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Abstract
Autophagy is a fundamental eukaryotic process that mediates clearance of
unwanted molecules and facilitates nutrient release. The bacterial pathogen Legionella

pneumophila establishes an intracellular niche within phagocytes by manipulating host
cellular processes, such as autophagy. Effector proteins translocated by L.
pneumophila’s Dot/lcm type IV secretion system have been shown to suppress
autophagy. However evidence suggests that overall inhibition of autophagy may be
detrimental to the bacterium. As autophagy contributes to cellular homeostasis and
nutrient acquisition, L. pneumophila may translocate effectors that promote autophagy
for these benefits. Here, we show that effector protein Lpg2411 binds
phosphatidylinositol-3-phosphate lipids and preferentially binds autophagosomes.
Translocated Lpg2411 accumulates late during infection and co-localizes with the
autophagy receptor p62 and ubiquitin. Furthermore, autophagy is inhibited to a greater
extent in host cells infected with a mutant strain lacking Lpg2411 compared to those
infected with wild-type L. pneumophila, indicating that Lpg2411 stimulates autophagy to

support the bacterium’s intracellular lifestyle.
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Summary
Legionella pneumophila translocates several effector proteins that inhibit autophagic
processes. In this study, we find that the effector protein Lpg2411 targets

autophagosomes during late stages of infection and promotes autophagy.
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Introduction

To survive within eukaryotic cells intracellular bacterial pathogens must be able
to acquire nutrients and evade degradation by processes like autophagy. In eukaryotes,
autophagy is a well-conserved pathway involved in clearance of long-lived or damaged
proteins and the recovery of nutrients. Bacterial pathogens can be engulfed by
autophagosomes and targeted for lysosomal degradation, an autophagic process
known as xenophagy (Kohler and Roy, 2017). Many pathogens that proliferate within
eukaryotic cells, including Legionella pneumophila, have acquired the ability to
manipulate autophagic processes for their survival (reviewed in (Siqueira et al., 2018)).

Legionella pneumophila is an intracellular opportunistic pathogen and an
important cause of hospital- and community-acquired pneumonia (Mudali et al., 2020).
To infect and replicate within phagocytic cells, L. pneumophila has evolved a complex
survival strategy that relies on the establishment of a protective membrane-bound
vacuole that avoids the endolysosomal pathway and host surveillance system (Roy and
Tilney, 2002). Once engulfed into a phagosome, L. pneumophila directs membrane
remodeling of the phagosomal compartment into an endoplasmic reticulum (ER)-like
compartment, termed the Legionella-containing vacuole (LCV), by recruiting ER-to-
Golgi transport vesicles (Hubber and Roy, 2010; Kagan and Roy, 2002; Swanson and
Isberg, 1995).

LCV formation and maintenance depends on a type IV secretion system (T4SS)
named Dot/lcm, which translocates over 350 effector proteins into the host cell (Roy et
al., 1998; Steiner et al., 2018; Vogel et al., 1998). These effectors modulate prominent

cellular pathways, such as endosomal maturation, ubiquitination and autophagy to
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promote intracellular survival (Qiu and Luo, 2017a; Qiu and Luo, 2017b; Thomas et al.,
2020). L. pneumophila inhibits host autophagy by translocating multiple effector proteins
that interfere with the formation and maturation of autophagosomes (Choy et al., 2012;
Rolando et al., 2016; Thomas et al., 2020). However, L. pneumophila replication is
hindered when autophagosome formation is impaired (Amer and Swanson, 2005;
Sturgill-Koszycki and Swanson, 2000), suggesting that autophagy may confer some
benefit for the intracellular survival of L. pneumophila and that additional effectors
counterbalance this degradative flux pathway.

Autophagic clearance of proteins destined for lysosomal degradation requires the
actions of autophagic receptors (Johansen and Lamark, 2011). One such receptor,
p62/SQSTM1, functions as an adaptor between ubiquitinated proteins and LC3 on the
autophagosome membrane (Kirkin et al., 2009; Komatsu et al., 2007). p62 is an
essential component for xenophagic targeting and degradation of important bacterial
pathogens such as Salmonella enterica and Listeria monocytogenes (Yoshikawa et al.,
2009; Zheng et al., 2009). The investigation of p62 during L. pneumophila infection has
yielded conflicting results. p62 was shown to target the LCV for autophagosomal
degradation in restrictive bone marrow-derived macrophages at 1, 2, and 6 hours post-
infection (Khweek et al., 2013). In contrast, a more recent study demonstrated that in
J77A.1 macrophage-like cells, p62 as well as other autophagy adaptors are found on
less than 10% of LCVs up to 9 hours post-infection (Omotade and Roy, 2020). As the
LCV membrane undergoes remodeling throughout the course of infection, it is plausible
that association with autophagic markers is a dynamic process coordinated by different

effectors at distinct stages of infection. Identification of effectors that influence
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97 autophagy will lead to a more comprehensive understanding of how L. pneumophila

98 exploits this highly conserved pathway during host infection.

99 In this study, we present L. pneumophila effector Lpg2411 as an autophagy-
100  stimulating protein that accumulates in the host cell late during infection. We show that
101  this effector localizes to autophagosomes, associates with ubiquitinated proteins, co-
102  localizes with p62, and contributes to enhancing autophagy. Given that L. pneumophila
103  encodes several autophagy-inhibiting effectors to avoid autophagosomal degradation,
104  our finding of an autophagy-promoting effector supports the idea that L. pneumophila
105 may employ a coordinated mechanism to exploit this pathway.

106

107  Results and Discussion

108 Lpg2411 is a membrane-associated protein that binds PI(3)P

109 Lpg2411 has previously been shown to be a Dot/lcm substrate, but its function
110 has not yet been characterized (Burstein et al., 2009). We first investigated the
111 subcellular localization of mCherry-Lpg2411. Confocal microscopy of Hela cells
112 transiently producing mCherry-Lpg2411 displayed two different populations of cells with
113 distinct localization patterns: a pattern of foci or punctae dispersed throughout the cell
114 (“punctae”) or a collection of tubular structures (“tubules”) (Fig. 1A). Quantification of
115 confocal micrographs revealed that 54 + 13% of transiently transfected HelLa cells
116  displayed mCherry-Lpg2411 as punctae and 46 + 8% of HelLa cells displayed mCherry-
117 Lpg2411 as tubules (Fig. 1A). We reasoned that the punctate localization could indicate
118 that Lpg2411 accumulates on membrane-bound compartments. Immunogold

119  transmission electron microscopy of CHO cells ectopically producing GFP-Lpg2411
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120  revealed localization of Lpg2411 on vesicular compartments as well as elongated
121 structures (Fig. S1A). This led us to speculate that Lpg2411 may interact with a
122 membrane-associated component such as a protein or lipid.

123 Several previously identified effectors recognize membrane compartments by
124  selectively binding phosphoinositide lipids (PIP) (reviewed in (Pike et al., 2019a)).
125  Therefore, we next asked whether Lpg2411 preferentially localizes to membranes
126  enriched in either phosphatidylinositol-3-phosphate (PI(3)P) or phosphatidylinositol-4-
127  phosphate (PI(4)P). A growing number of L. pneumophila effectors preferentially bind
128  PI(3)P and PI(4)P and these PIPs are enriched on the LCV membrane at different times
129  throughout infection (Weber et al., 2018; Weber et al., 2014). Using confocal
130  microscopy, we visualized and quantified the subcellular distribution of mCherry-
131  Lpg2411 relative to the PI(3)P marker GFP-FYVEx2 (Hammond and Balla, 2015) or the
132 PI(4)P marker GFP-P4Mx2 (Hammond et al., 2014). Co-localization was quantified by
133  calculating the Mander’'s Overlap Coefficient (MOC; where a value of 1 represents
134  complete overlap and O represents random localization) as performed previously
135  (Manders et al., 1993; Pike et al., 2019b). This quantification indicated that the Lpg2411
136  punctae were PI(3)P-positive whereas Lpg2411 tubules were not (MOC= 0.63 £ 0.02,
137  0.32 £ 0.04, respectively; Fig. 1A, B). The MOC of GFP-FYVEx2 and mCherry-Lpg2411
138  punctae was significantly higher than the MOC of mCherry alone and GFP-FYVEx2
139 (MOC= 0.36 + 0.02; p<0.0001, Kruskal-Wallis test with Dunn-Sidak post-hoc test),
140  whereas the MOC of GFP-FYVEx2 and mCherry-Lpg2411 tubules was not significantly
141  different from the MOC of mCherry alone and GFP-FYVEx2 (p>0.9999, Kruskal-Wallis

142 test with Dunn-Sidak post-hoc test) (Fig. 1C). Neither the Lpg2411 punctae, nor the
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143 Lpg2411 tubules co-localized with the PI(4)P marker GFP-P4Mx2 (MOC= 0.33  0.04,
144 0.36 + 0.04, respectively; Fig. 1B, C), as these MOCs were not significantly different
145  than the MOC of mCherry alone and GFP-P4Mx2 (MOC= 0.27 + 0.02, p>0.9999,
146  Kruskal-Wallis test with Dunn-Sidak post-hoc test) (Fig. 1C). These results suggest that
147  the punctae Lpg2411 are PI(3)P-positive compartments.

148 To determine if Lpg2411 directly binds PI(3)P, we performed an in vitro protein-
149 lipid overlay assay using a purified GST-fusion protein (Fig. S1B). After purification,
150 GST-Lpg2411 was incubated with a nitrocellulose membrane pre-spotted with seven
151  PIPs and several other biologically relevant lipids. GST-Lpg2411 predominantly bound
152 PI(3)P, and weaker signals were detected for PI(4)P and PI(5)P (Fig. 1D). Taken
153 together, these findings indicate that Lpg2411 directly binds PI(3)P in vitro and is
154  present on PI(3)P-positive membranes in HelLa cells. Whether Lpg2411 requires PI(3)P
155 for membrane recognition and attachment is unclear. Treatment with the PI3-kinase
156  inhibitor, wortmannin, abolished the tubular localization of mCherry-Lpg2411 but did not
157  disrupt the punctae localization of mCherry-Lpg2411 in HelLa cells, suggesting that
158  tubule formation or stability may require the presence PI(3)P (data not shown).

159

160 Lpg2411 selectively localizes to autophagosomes and co-localizes with the
161 autophagic receptor, p62

162 PI(3)P is predominantly enriched on early and late endosomal membranes as
163  well as autophagosomal compartments (Simonsen and Tooze, 2009; Wurmser et al.,
164  1999). To further probe the function of Lpg2411, we next sought to determine the

165 identity of the PI(3)P-positive compartments recognized by Lpg2411. We found that in
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166 transiently transfected HelLa cells, mCherry-Lpg2411 localized to compartments
167 containing the autophagosome marker, GFP-LC3 (Fig. 2A). Both Lpg2411-positive
168  punctae as well as short tubules co-localized with GFP-LC3. We did not observe co-
169 localization between mCherry-Lpg2411 and markers of early endosomes (GFP-Rab%)
170  or late endosomes/lysosomes (LAMP1-GFP), consistent with the notion that Lpg2411
171  selectively localizes to autophagosomes.

172 Given this observation, we reasoned that in addition to binding PI(3)P, Lpg2411
173 may interact with another component that facilitates selective binding to
174  autophagosomes. We therefore probed whether Lpg2411 associates with proteins
175 involved in autophagy. The autophagic receptor, p62/SQSTM1, localizes to nascent
176  autophagosome membranes and serves as an adaptor between autophagosomes and
177  ubiquitinated proteins destined for autophagic degradation (Lamark et al., 2009; Pankiv
178 et al., 2007). HelLa cells ectopically producing mCherry-Lpg2411 were immunostained
179  with a p62 antibody and visualized with confocal microscopy. Indeed, we observed co-
180 localization between mCherry-Lpg2411 and endogenous p62 (Fig. 2A). To determine
181  whether Lpg2411 associates with p62, we performed co-immunoprecipitation assays.
182  Transiently transfected HEK293T cells ectopically producing hemagglutinin (HA) tagged
183 p62 and GFP-Lpg2411 or GFP alone were lysed and GFP was immunoprecipitated
184 using GFP-Trap magnetic agarose beads. GFP-Lpg2411, but not GFP alone,
185 precipitated HA-p62 from the cellular lysate (Fig. 2B). In a reciprocal co-
186  immunoprecipitation assay, HA-p62 bound to anti-HA magnetic beads precipitated

187  GFP-Lpg2411, but not GFP, from cellular lysate (Fig. 2C). These data provide evidence

10
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188  that Lpg2411 associates (directly or indirectly) with the autophagic receptor, p62. This,
189 in turn, could facilitate Lpg2411’s ability to selectively localize to autophagosomes.

190

191 Lpg2411 associates with ubiquitinated proteins

192 p62 specifically links ubiquitinated proteins to autophagosomes by interacting
193  with LC3 on the autophagosome membrane, leading to the encapsulation of these
194  ubiquitinated proteins in the double membrane compartment (Lamark et al., 2009;
195 Pankiv et al., 2007). We therefore postulated that Lpg2411 may also interact with the
196  p62-ubiquitinated protein complex. Confocal microscopy revealed that mCherry-
197 Lpg2411 co-localized with HA-Ubiquitin on punctate structures in transiently transfected
198  Hela cells, indicating that this effector and ubiquitinated proteins are in close proximity
199  (Fig. 3A). To further probe this association, we assessed whether Lpg2411 forms a
200 complex with ubiquitinated proteins. HEK293T cells producing mCherry-Lpg2411 or
201  mCherry alone were lysed and mCherry was immunoprecipitated from the lysate via an
202 RFP-Trap assay. Via immunoblot, we found that mCherry-Lpg2411, but not mCherry
203  alone precipitated high molecular weight ubiquitin species (Fig. 3B). These data support
204  the notion that Lpg2411 directly or indirectly interacts with ubiquitinated proteins.

205 We next investigated whether the ubiquitinated proteins associating with
206 Lpg2411 were targeted for autophagy by examining localization between these
207 components and endogenous p62. In HelLa cells transiently transfected with mCherry-
208 Lpg2411 and HA-Ubiquitin, and immunostained with antibodies against HA and p62, we
209 observed areas of overlap between mCherry-Lpg2411, HA-Ubiquitin, and p62 (Fig. 3C).

210 Thus, Lpg2411 was present at sites of autophagic degradation of ubiquitinated

11
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211  substrates. We also observed that mCherry-Lpg2411 and HA-Ubiquitin co-localized at
212 PI(3)P-positive sites marked by GFP-FYVEx2 (Fig. 3C), further suggesting that this
213 complex is present on autophagosomes.

214

215  Lpg2411 accumulates in the host cell late during infection

216 Our data provide strong evidence that Lpg2411 targets autophagosomes and
217 suggest that Lpg2411 may modulate autophagy. Several previous studies have
218 identified L. pneumophila effectors that interfere with autophagy during the early hours
219  of host infection (Arasaki et al., 2017; Choy et al., 2012). To determine when Lpg2411 is
220 translocated during infection, U937 macrophages were infected with a Alpg2411 strain
221 carrying the pMMB207c-HAx4-Ipg2411 plasmid (Alpg2411 + pMMB207c-HAx4-
222 Ipg2411) at an MOI of 20 (Fig. 4A). At 1, 5, 10, 14 and 18 hours post-infection, cells
223 were immunolabeled with HA and L. pneumophila antibodies and the number of cells
224  displaying HA signal was quantified. Although no signal was detected at 1-5 hours
225  post-infection, at 10 hours, 51% of the cells displayed HA-Lpg2411 signal, and the
226  percentage continued to rise to 66% at 14 hours, and 73% at 18 hours post-infection.
227  While the lack of HA-Lpg2411 signal in the early hours of infection could indicate that
228  this effector protein is not translocated until later during infection, it is also possible that
229  early during infection Lpg2411 is translocated at levels below our detection limit and
230 accumulates to higher, more readily detectable levels as the infection progresses.

231

232 Lpg2411 is dispensable for L. pneumophila intracellular growth in U937

233  macrophages and HT1080 cells

12
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234 To address whether Lpg2411 impacts the intracellular survival of L. pneumophila,
235 we employed HT1080 human fibrosarcoma cells as a host model. HT1080 cells
236  undergo increased membrane ruffling and endocytosis due to a constitutively active N-
237 Ras allele (Donaldson, 2019; Williamson and Donaldson, 2019), resulting in efficient
238  bacterial uptake. Once L. pneumophila entered HT1080 cells, they grew robustly (Fig.
239  S2A); and as expected, growth of the Dot/lcm-defective variant was efficiently restricted
240 (Fig. S2B). Wild-type vacuoles displayed features described during infection of
241  professional phagocytes, including decoration with ubiquitin (Fig. S2D, E); and co-
242  localization with organelle markers such as YFP-KDEL, Calnexin (ER) and Rab1 (Golgi)
243  (Fig. S2F, G). Therefore, HT1080 cells can serve as an effective cell line to study L.
244 pneumophila infection.

245 We performed intracellular replication assays in both U937 and HT1080 cells.
246  Host cells were infected with either wild-type, Alpg2411 + pMMB207c-HAx4, Alpg2411
247  + pMMB207c-HAx4-Ipg2411, or the translocation deficient AdotA strain and intracellular
248  growth was compared between strains at 48 and 72 hours post-infection. We observed
249 that in HT1080 cells, the wild-type strain was able to establish intracellular replication
250 leading to high numbers of bacteria comparable to infection in U937 (Fig. S3B). The
251 avirulent strain lacking a functional Dot/lcm T4SS was unable to replicate intracellularly
252 within the HT1080 cell line, as observed in U937 cells. Additionally, a strain lacking
253  Ipg2411 carrying an empty plasmid (Alpg2411 + pMMB207c-HAx4) as well as a
254  complemented strain (Alpg2411 + pMMB207c-HAx4-Ipg2411) survived intracellularly
255 comparably to wild-type in both HT1080 and U937 cells, suggesting that Lpg2411 is

256  dispensable for infection. A significant growth defect may not have been observed due

13
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257 to the functional redundancy among L. pneumophila effectors (Ghosh & O'Connor,
258 2017). It is possible that another effector has a similar function as Lpg2411, in which
259  case a phenotype caused by the absence of Lpg2411 would be masked in this assay.
260

261 Lpg2411 localizes to autophagosomes late during infection of HT1080 cells

262 Since Dot/lcm-mediated translocation of Lpg2411 was detected late during
263 infection, we next asked whether Lpg2411 binds autophagosomes at this stage of
264 infection. To address this question, we first visualized the subcellular localization of
265 translocated HA-Lpg2411 in HT1080 cells infected with Alpg2411 + pMMB207c-HA%4-
266 Ipg2411 for 15 hours. Similar to our observations in transiently transfected HelLa cells,
267 HA-Lpg2411 localized to both punctate and tubular structures within the infected host
268  cell (Fig. 4B). Using antibodies directed against various organelle markers (Fig. 4C), our
269  confocal microscopy analyses revealed that HA-Lpg2411 co-localized with LC3, p62,
270  and ubiquitin in infected HT1080 cells at 15 hours post-infection. These findings
271  corroborated our results from Figures 2 and 3 that Lpg2411 is present on
272  autophagosomes that contain p62 and ubiquitin.

273 We observed that ubiquitin was present on the LCV throughout infection, similar
274  to previous findings (Dorer et al., 2006). Intriguingly, although Lpg2411 co-localized with
275  ubiquitin in transiently transfected HelLa cells, we did not observe Lpg2411 on the LCV
276  membrane at 15 hours post-infection. Notably, p62 was not observed on or around the
277 LCV either, consistent with a previous report’s finding that autophagy receptors are
278  excluded from the LCV membrane (Omotade and Roy, 2020). We speculate that

279 autophagy receptors, like p62, are not recruited to ubiquitin on the LCV due to the

14
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280  unique ubiquitin linkages catalyzed by members of the SidE family of effectors. These
281 effectors ligate phosphoribosylated ubiquitin and it is possible that this modification
282  remains unrecognized by autophagic receptors and Lpg2411 (Bhogaraju et al., 2016;
283  Qiu et al., 2016). Alternatively, it is conceivable that Lpg2411 does not bind ubiquitin
284  directly and that it instead more closely interacts with p62, which is excluded from the
285  vacuole.

286 Lpg2411 stimulates autophagy late during infection

287 Due to the association of Lpg2411 with autophagosomes, we next investigated
288  whether Lpg2411 interferes with regulation of autophagy. To study this cellular process,
289  the levels of lipidated LC3 (LC3-Il), a marker of autophagy stimulation, were quantified
290 in the presence or absence of Bafilomycin A1, as done previously (Choy et al., 2012).
291  This chemical compound inhibits fusion of autophagosomes with lysosomes thereby
292  preventing degradation of LC3-Il. Using this experimental principle, HT1080 cells were
293  infected with wild-type, Alpg2411 + pMMB207c-HAx4 (empty vector, EV), or Alpg2411 +
294  pMMB207c-HAx4-Ipg2411 (HA-Lpg2411) strains for 15 hours and either treated with
295  Bafilomycin A1 or left untreated for 2 hours. Cells were then lysed and the lysates were
296 separated via SDS-PAGE and transferred to a PVDF membrane for detection of LC3 by
297  western blotting (Fig. 5A). The intensity signals of LC3-Il, as well as actin as a loading
298  control, were quantified using Imaged. LC3-Il signal intensity was normalized to the
299 actin signal and this value is represented as a value relative to uninfected cells. Cells
300 infected with the wild-type strain and treated with Bafilomycin A1 showed significantly
301 less LC3-Il compared to uninfected cells, (p=0.0018; data not shown), indicating that

302 overall L. pneumophila inhibits autophagy during late stages of infection, in agreement

15
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303 with previous data (Rolando et al., 2016). However, compared to wild-type, cells
304 infected with Alpg2411 + pMMB207c-HAx4 had significantly less LC3-1l (p=0.0475,
305 One-way ANOVA with Tukey’s multiple comparisons test), suggesting that the strain
306 lacking Lpg2411 results in significantly less stimulation of autophagy during infection
307  (Fig. 5B). In cells infected with a complemented strain (Alpg2411 + pMMB207c-HAx4-
308 Ipg2411), LC3-ll levels were comparable to cells challenged with wild-type (p=0.9968,
309 One-way ANOVA with Tukey’s multiple comparisons test) (Fig. 5B). In turn, a significant
310 difference was observed between cells infected with Alpg2411 + pMMB207c-HAx4 and
311 cells infected with the complemented strain (p=0.0219, One-way ANOVA with Tukey’s
312  multiple comparisons test). These data indicate that Lpg2411 is contributing to the
313 stimulation of autophagy during L. pneumophila infection.

314 Autophagy serves two main roles in a eukaryotic cell. The first is to clear
315 damaged organelles, protein aggregates, or invading pathogens. The second is to
316 liberate nutrients for the cell during periods of starvation by breaking down cellular
317 materials. Autophagosomes can engulf and degrade pathogens by fusion with
318 lysosomes. It would therefore be beneficial for L. pneumophila to inhibit this degradative
319 process at first to ensure intracellular survival. Indeed, effector-mediated inhibition of
320 autophagic processes has previously been documented during L. pneumophila
321 infection. Effector proteins RavZ, Lpg1137, LegS2/LpSpl, and Lpg2936 were shown to
322 inhibit autophagy during L. pneumophila infection. RavZ, capable of deconjugating Atg8
323  from phosphatidylethanolamine, inhibits autophagosome maturation at around 2 hours
324  post-infection (Choy et al., 2012; Horenkamp et al.,, 2015). Lpg1137 cleaves

325 Syntaxin17, a SNARE important for autophagosome maturation, for up to 8 hours post-
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326 infection (Arasaki et al., 2017). Thus, autophagy is actively suppressed during the early
327 stages of L. pneumophila infection. Subsequently, between 8 and 20 hours of infection,
328 LegS2/LpSpl depletes the cell of sphingosine-1-phosphate leading to an overall
329 decrease in autophagosome formation during the later stages of infection (Rolando et
330 al., 2016). Lpg2936 was found to target autophagy at the transcription level, modifying
331 the promoter regions of autophagy related genes and decreasing their expression (Abd
332 El Maksoud et al., 2020).

333 Thus, L. pneumophila employs multiple strategies to inhibit autophagy possibly to
334 prevent its elimination via autophagolysosome degradation. However, if inhibiting
335 autophagy was the sole objective during L. pneumophila infection, inhibitors of
336  autophagy would theoretically stimulate intracellular survival. Interestingly, this is not
337 always the case. Studies have shown that inhibiting autophagy with the compound 3-
338 methyladenine led to an increase in bacterial degradation (Amer and Swanson, 2005)
339 and activating autophagy through amino acid starvation increased intracellular
340 replication (Swanson and Isberg, 1995), suggesting that aspects of autophagy are
341 Dbeneficial for L. pneumophila infection. Conversely, another study showed that
342 activation of autophagy decreased replication and inhibition increased bacterial
343  replication (Matsuda et al., 2009). While inhibiting autophagy may be advantageous to
344 L. pneumophila in certain aspects, these findings suggest that there may be a fine
345 balance of autophagic processes that must be maintained. Not only does autophagy rid
346 the cell of invading pathogens, but it contributes to the cellular homeostasis by
347 eliminating dysfunctional organelles and protein aggregates that could cause harm to

348  the cell. In turn, the breakdown of these macromolecules releases the building blocks
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349 and nutrients necessary to generate new structures. We speculate that stimulation of
350 autophagy by effectors like Lpg2411 may counterbalance the detrimental effects of
351 infection and support cellular homeostasis, which, in turn, would benefit L. pneumophila
352 intracellular survival.

353 Alternatively, as the LCV grows and the cell becomes depleted of nutrients, L.
354  pneumophila may activate autophagy to gain access to nutrients during late stages of
355 infection. The aforementioned breakdown of dysfunctional organelles or protein
356 aggregates releases free amino acids, a key carbon source for intracellular L.
357  pneumophila (Tesh et al., 1983). Altogether, L. pneumophila actively inhibits autophagy
358 for the escape from the degradative autophagosome-lysosome pathway. The
359 emergence of autophagy-stimulating effectors, such as Lpg2411, could suggest that L.
360 pneumophila counterbalances the autophagic response that also allows for cellular

361 homeostasis and nutrient acquisition.

362 Materials and methods

363 Strains, media, and reagents

364 All the strains used in this study are listed in Table S1. L. pneumophila strain Lp0O1
365 (hsdR rpsL) and LpO1AdotA (T4SS-) are strains derived from L. pneumophila strain
366 Philadelphia-1 (Berger and Isberg, 1993) and were cultured as previously described
367 (Morris et al, 1979). HEK293T cells (ATCC CRL-1573) and HT1080 human
368 fibrosarcoma cells (ATCC CCL-121) were cultured in DMEM supplemented with 2 mM
369  L-glutamine and 10% FBS, and incubated in 5% CO, at 37°C. HelLa cells (ATCC CCL-

370  2) and U937 monocytes (ATCC CRL-1593.2) were cultured in RPMI 1640
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371  supplemented with 2 mM L-glutamine and 10% FBS, and incubated as above. U937
372  monocytes were differentiated by supplementing the media with 10 ng/mL 12-O-
373  tetradecanoylphorbol-13-acetate. Bafilomycin A1 Ready Made Solution was purchased
374 from Sigma-Aldrich (SML1661). Antibodies were purchased from ThermoFisher
375  Scientific (goat anti-rabbit Alexa Fluor 568, A-11036; goat anti-rabbit Alexa Fluor 488, A-
376  11008; goat anti-mouse Alexa Fluor 488, A-11001; goat anti-rat Texas Red-X, T-6392;
377 goat anti-rat Alexa Fluor 647, A-21247; monoclonal mouse anti-GST, MA4-004;
378  polyclonal rabbit anti-mCherry, Pa5-34974; polyclonal rabbit anti-ubiquitin, 10201-2-AP;
379  HRP-conjugated anti-mouse antibody, NA931; HRP-conjugated anti-rabbit antibody,
380 31460; HRP-conjugated anti-rat antibody 31470; HRP-conjugated streptavidin antibody,
381 SA10001), Sigma-Aldrich (monoclonal rat anti-HA, 11867423001A; polyclonal rabbit
382  anti-ICDH, ABS2090; monoclonal mouse anti-f actin, A2228), Abcam (HRP-conjugated
383 anti-GFP, ab6663), Novus Biologicals (polyclonal rabbit anti-LC3B, NB100-2220), Cell
384  Signaling Technologies (monoclonal mouse anti-p62, 88588), and Enzo Life Sciences
385 (monoclonal mouse anti-mono- and polyubiquitinylated conjugates, FK2, BML-
386 PWO0150).

387

388 Construction of expression clones

389  Bacterial strains, plasmids and oligonucleotides used in this study are listed in Table S1
390 and Table S2. Ipg2411 was cloned into the destination vectors, pDEST15, 362 pCS
391  Cherry DEST and pcDNA6.2/N-EmGFP-DEST via Gateway™ cloning technology to
392 generate translational fusions with either GST, GFP or mCherry, respectively. The

393  plasmid pMMB207c-HAx4 carrying a hemagglutinin tag under an IPTG inducible
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394  promoter was a kind gift from Dr. Gunnar Schroeder (Queen’s University Belfast). The
395  pMMB207c-HAx4-Ipg2411 plasmid was generated by cloning Ipg2411 into pMMB207c-
396 HAx4 at the BamHI and Sall restriction sites. The 362 pCS Cherry DEST plasmid was a
397  gift from Nathan Lawson (Addgene plasmid # 13075) (Villefranc et al., 2007).

398

399 Construction of the L. pneumophila Alpg2411 deletion mutant

400  An in-frame deletion of Ipg2411 was obtained by allelic exchange using the pNTPS138
401 plasmid that carries a chloramphenicol resistance cassette and the sacB gene (sucrose
402  sensitivity). The pNTPS138 plasmid was a gift from Howard Steinman (Addgene
403  plasmid #41891); ~500 nucleotide-fragments flanking /pg2411 were PCR amplified and
404  cloned into pNTPS138 at the Hindlll and EcoRI restriction sites. This plasmid was then
405 transformed into the Lp01 strain by electroporation as previously described (Chen et al.,
406 2006) and single recombinants were selected on CYE agar plates containing
407  chloramphenicol. Selected colonies were then plated on CYE agar with 8% sucrose,
408 and sucrose selection was used to identify colonies in which the plasmid was lost.
409 Deletion of the wild-type allele was verified by PCR analysis and confirmed by
410  sequencing.

411

412 Recombinant protein production and purification

413  Lpg2411 was produced as a GST fusion protein in E. coli BL21 (DE3) at 25°C overnight
414  after induction with 0.5 mM isopropyl-B-dithiogalactopyranoside (IPTG). E. coli cells
415  producing GST-Lpg2411 were harvested and resuspended in PBS supplemented with 1

416 mM MgCl, and 1 mM B-mercaptoethanol (PBS-MM) followed by lysis using the LV10
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417  microfluidizer (Microfluidics). Cell lysate was centrifuged at 24,000 x g for 35 min, and
418 the supernatant was incubated with pre-equilibrated glutathione sepharose 4B (GE
419  Healthcare) for 2 hours at 4°C. The resin was washed three times with PBS-MM, and
420  proteins were eluted in 50 mM Tris-HCI (pH 8) containing 10 mM reduced glutathione
421  (Sigma). Glutathione was removed using a desalting Zeba column following
422 manufacturer instructions (ThermoFisher Scientific).

423

424  Protein-lipid overlay assay

425  Protein-lipid overlay assays were performed using commercially available PIP strips
426  (Echelon Biosciences Inc.). Nitrocellulose membranes pre-spotted with different
427  phospholipids were blocked with 2% nonfat milk in PBST [PBS and 0.1% Tween-20
428  (viv) pH 7.5] for 1 hour at room temperature. The blocked membranes were incubated
429  with purified GST-Lpg2411 or GST alone (0.8 pyg/mL in blocking buffer) overnight at
430 4°C. Binding of the GST-fusion protein to lipids was visualized with a mouse anti-GST
431 antibody (1:2000) and an HRP-conjugated anti-mouse antibody (1:20,000).

432

433  Confocal microscopy

434  Constructs based on pEGFP-C1 or 362 pCS mCherry DEST as listed in Table S1 were
435 transiently transfected into Hela cells for 16-20 hours using Lipofectamine 3000
436  transfection reagent (ThermoFisher Scientific). Cells were then fixed in PBS with 4%
437  paraformaldehyde for 20 min at room temperature and coverslips were mounted using
438 ProLong diamond anti-fade mountant (ThermoFisher Scientific). For immunostaining

439  experiments, fixed cells were permeabilized with 0.1% saponin incorporated in all
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440  staining steps or 0.1% Triton X-100. Fixed cells were incubated in blocking buffer (10%
441 goat serum in PBS) for 1 hour, incubated with primary antibodies in blocking buffer for 1
442  hour and finally incubated with secondary antibodies in blocking buffer for 1 hour.
443  Confocal imaging was performed on a Zeiss LSM 880 laser-scanning confocal
444  microscope using a 63x Plan-Apochromat objective lens (numerical aperture of 1.4) and
445  operated with ZEN software (Carl Zeiss, Inc ).

446

447  Colocalization quantification and statistical analysis

448  For each condition, we acquired confocal images of 15 cells. Quantitative co-localization
449  analysis was performed using the Volocity software (PerkinElmer, Waltham, MA) to
450  calculate the Mander’s overlap coefficient (Manders et al., 1993) corresponding to the
451  fraction of green voxels overlapping with red voxels in relation to the total green voxels.
452  Normality of the distribution of variables was assessed using the Kolmogorov-Smirnov
453  test and was then conformed visually. Data were non-parametrically distributed, and
454  therefore to compare coefficients across the conditions tested, we used the Kruskal-
455  Wallis test (H=18, p<1-13). The median and the interquartile range of coefficients were
456 calculated for each condition. Dunn-Sidak post-hoc tests were conducted to statistically
457  determine which groups differed while correcting for multiple comparisons. Statistical
458  significance was set at p<0.05. Matlab (Mathworks; Natick, MA; version 2016a) was
459  used as statistical software.

460

461 Immunogold transmission electron microscopy
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462  Transmission electron microscopy. CHO cells transiently producing GFP-Lpg2411
463  were grown on 1.2 mm x 200 ym high pressure freezer carriers. Just prior to freezing,
464  the medium was removed, and the carrier was filled with medium containing 20% BSA.
465 Cells were frozen with a Leica EM Pact2 high-pressure freezer and then transferred
466  under liquid nitrogen to a Leica AFS for freeze substitution. Samples were freeze-
467  substituted in 0.1% uranyl acetate in 100% acetone at 90°C for 4-5 days. Samples
468 were warmed to 45°C over 12 hours, washed with 100% acetone, and gradually
469 infiltrated with increasing concentrations of Lowicryl HM20 monostep resin over a period
470 of 2 days. The samples were embedded in Lowicryl HM20 Monostep resin and
471  polymerized under UV light for 48 hours at 45°C and for an additional 48 hours at 23°C.
472  The cells were sectioned using a Reichert—Jung Ultracut E ultramicrotome, and ultrathin
473  sections were collected onto 200 mesh formvar/carbon-coated nickel grids.

474  Immunogold Labeling. Samples were blocked with 0.05 M glycine for 15 min and
475  Aurion goat blocking solution for 30 min before being incubated on drops of anti-GFP
476  antibody diluted to 2.8 pg/mL in Aurion 0.1% BSA-c 7.4 for 1 hour. Control grids were
477  incubated on drops of ChromePure rabbit IgG (Jackson ImmunoResearch, Cat No. 011-
478  000-003) diluted to 2.8 pg/mL in Aurion 0.1% BSA-c 7.4. Grids were washed on six
479  drops of Aurion 0.1% BSA-c and incubated on drops of Aurion goat anti-rabbit 19G
480  conjugated to 10 nm gold diluted 1:20 in Aurion 0.1% BSA-c for 2 hours. Grids were
481 washed on six drops of Aurion 0.1% BSA-c, 3 drops of PBS, fixed on drops of 2%
482  glutaraldehyde in PBS, and then washed on five drops of Nanopure water. The grids
483  were then post-stained with 2% uranyl acetate in 50% methanol and Reynolds' lead

484  citrate. The samples were examined with a ZEISS Libra 120 transmission electron
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485  microscope operating at 120 kV, and images were acquired with a Gatan Ultrascan
486 1000 CCD camera.

487

488 Immunoprecipitation assays

489  For co-immunoprecipitation of Lpg2411 and p62, HEK293T cells were transfected with
490 plasmids encoding HA-p62 and GFP-Lpg2411 or GFP alone using Lipofectamine 3000
491 reagent (ThermoFisher Scientific) according to the manufacturer’s instructions. GFP-
492  Trap®_MA kit (Chromotek) or Pierce™ Anti-HA Magnetic Beads (ThermoFisher
493  Scientific) were used to precipitate either GFP- or HA-tagged proteins, respectively.
494  Transfected cells were lysed in lysis buffer (10 mM Tris/Cl pH 7.5, 150 mM NacCl, 0.5
495 mM EDTA, 0.5 % NP-40) supplemented with a protease inhibitor cocktail (Pierce
496  Protease Inhibitor Tablets, ThermoFisher Scientific) for 30 min, spun at 15,000 x g for
497 10 min to clear the cell debris, and the cleared lysate was diluted with wash buffer (10
498 mM Tris/Cl pH 7.5, 150 mM NaCl, 0.5 mM EDTA). The resulting lysate was incubated
499  with either GFP-Trap or anti-HA magnetic beads for 1 hour at 4°C. After incubation, the
500 lysate was removed and the beads were washed with either wash buffer (for GFP-Trap
501 beads) or TBST (TBS + 0.1% Triton X-100 for anti-HA beads). Bound proteins were
502  eluted by boiling at 99°C for 10 min in 2x Laemmli buffer. The lysates (input) and eluted
503  proteins were separated on a 12% SDS-PAGE gel (Bio-Rad) and transferred to a PVDF
504 membrane for immunoblot analysis. The blot was probed with antibodies against HA
505  (1:1000) and GFP (1:10,000).

506  For immunoprecipitation of mCherry-Lpg2411, HEK293T cells were transfected with

507 plasmids encoding mCherry-Lpg2411 or mCherry alone using Lipofectamine 3000
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508 reagent (ThermoFisher Scientific) according to the manufacturer's instructions.
509 mCherry-fusion proteins were isolated by immunoprecipitation using the RFP-
510 Trap®_MA kit (Chromotek). Lysates from transfected cells were prepared as above and
511 incubated with RFP-trap magnetic agarose beads for 30 min to capture mCherry or
512 mCherry-Lpg2411. The beads were first washed in the wash buffer provided with the kit
513 supplemented with a protease inhibitor cocktail (Pierce Protease Inhibitor Tablets,
514  ThermoFisher Scientific). Finally, the beads were boiled in 2x Laemmli buffer to elute
515  the proteins bound to the beads. The mCherry-fusion lysate (input) and proteins eluted
516 from the beads were separated on a 4-20% TGX SDS-PAGE gel (Bio-Rad) and
517  transferred to a PVDF membrane for immunoblot analysis. The immunoblot was probed
518  with antibodies against ubiquitin (1:1000) and mCherry (1:1000).

519

520 Assay for HA-Lpg2411 translocation timing

521 To determine timing of translocation of HA-Lpg2411 during infection, U937
522 macrophages were infected with a Alpg2411 strain carrying a plasmid encoding HA-
523  Lpg2411 at a multiplicity of infection (MOI) of 20. At the specified time points, cells were
524  fixed as mentioned above, permeabilized with 0.1% Triton X-100 for 20 min and
525 immunostained with rat anti-HA (1:1000) and Texas Red-conjugated goat anti-rat
526  secondary antibody (1:3000). Bacteria were immunolabeled with anti-Legionella rabbit
527  antibodies (1:6000) and an Alexa Fluor 488-conjugated anti-rabbit secondary antibody
528 (1:3000). The percentage of infected cells harboring HA-signal was determined by

529  scoring 100 cells per coverslip with three replicates for each time point. Microscopy was

25


https://doi.org/10.1101/2021.07.08.451723

bioRxiv preprint doi: https://doi.org/10.1101/2021.07.08.451723; this version posted July 9, 2021. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. This article is a US Government work. It is not subject to copyright under 17 USC 105
and is also made available for use under a CCO license.

530 carried out using an epifluorescence microscope (ZEISS AxioObserver D1). This assay
531 was repeated in three independent experiments.

532

533  Infection of HT1080 cells for microscopy

534  HT1080 cells were grown in an 8-chamber cover glass (Cellvis #C8-1-N) pre-coated
535  with collagen (Thermo Fisher #A1064401) according to the manufacturer protocol. Cells
536  were challenged with L. pneumophila strains Lp02 (wild-type) or Lp03 (T4SS-defective
537 mutant), thymidine-auxotroph derivatives of L. pneumophila strain Philadelphia-1
538 (Berger and Isberg, 1993). Bacteria were diluted in cell culture media and added to
539  HT1080 cells at the indicated MOI, centrifuged for 5 min at 200 x g, and then incubated
540 at 37°C with 5% CO.. If needed, after 2 hours of infection, the monolayer was washed
541 three times with PBS to remove unbound bacteria. Cells were imaged with a laser
542  scanning confocal Zeiss LSM 800 with Airyscan microscope with a 63x Plan-
543  Apochromat 1.4 NA objective with Definite Focus. Live-cell imaging of bacterial uptake
544  and replication in HT1080 cells was conducted on a laser-scanning confocal LSM880
545  microscope with a 63x Plan-Apochromat 1.4 NA objective with Definite Focus. Cells
546  were imaged on a 37°C heated stage in normal growth media with 5% CO;, maintained
547 by a CO; chamber.

548 When needed, HT1080 cells were transiently transfected using Amaxa electroporation
549  system according to the manufacturer protocol. Briefly, HT1080 cells were transfected
550  using Amaxa Nucleofector Kit T (Lonza #VCA1003). For each transfection, 1x10° cells
551 were pelleted and resuspended in 100 pl room temperature Nucleofector Solution T.

552 Two micrograms of total plasmid DNA was added, and cells were electroporated using
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553  Amaxa Program L-005 for high efficiency. Cells were transferred to collagen-treated
554  coverglass and incubated for 4-6 hours before electroporation media was removed and
555 cells were overlaid with fresh culture media. Cells plated on to collagen-treated
556  coverglass were imaged 16-24 hours after electroporation. pCDNAS3.1-YFP-KDEL was
557 a kind gift from Dr. Jennifer Lippincott-Schwartz (Snapp et al., 2006). pEGFP-N1-
558  LAMP1 was a kind gift from Dr. Juan Bonifacino (Farias et al., 2017). pEGFP-C1-Rab1a
559 was a kind gift from Dr. Mitsunori Fukuda (Tohoku University) (Matsui et al., 2011).
560 mEos-Calnexin was a kind gift from Dr. Michael Davidson (Addgene #57489).

561  Ubiquitin staining was performed by fixing cells with 4% paraformaldehyde for 10 min,
562  washing with PBS, permeabilizing with Triton X-100, then incubating with mouse anti-
563  Ubiquitin (Sigma ST1200; 1:1000, 1 hour, 37°C), washing 3 times with PBS, then
564 incubating with goat-anti-mouse-488 (Jackson Immuno Research #115-095-003;
565 1:1000, 1 hour, 37°C)

566

567 Colocalization of HA-2411 and autophagic markers during host infection

568  To determine the localization of translocated HA-2411, HT1080 cells were infected with
569 Alpg2411 + pMMB207c-HAx4-Ipg2411 at an MOI of 40 for 15 hours. Cells were fixed
570 and permeabilized with ice cold methanol or by incorporating 0.1% saponin in all
571  staining steps. Cells were incubated with anti-HA (1:750) and either anti-LC3 (1:200),
572 anti-p62 (1:100), or anti-FK2 (1:100) for 1 hour followed by either Texas Red-
573  conjugated goat anti-rat (1:3000), Alexa Fluor 488—conjugated goat anti-mouse or anti-
574  rabbit (1:3000). The nuclei and intracellular bacteria were stained with Hoechst

575  (1:10,000) for 10 min. Coverslips were mounted with ProLong glass anti-fade mountant
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576  (ThermoFisher Scientific) and imaged using a confocal laser-scanning microscope

577  (LSM880, Zeiss).

578 Intracellular growth assay

579 U937 and HT1080 cells were seeded at a density of 2.5 x 10°or 3 x 10* cells/well in 24-
580  well plates and infected with wild-type and mutant strains at an MOI of 0.05. Two hours
581  after infection, wells were rinsed three times to eliminate extracellular bacteria. At 0, 48
582 and 72 hours post-infection, cells were lysed with 0.05% digitonin, diluted and plated on
583 CYE plates. The number of bacteria recovered was recorded as colony forming units
584 (CFU)/mL and standard deviations were calculated based on CFU values obtained from
585  assays carried out in triplicate and over three independent experiments.

586

587 Autophagic flux assay

588  Autophagic flux assay was performed as previously described (Choy et al., 2012).
589  Briefly, HT1080 cells were infected with Lp01, Alpg2411 + pMMB207c-HAx4 (empty
590  vector), or Alpg2411 + pMMB207c-HAx4-Ipg2411 at an MOI of 40 for 15 hours or left
591 uninfected. Cells were then treated with 160 nM bafilomycin in DMEM (Sigma-Aldrich)
592  or left untreated for 2 hours. Lysate was prepared using lysis buffer as described above.
593  After boiling in Laemmli buffer, lysates were separated on a 12% SDS-PAGE gel (Bio-
594 Rad) and transferred to a PVDF membrane for probing with anti-LC3 (1:1000), anti-
595 ICDH (1:10,000), and anti-actin (1:5000). Western blot quantifications are
596 representative of three independent experiments. Imaged (version 1.53g) was used to

597 quantify the band signal intensity on the western blot and a One-way ANOVA with
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598 Tukey’s multiple comparisons test was applied. Statistical data were calculated and
599  graphed using GraphPad Prism5 (GraphPad, Inc., La Jolla, CA, USA).

600

601  Supplemental Material

602  Transmission electron microscopy showed GFP-Lpg2411 is present on vesicular and
603 elongated structures in CHO cells. A Lpg2411-GST fusion protein was generated to
604 investigate direct lipid interactions between Lpg2411 and PIPs in a protein-lipid overlay
605 assay. HT1080 human fibrosarcoma cells can be used as a model for studying L.
606  pneumophila infection. A L. pneumophila strain harboring an IPTG inducible HAx4-
607 Lpg2411 plasmid was generated to study the localization of Lpg2411 in host cells during
608 infection. A L. pneumophila strain lacking Ipg2411 does not exhibit an intracellular
609  growth defect in U937 and HT1080 cells.

610

611 Abbreviations

612  HA, hemagglutinin; CFU, colony-forming units; CHO, Chinese hamster ovary cells; LCV,
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614 infection; PIP, phosphatidylinositol phosphate; PI(3)P, phosphatidylinositol-3-phosphate;
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790  Figure Legends

791  Figure 1: Lpg2411 localizes to PI(3)P-positive membranes. (A) Confocal images of
792  Hela cells transiently co-transfected with plasmids encoding mCherry-Lpg2411 and
793  either GFP or GFP-2xFYVE. Scale bar, 5 ym. (B) Confocal images of HelLa cells
794  transiently co-transfected with plasmids encoding mCherry-Lpg2411 and GFP or GFP-
795  P4Mx2. Scale bar, 5 ym. (C) Mander’s Overlap Coefficient for fluorescence signals of
796 EGFP-tagged and mCherry-tagged proteins, as specified. The plot shows the median
797  (black vertical line) and interquartile range (25-75) (gray box) from 15 different cells for
798 each condition. Individual dots represent the Mander's Overlap Coefficient obtained
799  from a single cell; ***, p < 0.001. (D) Protein—lipid overlay assay displays that GST-
800 Lpg2411 specifically binds PI(3)P. A membrane spotted with each lipid species was
801 incubated with purified GST-Lpg2411. GST-Lpg2411 that bound to the membrane was
802 identified via detection with anti-GST and an HRP-conjugated secondary antibody. LPA,
803 lysophosphatidic acid; LPC, lysophosphocholine; PIl, phosphatidylinositol; PE,
804  phosphatidylethanolamine; PC, phosphatidylcholine; S1P, sphingosine-1-phosphate; PI,
805 phosphatidylinositol; P, phosphate; P,, biphosphate; Ps, triphosphate; PA, phosphatidic
806 acid; PS, phosphatidylserine.

807 Figure 2: Lpg2411 localizes to autophagosomes and binds an autophagic
808 receptor. (A) Confocal images of HelLa cells transiently co-transfected with mCherry-
809 Lpg2411 and GFP, GFP-Rab5, GFP-LAMP1, or GFP-LC3, or singly transfected with
810 mCherry-Lpg2411 and immunostained for endogenous p62 with anti-p62 followed by
811 Alexa Fluor 488-conjugated secondary antibody. Scale bar, 5 ym. (B) Lysates from

812 HEK293T cells co-transfected with HA-p62 and GFP or GFP-Lpg2411 subjected to a
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813  co-immunoprecipitation assay using anti-HA magnetic beads. Cleared lysates, or inputs
814  (I), and elutions (E) from the assay separated via SDS-PAGE and transferred to a
815 PVDF membrane. Western blots were probed with HRP-conjugated anti-GFP and anti-
816 HA. HA-p62 = 63 kDa, GFP= 27 kDa, GFP-2411= 59 kDa. (C) Reciprocal co-
817  immunoprecipitation performed using lysates from HEK293T cells co-transfected with
818 HA-p62 and GFP or GFP-Lpg2411 and GFP-Trap magnetic agarose beads. Resulting
819  western blots were probed with anti-HA and HRP-conjugated anti-GFP.

820 Figure 3: Lpg2411 binds ubiquitinated proteins on autophagosomes. (A) Confocal
821 images of HelLa cells co-expressing HA-tagged ubiquitin and mCherry-Lpg2411 and
822 immunostained with anti-HA followed by Alexa Fluor 488-conjugated anti-rat. Scale bar,
823 5 um. (B) Confocal images of HelLa cells expressing HA-tagged ubiquitin, mCherry-
824 Lpg2411, and GFP-2xFYVE were immunostained with anti-HA followed by Alexa Fluor
825 647-conjugated anti-rat. (C) HelLa cells co-expressing HA-Ubiquitin and mCherry-
826 Lpg2411 were immunostained with anti-p62 and anti-HA followed by Alexa Fluor 488-
827  conjugated and Alexa Fluor 647-conjugated secondary antibodies, respectively. Scale
828  bar, 5 ym. (D) HEK293T cells expressing mCherry or mCherry-Lpg2411 were lysed and
829 immunoprecipitated with RFP-Trap magnetic agarose beads. Cleared lysates, or inputs
830 (I), and elutions (E) from the assay separated via SDS-PAGE and transferred to a
831 PVDF membrane were probed with anti-ubiquitin and anti-mCherry. mCherry= 29 kDa,
832 mCherry-2411= 61 kDa.

833  Figure 4: Lpg2411 is translocated during late stages of infection and localizes to
834 autophagosomes. (A) U937 cells were infected with Alpg2411 + pMMB207c-HAx4-

835 Ipg2411 for indicated time points before immunostaining for HA-Lpg2411 with anti-HA
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836 and TexasRed-conjugated secondary antibody. Infected cells harboring translocated
837 HA-Lpg2411 were counted and compared to the total infected cells. (B) HT1080 cells
838 infected with Alpg2411 pMMB207c-HA%4-Ipg2411 for 15 hours were immunostained for
839 HA-Lpg2411 with anti-HA and TexasRed-conjugated secondary antibody. Hoechst was
840  used to visualize the bacteria and host nucleus. (C) HT1080 cells were infected as in B
841 and immunostained for anti-HA with TexasRed-conjugated secondary antibody and
842  either anti-LC3, -p62, or -FK2 with AlexaFluor 488-conjugated secondary antibodies.
843  Hoechst was used to visualize the bacteria and host nucleus.

844  Figure 5: Lpg2411 stimulates autophagy late during infection. (A) HT1080 cells
845 were infected with wild-type, Alpg2411 + pMMB207c-HAx4 (empty vector, EV),
846  Alpg2411 + pMMB207c-HAx4-Ipg2411 (HA-Lpg2411) for 15 hours. Cells were then left
847  untreated or treated with 160 nM Bafilomycin A1 for 2 hours before lysing and
848  separating via SDS-PAGE. Proteins were transferred to a PVDF membrane and probed
849  with anti-LC3 and anti-actin. LC3-1= 19 kDa, LC3-lI= 17 kDa, actin= 42 kDa. (B) LC3-lI
850 bands were quantified for each condition and normalized to the signal for actin using
851 Imaged. Normalized values are displayed relative to uninfected cells. n=3; *, p<0.05.

852
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Strain or plasmid Relevant Features Source or
Reference
E. coli strains
2T1 F-mcrA A(mrr-hsdRMS-mcrBC) ®80lacZAM15 | ThermoFish
AlacX74 recA1 araA139 A(ara- | er Scientific
leu)7697 galU galK rpsL
(StrR) endA1 nupG fhuA::IS2
GC5 F- ¢80lacZAM15 A(lacZYA-argF)U169 recA1 | ThermoFish
endA1 hsdR17(rK—- mK+) phoA supE44 thi-1 | er Scientific
gyrA96 relA1A-tonA
BL21 (DE3) F-ompT hsdSg(rs — mg — ) gal dcm(DES3) ThermoFish
er Scientific

L. pneumophila strain

(7))

restriction deficient, lacking jpg2411, Sm'

LpO1 Philadelphia-1, serogroup 1, salt sensitive, | (Berger and
restriction deficient; Sm’ Isberg,
1993)

Lp01 AdotA Philadelphia-1, serogroup 1, salt sensitive, | (Roy and
restriction deficient, lacking dotA; Sm’ Isberg,
1997)

Lp01 Alpg2411 Philadelphia-1, serogroup 1, salt sensitive, | This study
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Lp01  Alpg2411 + | Philadelphia-1, serogroup 1, salt sensitive, | This study

pMMB207c-HAx4 restriction deficient, lacking Ipg2411, carrying
pMMB207c-HA%4; Sm', Cam’

Lp01  Alpg2411 + | Philadelphia-1, serogroup 1, salt sensitive, | This study

pMMB207c-HAx4- restriction deficient, lacking Ipg2411, carrying

lpg2411 pMMB207c-HAx4-lpg2411; Sm', Cam'

Lp02 L. pneumophila-Philadelphia-1, Lp02
(thyAQ33/stop, rpsLK88R, hsdR-)

Lp03 L. pneumophila-Philadelphia-1, Lp03
(thyAS167frameshift, rpSLK88R, hsdR-,
dotAQ188/stop)

PLASMIDS

E. coli expression vectors

pDEST15 Encodes GST; Amp' ThermoFish

er Scientific
pDEST15-Ipg2411 Encoding IPTG-inducible expression  of | This study
Lpg1124 with N-terminal GST tag; Amp'

L. pneumophila expression vectors

pMMB207C-HAx4 Legionella expression vector encodes IPTG | Gunnar
inducible HAx4 tag for N-terminal fusion with 4 | Schroeder
hemagglutinin tags, Cam'

pNPTS138 R6K suicide vector (Cam',Kan" sacB) for | Howard
markerless deletion of gene of interest Steinman
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Addgene#

41891

pNPTS138-Alpg2411 | pNPTS138 containing flanking regions of This study

Ipg2411 totaling 2428 bp

pMMB207C-HAx4- Encoding IPTG-inducible expression  of | This study

Ipg2411 Lpg2411 with N-terminal HAx4 tag; Cam'

Mammalian expression vectors

Encodes EmGFP; Cam', Amp' Invitrogen
pcDNA6.2/N-EmGFP- (V35620)
DEST
362-pCS-mCherry- Encodes mCherry; Cam’, Amp' Addgene #
DEST 13075

362 pCS Cherry- | Encoding mCherry-tagged Lpg2411, Cam', | This study

lpg2411 Amp'

Encodes EmGFP-tagged Lpg2411; Cam' , | This study
pcDNAG.2/N-EmGFP- | Amp'

DEST-lpg2411

pRK5-HA-Ubiquitin- Encoding HA-tagged UBIQUITIN C (human), | Addgene #

WT Amp' 17608

pEGFP-C1-2xFYVE Encoding GFP-tagged FYVE (human), Kan'
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EGFP-P4Mx2 Encoding GFP-tagged P4M, Kan' Machner,

NIH

pEGFP-C1-cRAB1 Encoding GFP-tagged RAB1 (human), Kan' Mitsunori
Fukuda
(Tohoku
University)
(Matsui et

al., 2011)

pEGFP-C1-cRABS Encoding GFP-tagged RAB5(human), Kan' Bonifacino,

NIH

pHA-p62 Encoding HA-tagged p62 (human), Amp’ Addgene #

28027

pEGFP-C1-LAMP1 Encoding GFP-tagged LAMP1 (human), Kan" | Juan
Bonifacino
(Farias et

al., 2017)

pEGFP-C1-LC3 Encoding GFP-tagged LC3 (human), Kan' Juan

Bonifacino

pCDNA3.1-YFP- Encoding GFP-tagged KDEL (human), Amp' Dr. Jennifer
KDEL Lippincott-
Schwartz
(Snapp et

al., 2006)
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mEos-Calnexin Encoding GFP-tagged Calnexin (human), Kan" | Michael
Davidson
(Addgene

#57489)

865  Abbreviations: Kan', kanamycin resistance; Amp", ampicillin resistance; Cam',
866  chloramphenicol resistance; Sm', streptomycin resistance.
867

868  Supplemental Table S2. List of oligonucleotides used for this study.

Name Sequence 5’ to 3’ direction

Fw-Hindlll — | AAAGGATCGATCCTCTAGAGATCGATGCCAATTCAAAAATA
Ipg2411_UP GTATTTTTAGTGAC

Rv-Sacl- ATAAACAATTACATTATCTACCTCTTTAATTAGTGATCCAGAA
Ipg2411_UP AGTATTTG

Fw-Sacl- GTAGATAATGTAATTGTTTATTTTCCAAAACAAGGCAGAAAG

Ipg2411_ DOWN | ATC

Rv-EcoRI- TATCAAGCTTATCGATACCGCCATTTCCTGCTCACAATATTT

Ipg2411_ DOWN | AGAAAAAGG

FW-BamHI-
GATCGGATCCATGTGGATTTTTAAAGATAT
Ipg2411

Rv-Sall-lpg2411 GATCAAGCTTTTAAGTATACGATGGTCCC

869

870

871
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Supplemental Figure 1: (A) Two representative transmission electron micrographs
showing immunogold localization of GFP-Lpg2411 in CHO cells. Fixed cells were
stained with a polyclonal rabbit anti-GFP antibody. Areas highlighted by rectangles
(dashed line) in the top panels are magnified in the bottom panels. Scale bars, 100 nm.

(B) Purified GST-Lpg411 (49 kDa) separated by SDS-PAGE on a 12% TGX stain-free

gel.
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Supplemental Figure 2: HT1080 cells were challenged with Lp02-mCherry or Lp03-
mCherry as indicated, at MOI 10-25, for the indicated time points. (A) L. pneumophila
infects and replicates in HT1080 cells. (B) Secretion system-defective Lp03 mutants
enter HT1080 cells but do not replicate. (C) L. pneumophila Lp03 bacteria reside in
GFP-tagged LAMP1 positive compartments. (D-E) L. pneumophila Lp02-containing
vacuoles are decorated with ubiquitin. Cells were fixed and stained for ubiquitin and
images show LCVs of various sizes. (F) LCVs co-localize with the ectopically expressed
fluorescently-tagged ER markers YFP-KDEL and mEos-calnexin. (G) Rab1 is recruited
to the LCV at early time points of infection and is removed from the LCV at later time

points in HT1080 cells. Scale bar, 2 mm.
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Supplemental Figure 3
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Supplemental Figure 3: (A) Production of HAx4-Lpg2411 by the Alpg2411 +
pMMB207c-HAx4-Ipg2411 strain. L. pneumophila strain Alpg2411 complemented with
pMMB207c-HAx4-Ipg2411 was grown in the presence or absence of IPTG. Whole cell
lysate was separated by SDS-PAGE electrophoresis on a 12% stain-free TGX gel and
HAx4-Lpg2411 was detected by western blot with an HA antibody. (B) Lpg2411 is
dispensable for intracellular growth. Monolayers of HT1080 cells or differentiated U937
monocytes were infected with wild-type, AdotA, Alpg2411 + pMMB207c-HAx4, or
Alpg2411 + pMMB207c-HAx4-Ipg2411 at an MOI of 0.05, and cells were maintained at
37°C. The number of intracellular bacteria was determined by recording the number of
colony-forming units per milliliter. The mean and standard deviation from three

independent experiments is displayed for each time point.
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Supplemental Movie 1: Membrane ruffling and uptake of GFP-Lp02 infected HT1080
cells. Fluid filled macropinosomes are easily identified in the transmitted light channel as
large spherical vesicles within the cell which shrink over time. Internalized bacteria are
not normally observed trapped within the lumen of macropinosomes, consistent with
entry via phagocytosis. HT1080 cells were infected with Lp02-GFP, MOI 25. Imaging
was started 0.5 hpi with images taken every 10 seconds for 11 min 40 seconds. Scale

bar, 5 mm.
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