A/J mice were challenged with Δsde
(KK099 pvector), a comparison between the 4 and 48 HPI time points revealed a nearly
10-fold reduction in BAL CFUs, similar to the bacterial reduction observed in a
Δpentuple infection. During a mouse infection with Δsde mutant expressing WT SdeC
from a plasmid, a partial increase in bacterial load was observed relative to Δsde infection
loads at 48 hrs (Figure 7.5. B). It should be noted that expression of SdeC was under the
control of an IPTG-inducible promoter, so expression of this protein was due to the high
baseline expression in the absence of induction. These results suggest the Sde family
plays a significant role during a mammalian pulmonary model of infection and that
BMDMs do not always represent a definitive paradigm for L. pneumophila infection.
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Figure 7.5. Absence of the Sde family results in a defect in Legionella survival within
a mouse pulmonary model of infection.
(A, B) Anesthetized Female A/J mice were challenged with L. pneumophila (2 x 104
CFU) through intranasal inoculation. Mice were sacked and BAL fluid was collected and
plated for CFUs at 4, 24 (where indicated), and 48 hours post infection.
In the studies described here, we have shown how the intracellular pathogen
Legionella pneumophila, translocates a family of T4SS substrates known as the Sde
family that are involved in the subversion of the endoplasmic reticulum to generate an ER
derived replication compartment. We’ve shown the Sde proteins can target the tubular
ER membrane protein Rtn4 and in the absence of these bacterial proteins there is a
premature association of rough ER sheets with the vacuole. The Sde proteins promote
Rtn4 rearrangements associated with detergent insolubility around the replication
compartment and integration of Rtn4 with the LCV membrane. We uncovered that the
Sde mediated mechanism of ER rearrangement is through Sde-promoted ubiquitin
transfer to Rtn4, which occurs almost immediately after bacterial uptake. Ubiquitin
ligation by Sde proteins requires two sequential enzymatic activities from a single
polypeptide: an ADP-ribosyltransferase and a nucleotidase/phosphohydrolase. The ADPribosylated moiety of ubiquitin is a substrate for the nucleotidase/phosphohydrolase,
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resulting in either transfer of ubiquitin to Rtn4, or phospho-ribosylation of ubiquitin in
the absence of a ubiquitination target. This represents the discovery if a single bacterial
protein drives a multistep biochemical pathway to control ubiquitination and tubular ER
function independently of the host ubiquitin machinery. Furthermore, the Sde family
modulate LCV ubiquitination through the N-terminal DUB domain and the Ub ligase
activity from ART and NP domain collaboration during infection. The Sde proteins
ability to PTM ubiquitin chains with phosphoribose or ADP-ribose also serves to
confound the host system, where Sde modifications inhibit DUB cleavage and obscure
polyubiquitin binding proteins, such as the autophagy adaptor p62, from interactions with
Ub chains. These studies indicate the incredible capacity of Legionella to recognize and
subvert a crucial host signaling system, like ubiquitination, for the bacterium’s own
purpose in a manner that also confounds and camouflages the bacterial hijacking of the
system.

202

Chapter 8:
Discussion

This chapter contains excerpts that have previously been published in:
(reprinted with permission of publisher)
Kotewicz KM, Ramabhadran V, Sjoblom N, Vogel JP, Haenssler E, Zhang M, Behringer
J, Scheck RA, Isberg RR. Cell Host Microbe. 2017 Feb 8; 21(2):169-181. Epub 2016 Dec
29.

203

8.1. SidE family members manipulate ER structures at the LCV
The generation of an intracellular compartment capable of hosting pathogen
replication is a critical early step in the life cycle of intravacuolar pathogens427,461,469. In
this dissertation I show that Legionella specifically targets tubular ER within minutes of
infection through the Sde family of T4SS substrates. These proteins exploit ubiquitin
(Ub) signaling to restructure tubular ER surrounding the LCV. Tubular ER
rearrangements occur with rapid kinetics (Figure 1.18.C, Figure 3.4.A) and the proteins
required for these rearrangements are necessary for robust amoebal growth (Figure 5.2,
Figure 6.2).
Previous work has shown that as early as 10 min post-bacterial challenge, vesiclelike structures approximately 200 nM in diameter associate with the LCV 4,240,504. These
structures have been called ER-derived vesicles, based on the fact that ER vesicleassociated proteins rapidly associate with the LCV 240,504. Using high-resolution and
fluorescence microscopy studies of the LCV during the first 2 hrs of infection in
mammalian cells we demonstrated that these vesicle structures consist of Rtn4-rich
membranes derived from peripheral tubular ER (Figure 3.5-3.7). We termed these
membranous structures rich in Rtn4 ‘pseudovesicles’. These vesicular structures were
often observed in association with Rtn4-rich appendages extending out from the
cytoplasmic face of their membranes, frequently towards other nearby ‘pseudovesicles’
(Figure 3.6). These appendages were reminiscent of proteinacious bridges observed
between the ER and mitochondria at MAM sites or intercisternal bridges in Golgi
stacks88,95,187,375. We propose that Rtn4 ubiquitination by the Sde biochemical
ubiquitination pathway promotes structural transformations of ER tubules, potentially
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through enhanced Rtn4 oligomerization or generation of a scaffold to form tubule matrixlike structures (Figure 8.1)348.

Figure 8.1. Potential ER tubule structure changes mediated by Sde ubiquitination of
Rtn4.
ER tubules are formed by phospholipid bilayer with reticulon oligomers (green) inserting
into the membrane (blue) to generate curvature, cross section shown. After Rtn4 is
ubiquitinated by Sde, Rtn4 accumulation or inhibited membrane traffic promote
increased tubule size with an increase in ER lumen diameter (top branch), consistent with
the large size of LCV ‘pseudovesicles’. Rtn4 oligomers form proteinacious bridges
between ER tubules facilitating membrane interaction and formation of stable parallel ER
tubule stacks. Adapted from Goyal and Blackstone, 2013164. ER tubule image at far left
was isolated from figure 2 and the cartoon image was repurposed to indicate possible ER
structures transformations generated by Sde ubiquitination.
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Although these proteinacious appendages have not garnered much interest within
the field, they have been previously observed at early infection time points414. Our
images of Rtn4-rich appendages suggest that these bridges serve to foster interactions
between nearby tubules generating an organized macrostructure of densely packed ER
tubules stacked in parallel to one another around the LCV. A similar structure has been
observed with the sarcoplasmic reticulum, a special type of smooth ER that serves to
store and release calcium ions, present in both smooth and striated muscle fibers69,422.
Electron microscopy images of SR longitudinal slices resulted in images of closely
packed parallel SR tubules, while cross sections produced images of clustered circular
structures. These circular structures, which could easily be misidentified as trafficking
vesicles, actually represent cross-sections of SR tubules organized around the myofibrils
inside a muscle cell. Moreover, this ultrastructure was shown, at least in part, to be
mediated by Ca2+ ATPase molecules running diagonally around the tubule walls
producing a well-defined helicoid organization of the ATPases 69. Reticulon protein
properties, such as their propensity to hetero- or homo-oligomerize and their ability to
induce membrane curvature459,570, suggest these proteins could facilitate an ER structure
analogous to those observed in the SR. Although the preponderance of Rtn4 in the
‘pseudovesicle’ membranes suggests these structures are cross-sections of closely packed
ER tubules rather than clusters of ER vesicles, additional high-resolution and 3dimensional studies of the ER framework during L. pneumophila are needed to fully
differentiate these curious structures.
Interestingly, these ‘pseudovesicles’ and their associated Rtn4-appendages were
linked to Sde function, as the structures are rarely observed during infections when the
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Sde family is absent (Figure 3.6). Even more curious, was the aberrant premature
association of rough ER proximal to the LCV during mammalian infection studies with L.
pneumophila lacking the Sde proteins (Figure 3.8). This suggested to us that L.
pneumophila utilizes an alternative mechanism to rapidly associate ER membranes with
the LCV during mammalian infection, albeit unconventional rough ER structures (Figure
3.8). This could potentially explain why L. pneumophila can robustly replicate within
permissive macrophages in the absence of the Sde pathway, whereas during amoeba
infection the absence of the Sde family abrogates any observable ER association with the
LCV (Figure 3.3) and is ultimately detrimental to intracellular replication within this host
(Figure 5.2.A).
Although the LCV association with rough ER has been documented numerous
times, a scan of 54 manuscripts from the literature indicates that this event typically
occurs 6 hrs post-infection of cells (Table 3.1) In fact, the overwhelming consensus
among these studies is that one of the earliest morphological events observed at the LCV
is the formation of these large round compartments. This observation is consistent across
L. pneumophila studies, as ‘pseudovesicle’ structures rapidly arise at the LCV regardless
of host (amoebae or macrophage), while the occurrence of rough ER at these early time
points was a highly atypical event (Table 3.1)180,270. Since the two subtypes of ER
observed at the LCV typically serve distinct functions for a homeostatic cell77,539, it is not
entirely surprising that Legionella would develop a mechanism to amend ER structure at
the vacuole to adapt to the bacterium’s evolving needs over the course of infection.
The early manifestation of ‘pseudovesicles’ at the LCV suggests the bacterium
uses these smooth ER components as building blocks for the LCV conversion into a
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rough ER-like compartment. Our results support a model in which Legionella
immediately interacts with peripheral ER after phagocytosis and begins the process of ER
acquisition to avoid endocytic maturation and initiate vacuole conversion into a rough
ER-like compartment that can harbor bacterial replication. We propose that early ERLCV association is a prerequisite for successful infection as it 1) supplies the LCV and
proximal region with unknown membrane and protein components from the ER for
vacuole biogenesis and expansion into an ER-like replication compartment; 2) provides
the LCV with a rapidly acquired host-derived membranous disguise to avoid recognition
by host degradation pathways by coating the vacuole surface with ER ‘pseudovesicles’.
Additional evidence of Legionella’s tight temporal regulation of an ER-LCV
maturation process originates from previous studies examining the relationship between
the ‘metaeffector’ SidJ and its target, the SidE enzyme family184,232,397. First, SidJ serves
as an important SidE family regulator by releasing the enzymes from the LCV membrane
232

. This is critical during infection, as the absence of SidJ during amoeba challenge

prolonged SidE family association with the LCV, which induced more than half of the
vacuoles to mature along the endocytic-lysosomal pathway by 1 HPI and nearly 80% of
vacuoles by 3 HPI (Figure 1.17.G)232. Furthermore, SidJ directly antagonizes SidE family
enzymatic activity functioning as a SidE-specific DUB targeting the novel Ub-linkage
catalyzed by SidE proteins184,397. These two regulatory properties of SidJ indicate
Legionella has designed a system to tightly control the SidE activity, as improperly
localized or improperly timed SidE function directs the LCV down an inescapable
degradation pathway.
This model is further supported by comparisons of LCV-ER associations at early

208

time points (≥ 2 hrs) and intracellular replication outcomes in different hosts. In D.
discoideum cells stably expressing the ER retention fusion HDEL::GFP, LCVs did not
colocalize with the ER marker during challenge with either a sidE family deletion or a
ΔsidJ mutant and both had significant intracellular growth defects260,294,396. On the
contrary, challenge of permissive macrophages with a sidE family deletion mutant did
not have a discernable defect on L. pneumophila intracellular replication or ER marker
colocalization with the LCV (calnexin, not shown, V. Ramabhadran), except for Rtn4,
which remained dependent on Sde protein expression for LCV colocalization28,260,396.
Alternatively, a macrophage challenged with ΔsidJ delayed LCV-ER colocalization
relative to WT infection and resulted in reduced intracellular replication, but was still
able to subvert trafficking to lysosomes. These phenotypic and growth profile patterns
imply a compensatory L. pneumophila ER-recruitment pathway functions in mammalian
saving the bacterium from replication defects observed in an amoebal host.
The targeting of Rtn4 during early infection intimates that L. pneumophila may
employ a host mechanism of ER structure conversion during the course of vacuole
biogenesis. By manipulating the ratios of ER sheet to ER tubule-defining proteins at
organelle sites proximal to the incoming LCV, the bacterium could dictate its preferred
ER structure locally and adjust it as needed over the course of infection. The work
presented here also indicates that the coordinated transition of the LCV into a rough ERassociated compartment likely begins much earlier than previously described, specifically
through Sde-mediated accumulation and manipulation of tubular ER upon entry. We
argue that this ER-maturation process initiates through the formation of ‘pseudovesicle’
structures that are derived from tubular ER as a consequence of a biochemical
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ubiquitination pathway catalyzed by Sde family members (Figure 6.9.B and 8.2). The
structural or oligomerization changes that Rtn4 undergoes upon Sde ubiquitination
remains elusive, but beautiful in vitro tubular ER systems present a unique tool to explore
these macrostructure changes in a simplified visual system through EM or IF microscopy.
These studies break open the classic Legionella paradigm, where hijacked ER-Golgi
vesicles are the vesicular structures surrounding the LCV and the source of ER donor
material to the LCV. Our studies of the host-pathogen interface between L. pneumophila
and host ER strongly argue for a new phase in the L. pneumophila life cycle where
peripheral ER tubules are transformed by the bacterium and interfaces directly with the
vacuole through the described ‘pseudovesicle’ structures.

8.2. Novel multi-step ubiquitination pathway catalyzed by Sde proteins.
PTM of proteins with ubiquitin is a highly conserved eukaryotic process used to
dictate the trafficking, localization, stability, protein-protein interactions, and ultimately
the fate of the proteome257,380,473. To coordinate ubiquitin signaling across an entire
proteome, signaling must be regulated with considerable finesse, and the first step in the
process is controlled by E2/E3 enzyme substrate specificity (Figure 1.8). Once the
substrate has been chosen, a variety of other variations generate further diversity in the
nature of the modified protein. These include variations in: 1) ubiquitin conjugation
patterns (mono-, multi mono-, poly-Ub); 2) types of chain linkages (K63 vs. K48); 3)
heterogeneity of chain linkages (branched vs. linear); 4) ubiquitin chain lengths; and 5)
PTM to ubiquitin itself (phosphorylation)217,247,257,432,433. The conservation of Ub from
yeast to humans, combined with the ability to target any protein substrate for an
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assortment of phenotypic effects makes this PTM system an ideal target for pathogens
10,22,199,376,389,431,478,567

.

Bacterial and viral pathogens directly subvert this host system through mimicry of
ubiquitin editing proteins, such as Legionella’s SidE family deubiquitinases or the E3
ligases LubX and SidC 206,265,398. Pathogens also manipulate ubiquitin signaling by
directly modifying eukaryotic ubiquitin conjugation/editing proteins, for example the
OspG kinase from Shigella that targets host E2 enzymes to suppress innate immune
responses33,290,567. We discovered that the L. pneumophila Sde proteins combine these
two tactics, using both mimicry and direct modification of ubiquitin through a
combination of three enzymatic activities, including deubiquitinase, mono ADPribosyltransferase, and a nucleotidase/phosphohydrolase activities. These three activities
function in collaboration to act as a master regulator of ubiquitin at the LCV, controlling
both ubiquitin conjugation and deconjugation. Direct control of both ubiquitin addition
(Figure 6.7) and removal (Figure 4.6) through a single polypeptide is a highly unusual
tactic. The eukaryotic protein A20 (TNFIA3P), which finely tunes NF-Kβ responses, is
the only other protein described to date, besides the Sde family, that can both cleave and
conjugate ubiquitin via the same polypeptide196,307,516,537.
Our work shows that a single bacterial protein catalyzes a unique multi-step
biochemical pathway that in the absence of host Ub enzymes, leads to Rtn4
ubiquitination and structural rearrangements of the ER. Bacterial and viral pathogens are
known to directly subvert the Ub system through mimicry of eukaryotic Ub editing
proteins, such as the Legionella SidE family deubiquitinases or the E3 ligases LubX and
SidC 203,206,265,398,452. The work presented here along with several other recent
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publications describes the unique process of Sde ubiquitination, which occurs completely
independently of the host Ub conjugation system (Figure 6.7)40,260,396. Initiation of this
ubiquitination pathway requires the Sde proteins ART and NP domain396. We show that
ADP-ribosylation of the R42 residue on ubiquitin is merely the first step in a pathway
that leads to direct conjugation of Ub to recipient host proteins (Figure 6.10). To
conjugate ubiquitin, the Sde proteins first ADP-ribosylate the ubiquitin R42 residue,
generating a relatively stable reaction intermediate. Next, Sde proteins further process the
ADP-ribose modification into ribose-monophosphate through the Sde nucleotidase
activity (Figure 8.2). In our model, the Sde pathway is initiated by highly efficient ADPribosylation of Ub R42, which occurs catalytically at 0°C using a ratio of 1:50 SdeC:Ub,
arguing for ADPr modification of Ub almost immediately after Sde, dependent on NAD
concentrations. The ADPr-Ub is then used as a substrate by the NP domain that can either
trim the ADPr to ribose-monophosphate or promote trimming of adenosine
monophosphate (AMP) and transfer of Ub to Rtn4 or other ER associated Rabs40,260
(Figure 6.9.B, Figure 8.2).
Consistent with this model, we have shown that in a purified system using only
Rtn4, Ub, and nanomolar concentrations of SdeC, there is rapid conjugation of Ub
dependent on both ART and NP activities, arguing that the observed ADPr-Ub is a brief
intermediate that is acted on by the NP domain to promote ubiquitination of substrates
(Figure 6.7). This model is supported by the fact that when an NP-deficient mutant
protein is mixed with an ART- deficient mutant, ubiquitination of Rtn4 is extraordinarily
efficient (Figure 6.7). Our work, in agreement with Bhogaraju and colleagues41
demonstrates the sequential nature of Sde ubiquitination pathway through successive in
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vitro reactions. We showed that the reaction would only proceed if Ub was first ADPribosylated and then exposed to an active NP domain while in the presence of a target
protein, like Rtn4 (Figure 6.7). Every successful Ub ligation reaction required concurrent
incubation with an active NP domain and target protein. Native, unmodified Ub or ADPribosylated Ub could serve as substrates for Ub ligation, but phosphoribosylated Ub was
not a viable intermediate for ligation to target proteins and served to inhibit Sde activity.
It is unclear if ADP-ribosylated or phosphoribosylated ubiquitin could serve as unique
signaling molecules during infection or serve as a substrate for other eukaryotic proteins,
such as NUDIX hydrolases, which target pyrophosphate links in ADP-ribose or
nucleosides100,367.
Our in vitro studies also exposed Sde proteins ability to self-cannibalize ubiquitin
attachments on both target proteins and Sde mediated auto-ubiquitination events (Figure
6.8). Although we have not explored the domain responsible for the reversal, we
hypothesize that the NP domain, which already recognizes phosphate linkages and
cleaves them in ADP-ribose, could serve as to reverse the reaction activity upon
prolonged incubation or increased Sde concentrations. This rapid hydrolysis of freshly
conceived Ub linkages, both mediated by Sde proteins, along with the highly selective
list of Sde Ub targets has serious implications for the role of the ‘metaeffector’ SidJ in
Sde regulation. The target selectivity suggests SidJ is designed to limit Sde mediated
phospho-ribosylation of resident monoubiquitin and polyubiquitin conjugates not reverse
Sde specific ligation. This concept is supported by increasing levels of Rtn4
ubiquitination at 3 HPI relative to 10 MPI during infection with Sde and SidJ expressing
L. pneumophila strains (Figure 3.10) and by the continued association of Rtn4 with the
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LCV at 8 HPI (Figure 2.1.A). Both of these time points represent infection time points
well past the described dissociation of Sde from the LCV membrane, effectively allowing
SidJ access to remove Sde modifications without continual Sde ubiquitin additions.
Furthermore, SidJ could serve to prevent Sde cannibalization of its own ubiquitination by
allowing Sde brief access to the LCV membrane to target preferred substrates and then
SidJ promotes rapid release to other undefined cellular compartment to prevent prolonged
targeting of the same substrate population232.
In contrast to the specific transfer reaction described here, phosphoribosylated Ub
has the potential to serve as a nonspecific reactive intermediate able to undergo a nonenzymatic Maillard reaction that would conjugate Ub to recipient proteins through an
irreversible sugar crosslink. In Maillard reactions, the electrophilic carbonyl of a reactive
sugar, such as glucose or ribose, reacts with a free amino group of recipient proteins,
generating advanced end products (AGEs) 345. The kinetics of AGE formation is typically
quite slow, so a Maillard mechanism would require some accessary factors that could
allow a biologically relevant reaction. Non-enzymatic ubiquitin ligation through a
glycation reactions represents a possible mechanism for generating a phosphoribose
linkage between ubiquitin a substrate protein. Furthermore, protein glycation is
frequently associated with stable, cross-linked, high molecular weight complexes, similar
to the Rtn4 transformation induced by Sde ubiquitination of the membrane protein157,345.
Rather than non-enzymatic glycation as a ubiquitin ligation mechanism, our evidence
argues for a model in which Sde proteins combine enzymatic ART and NP activities to
ubiquitinate high specificity. This ligation process is dependent on an enzymatically
active NP domain to complete the reaction. Therefore, it is more likely that the formation
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of phosphoribose-Ub terminal reaction product serves to down modulates Sde-mediated
Ub conjugation, rather than facilitate non-enzymatic ligation. We propose that the
phosphoribose ubiquitin modification reduces the concentration of both native and ADPrUb that can act as substrates for Sde-mediated transfer to host protein targets.
The substrate specificity and the level of ubiquitination amongst Sde members
display different activity patterns between in vitro experiments and infection, revealing
key insight to the bacterial proteins’ regulation. Each Sde protein, SdeA, SdeB, and
SdeC, produced robust Rtn4 ubiquitination after transient expression in mammalian cells
(Figure 3.2.A), but during infection only SdeA and to a lesser extend SdeB were found to
induce detectable levels of Rtn4 ubiquitination (Figure 3.10). Since these bacterial
proteins use the same ubiquitin conjugation mechanism, this additional layer of
specificity during infection likely results from Sde interactions with other T4SS
substrates that direct Sde activity, rather than minor affinity differences or a eukaryotic
regulator. Another explanation of Ub ligation differences in targets is that during
infection SdeC is physically limited having access only to a small Rtn4 subpopulation
immediately surrounding the LCV. Whereas SdeA expression, which produced excessive
Rtn4 ubiquitination, occasionally generated aberrant pockets of Rtn4 far from the LCV,
suggesting the protein may target a vastly larger Rtn4 pools relative to other Sde proteins.
A final possibility is that Sde ubiquitination patterns are governed by DUB activity or
substrate preference. The Sde DUB domain specificity for K63-polyubiquitin chains
could serve to preferentially localize the Sde Ub ligase activity to a unique subset of
ubiquitination substrates. Consistent with this idea, expression of SdeA in a Δsde mutant
background consistently reduced LCV polyubiquitination more efficiently than other Sde
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proteins during the first 15-20 MPI, which could then serve as new Ub monomer for Sde
Ub ligation. Yet Rtn4 reorganization was associated with far fewer bacterial vacuoles
when compared with singular expression of SdeB or SdeC in a Δsde background (Figure
4.2). The enhanced SdeA DUB capacity may represent the enzyme targeting a broader
substrate pool, which also potentially broadens the pool of Ub ligation substrates,
decreasing specificity for Rtn4 and ultimately lowering the number of LCV’s associated
with structurally transformed Rtn4. Further examination of DUB and Ub ligation target
preferences and the variation amongst different Sde proteins is needed to parse out these .
This work provides a new direct link between ubiquitination and modulation of
ER structure. This research describes the discovery of a novel single-enzyme catalyzed
ubiquitination mechanism that ignores all the classic ubiquitination paradigms, including
the requirement for ATP and a cascade of enzymes. This challenges not only the most
conserved ubiquitin field archetypes, but offers a first hand example of how bacterial
proteins using classic eukaryotic mimicry can devise wholly new signaling pathways
from otherwise conventional protein functions in order to manipulate host systems, often
in a more efficient manner than the system they mimic. Numerous questions linger on
this completely novel mechanism of ubiquitination and will likely remain the focus of
intense study. In particular, we are still working to identify the Rtn4 and HA-Ub residues
targeted for Sde ubiquitination. These questions are critical as Rtn4 ubiquitination at
specific functional regions, such as oligomerization domains or protein interaction sites,
would have strong implications for the modification intent or purpose. Our evidence
supports a model where Sde ubiquitination is mono- or multi-monoubiquitination, but the
studies presented here are unable to decipher between multi-mono- and
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polyubiquitination at this time. To understand the ubiquitin ‘tit-for-tat’ battle between the
host and Legionella, kinetic immunofluorescence studies in macrophages versus amoeba,
with specific respect to distinct Sde enzymatic combinations through single and double
point mutants, would provide a more complete systemic view of ubiquitin manipulation
through single cell analysis.
8.3. Sde family DUB domain
We believe that during intracellular growth, the amino terminal DUB domain452
also plays an important role during infection, even though the domain was not essential
for intracellular replication in Dictyostelium discoideum, in contrast to the ART and NP
domains260,396. We propose that the DUB domain serves two beneficial functions during
infection: 1) preventing the accumulation of K63-linked polyUb conjugates on the LCV
membrane; and 2) producing a localized pool of mono-Ub that can then serve as a
substrate for Sde ubiquitination. In this model, immediately upon Sde protein
translocation the DUB domain cleaves away developing K63-polyubiquitin chains,
preventing both lysosomal trafficking of the LCV and additional innate immune signaling
mediated by this type of Ub linkage 87,185,276,295. Trimming away ubiquitin chains could
also allow Sde proteins unobstructed access to underlying ER membrane proteins,
including Rtn4 and ER associated Rabs. Sde-mediated cleavage of polyubiquitin chains
would increase the pool of free ubiquitin in the LCV vicinity, augmenting Sde proteins
access to ubiquitin for conjugation to newly accessible ER proteins. Both of those
activities would rapidly down-regulate DUB activity either by elimination of a polyUb
substrate pool and or modification of Ub with ADP-ribose or phosphoribose to produce
DUB-resistant chains. Consistent with this model, preliminary evidence indicates the Sde
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family functions in parallel with other L. pneumophila IDTS, like RavZ, to limit
autophagy within the first hours of infection (Figure 7.4), but it is unclear whether this
effect is mediated by the DUB domain or in all likelihood, facilitated by Sde
ubiquitination and ubiquitin modification through the ART and NP domain.
Strong support for the importance of DUB domain in generating a free pool of
localized Ub monomer comes from examining Rtn4 ubiquitination changes during
infection with DUB defective Sde proteins. Expression of either SdeA or SdeB DUB
mutants failed to produce detectable levels of Rtn4 ubiquitination (Figure 6.4), while
transient expression of these mutant Sde proteins in mammalian cells was sufficient to
induce robust Rtn4 ubiquitination and HMW Rtn4 species. Furthermore, evidence of the
importance of the DUB domain to Rtn4 ubiquitination can be observed downstream in
the effects on Rtn4 structure around the LCV as examined by IF microscopy. The
percentage of LCVs associated with Rtn4 dropped by 50% or more when comparing
Δsde family expressing single WT Sde proteins with their DUB deficient counterparts.
These experiments argue that without the DUB domain there is a minimal pool of
unconjugated Ub monomer accessible for Sde ubiquitination, but this reduced supply is
sufficient in some individual cells to initiate ubiquitin-mediated ER reorganization. It
remains to be determined if the DUB domain also plays other regulatory roles such as
targeting Sde ubiquitination targets. Our research shows that a 200 amino acid N-terminal
domain, conserved across the SidE family, functions as a K63-polyubiquitin specific
DUB that serves to limit polyUb accumulation within the first 30-60 min of infection and
provide a free pool of monoubiquitin for Sde ligase activity. The DUB domain serves to
enhance ART and NP activities, while the DUB domain is negatively regulated by ART
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and NP modification of Ub chains and its own DUB activity eliminating available UB
chains.
8.4. Sde mediated effects on autophagy and host Ub system.
With the discovery of Sde catalyzed ADP-ribosylation or phospho-ribosylation of
Ub, some researchers postulated that the bacterial enzymes’ purpose was to systemically
halt the host Ub system. Consistent with this model, Sde overexpression in either
mammalian or yeast cells was highly toxic or lethal184,232,396, respectively, and results in
inhibition of the host Ub system41,394. Furthermore, in vitro studies showed that treatment
of Ub with SdeA resulted in failed interactions with E1, E2, and E3 components.
Similarly we and others demonstrated Sde modified polyUb chains became cleavage
resistant species, impervious to eukaryotic or bacterial DUB activities and this inhibition
occurred independent of chain linkage (Figure 7.2)260,394.
The model that Sde proteins shut down ubiquitination by phosphoribose addition
during Legionella infection is entirely unsupported by extensive work from many labs,
and we consider it highly unlikely. Our results argue for an alternative model, whereby
any inhibitory role on polyubiquitination by Sde proteins during intracellular growth may
be of secondary importance. Inhibition of polyubiquitination by SdeA requires merely
ART modification of Ub and is independent of the NP domain 40. Both phosphoribose
and ADP-ribose Ub effectively limit interactions with Ub related enzymes and Ub
binding proteins, such as the autophagic cargo receptor p62 during in vitro or artificial
expression systems (Figure 7.3)40,394. We have shown, however, that a L. pneumophila
NP mutant, which can still effectively ADP-ribosylate Ub and is therefore competent to
interfere with the Ub system 40 is defective for intracellular amoebal growth relative to
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WT or a Δsde mutant expressing WT SdeC (Figure 6.2). This indicates that Sdepromoted ubiquitination, which requires both ART and NP activity, is necessary for
robust intracellular growth in Dictyostelium discoideum. The one caveat is that a Δsde
mutant expressing a SdeC NP point mutant does grow slightly better than the Δsde
parent, indicating that terminal ART modification of Ub can serve a beneficial role in the
absence of Sde ubiquitination (Figure 6.2). The importance of the NP activity is further
exemplified by IF microscopy of LCV ubiquitination during the first hour. Expression of
a SdeC NP mutant that could ADP-ribosylate resident Ub, but not ligate any Ub itself,
resulted in profuse polyUb at the LCV as indicated by the both the percentage of
vacuoles staining positive and the overall intensity. This is compelling evidence that the
primary role of terminal Ub modification resulting from either ADP-ribose or
phosphoribose addition is to stabilize polyubiquitin, and not prevent polyubiquitination as
argued by Bhogaraju, et al41.
These results support an infection model in which Sde proteins function locally at
the vacuole membrane during the first hour(s) of infection, rather than inducing a
complete Ub system halt. There is evidence indicating a complete Ub system halt would
actually be counterproductive to a successful infection. First, it would be unlikely a cell
would survive the entirety of a L. pneumophila life cycle if the Ub system were
completely halted as the PTM regulates many pro-survival pathways and would be
needed for normal cellular homeostasis. Secondly, with a widespread Ub system freeze,
proteasome function would also be blocked and reports have shown L. pneumophila
specifically utilizes this host degradation pathway to increase amino acid pools8,388. The
final argument stems from the numerous reports of L. pneumophila IDTS that mimic
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eukaryotic Ub enzymes and therefore would likely be subject to the same Sde mediated
inhibitory effects, if the inhibition was widespread or prolonged10,21,265,387,389,543.
We propose that Sde modification of LCV resident polyUb serves to block
autophagy induction by preventing cargo receptors from interacting with the heavily
polyubiquitinated vacuole. Our in vitro experiments demonstrate the capacity for
phosphoribose and ADP-ribose additions to almost completely eliminate p62 binding to
either K63 or K48 polyUb chains (Figure 7.3). The ability to block autophagy was further
supported by an increase in LC3 lipidation (LC3-II) during mammalian cell challenge
with minimalized genome background (Δpentuple) that lacked the that lacked the sde
operon relative to the Δpentuple strain that maintained the operon. The pentuple
background offers an impressive genetic tool for deciphering genetic redundancy. This
background lacks at least two IDTS that inhibit autophagy, including the well described
LC3-II protease RavZ202,271 and recently reported syntaxin 17 protease Lpg113715. To
further investigate the Sde proteins role as autophagy inhibitors, a thorough genetic
analysis of the Sde family relative to other established IDTS that target the autophagic
pathway is needed.
The novelty of Sde-mediated cellular effects combined with its unusual
mechanism of action indicates that the functions of these proteins likely have a broad
range of consequences during infection. It has already been shown that a subset of Rab
proteins can be ubiquitinated by SdeA396 in addition to the structural ER membrane
protein demonstrated in this study (Figure 6.4; Figure 6.7)260. These results argue for
multiple pools of specific targets that could serve to function in several host signaling
pathways.

221

Figure 8.2. Model for Sde family processing of Ub during infection.
Diagram of Sde functions in the context of infection. L. pneumophila is phagocytized by
a host cell, macrophage or amoeba, and virulent Legionella containing vacuoles are
rapidly polyubiquitinated, predicted to be host mediated. The LCV polyubiquitination
then serves as fuel for Sde DUB activity that generates a pool of localized free
monoubiquitin. Free monoubiquitin then feeds into the Sde Ub ligation pathway, where
Sde ART activity ADP-ribosylates monoubiquitin at R42, then the NP domain further
processes Ub-ADP-ribose into Ub-phosphoribose in the absence of a Ub target proteins
(top branch) or if Ub ligation targets are readily accessible, like Rtn4, the NP domain
facilitates ADP-ribose Ub processing and conjugation to the target. Sde ubiquitination of
Rtn4 leads to structural changes in Rtn4, potentially due to altered trafficking or
oligomerization. Adapted with permission from Kotewicz et al, 2017. Biochemical
reaction modified from a graphical abstract to include additional infection steps and
diagram description.
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8.5. Conclusion
In the study presented here, we demonstrate direct manipulation of a host
organelle structure, specifically tubular endoplasmic reticulum, for the production of a
pathogen replication compartment. We utilized the intravacuolar bacterial pathogen L.
pneumophila, which resides within an ER-derived compartment during infection, to
examine how pathogens interact with the ER during infection. In the Legionella field, the
accepted paradigm, prior to this study, was that the ER-like composition of LCVs results
from hijacking trafficking ER-Golgi vesicles. Our research argues instead that direct
interactions with the peripheral ER play a critical role during LCV biogenesis into an ERderived compartment. By investigating L. pneumophila interactions with the tubular ER
protein Rtn4, we demonstrated that the replication compartment undergoes a highly
temporal, organized restructuring of the vacuole through a preliminary association with
peripheral ER tubules within minutes of phagocytosis followed by a delayed transition
into a ribosome studded rough ER-like compartment hours later. We identified the
bacterial Sde proteins as the IDTS responsible for tubular ER manipulation and the
accumulation of vesicle-like structures around LCVs as seen by electron micrograph. Our
work supports a new Legionella paradigm, where the LCV ‘pseudovesicles’ represent
cross-sections of enlarged stacked ER tubules.
Through further analysis of the Sde proteins’ distinct protein domains we
deciphered the molecular mechanism underlying the observed ER rearrangement. We
found that Sde proteins contain three distinct enzymatic domains, including a K63specific deubiquitinase domain, an arginine mono-ADP-ribosyltransferase (mART), and
a nucleotidase/phosphohydrolase (NP) domain. We showed that the mART and NP
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domain collaborate to consecutively to modify ubiquitin with ADP-ribose and ribose
phosphate, respectively, while in the absence of a Ub recipient or alternatively the
domains collaborate to function as an E1/E2 independent Ub ligase when specific
substrates, like Rtn4, are present. Furthermore, we demonstrate that either Sde
modification to ubiquitin (ADP-ribose or phosphoribose) inhibits interactions Ub
enzymes or signaling cascades, like DUB cleavage and autophagy cargo receptor
recognition. Although, some research groups have proposed the Sde proteins serve to
shutdown the host Ub system in its entirety by Ub PTM based on overexpression studies
outside the context of infection, our results indicate that the Sde system represents a far
more stringent localized response at the LCV, rather than a universal attack on the host
Ub system. In the context of L. pneumophila infection, we observed that Ub ADPribosylation produced hyper-polyubiquitination at the LCV and was insufficient to fully
restore L. pneumophila replication in amoeba, indicating the beautifully nuanced nature
of Sde activity associated with complete processing of the Ub PTM. The spectrum of
cellular functions controlled by this protein family is likely to be quite large, with tubular
ER rearrangement being the most rapid and visually spectacular response, controlling a
morphological change that had previously been a mystery for much of the past two
decades. This study goes further and illustrates the molecular mechanism underlying this
dramatic ER rearrangement, whereby a single polypeptide utilizes a multi-step
biochemical pathway involving sequential ART and NP activities to ubiquitinate
recipient proteins with only NAD+ for a cofactor.
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