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Abstract

The intracellular pathogen Legionella pneumophila delivers more than 330
effectors into host cells by its Dot/lcm secretion system. Those effectors direct the
biogenesis of the Legionella-containing vacuole (LCV) that permits its intracellular
survival and replication. It has long been documented that the LCV is associated with
mitochondria and a number of Dot/lcm effectors have been shown to target to this
organelle. Yet, the biochemical function and host cell target of most of these effectors
remain unknown. Here, we found that the Dot/lcm substrate Ceg3 (Lpg0080) is a mono-
ADP-ribosyltransferase that localizes to the mitochondria in host cells where it attacks
ADP/ATP translocases by ADP-ribosylation, and blunts their ADP/ATP exchange
activity. The modification occurs on the second arginine residue in the -RRRMMM-
element, which is conserved among all known ADP/ATP carriers from different
organisms. Our results reveal modulation of host energy metabolism as a virulence

mechanism for L. pneumophila.
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Introduction

Legionella pneumophila, a Gram-negative intracellular bacterial pathogen, is the
causative agent of Legionnaires’ disease. This bacterium exists ubiquitously in the
environment as a parasite of fresh water amoebae (1). Infection of humans occurs when
susceptible individuals inhale aerosol contaminated by bacteria and introduce the
pathogen to the lungs where it is phagocytosed by alveolar macrophages. Instead of
being digested, engulfed bacteria survive and replicate in macrophages, leading to
tissue damage and strong inflammatory responses and the development of disease
symptoms (2). The cell biological characteristics of infected amoebae and mammalian
cells are highly similar, both are featured by the formation of an endoplasmic reticulum
(ER)-like phagosome called the Legionella-containing vacuole (LCV), which in the initial
phase of infection, bypasses the endocytic pathways of the phagocytes (3). The
biogenesis of the LCV requires the Dot/lcm system, which is arguably the most
important pathogenic factor of L. pneumophila (4). Mutations in any component gene
essential for the function of the Dot/Icm transporter result in a complete loss of virulence
on all hosts. This multicomponent machine injects more than 330 virulence factors
known as effectors into host cells to construct the LCV by manipulating diverse cellular
processes, including vesicle trafficking, autophagy, lipid metabolism, and cytoskeleton

structure via distinct biochemical activities (5).

A common mechanism utilized by bacterial effectors is to function as enzymes
that attack specific host proteins involved in important cellular processes by
posttranslational modifications (PTMs) (6), including phosphorylation (7), AMPylation (8),
phosphorylcholination (9, 10), ubiquitination (11, 12) and ADP-ribosylation (12, 13).
Among these, ADP-ribosylation is one of the first identified PTMs utilized by toxins from
bacterial pathogens (14); this modification is catalyzed by ADP-ribosyltransferases
(ARTs) that transfer the ADP-ribose moiety from nicotinamide adenine dinucleotide
(NAD) to target substrates via an N-, O-, or S- glycosidic linkage (15). Depending on the
property of the enzymes, the modification can be the addition of either one (mono) or
more (poly) ADP-ribosyl moieties onto the recipient site of the target proteins (16). In

addition to virulence factors from bacterial pathogens, ARTs have been identified in
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eukaryotic proteins, which regulate such important cellular processes as DNA damage
repair, gene expression and aging (17). Differing from ARTs of bacterial origins, which
often are mono-ADP-ribosyltransferases (MARTS), many mammalian enzymes are poly
(ADP-ribose) polymerases (PARPSs) that induce the formation of poly ADP-ribose (PAR)
chains on substrate molecules (16).

Bacterial toxin-induced mono-ADP-ribosylation attacks a wide spectrum of host
functions to benefit the pathogens. Some of the best studied examples include the
inhibition of host protein synthesis by the diphtheria toxin that modifies elongation factor
2 (EF2) (18) and the interference of the host second messenger cAMP production by
the cholera toxin, which ADP-ribosylates the Gas subunit of the adenylate cyclase and
locks the enzyme in an active form (19). A number of virulence factors injected into host
cells by specialized protein secretion systems also use ADP-ribosylation to modulate
host functions. For example, the type Il effector ExoS of Pseudomonas aeruginosa
targets multiple cellular proteins, including Ras, the modification of which leads to the
inhibition of ROS production by neutrophils (20). Recently, Xu et al found that the T3SS
effector SopF from Salmonella enterica serovar Typhimurium attacks the ATP6VOC
subunit of v-ATPase by ADP-ribosylation, thus blocking the recruitment of ATG16L1 to
suppress autophagy (21). ADP-ribosylation of important signaling molecules such as
ubiquitin has also been documented. One such example is CteC from Chromobacterium
violaceum, which specifically modifies ubiquitin on Thr66 with a cryptic mART motif to
disrupt host ubiquitin signaling (22).

Modification by mono-ADP-ribosylation has recently emerged as an important
arsenal for L. pneumophila virulence. The effector Lpg0181 was found to inactivate the
glutamate dehydrogenase in host cells using an mART activity (13). Members of the
SidE effector family catalyze ubiquitination of multiple host proteins by first activating
ubiquitin via ADP-ribosylation on Arg42 with an mART activity (12). The activated
ubiquitin (ADPR-UD) is then utilized by a phosphodiesterase activity embedded in the
same proteins to catalyze the transfer of phosphoribosyl ubiquitin to serine residues of
substrates (12, 23, 24).
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99
100 Herein, we show that the L. pneumophila effector Ceg3 (Lpg0080) localizes to
101  the mitochondrion where it targets carrier proteins of the ADP/ATP translocase family by
102  ADP-ribosylation, leading to the inhibition of the ADP/ATP exchange in mitochondria.
103  Our results uncover the modulation of energy transport as a virulence mechanism for a
104  bacterial pathogen.
105
106 Results
107 The L. pneumophila effector Ceg3 is a putative mART that localizes to the
108 mitochondrion
109 A number of L. pneumophila effectors have been found to use mART activity to
110  modulate host functions ranging from metabolism to ubiquitination (12, 13). To identify
111  additional effectors with potential mMART activity, we used the HHpred algorithm (25) to
112 analyze established Dot/lcm substrates (26, 27). These efforts identified Ceg3
113  (Lpg0080), a 255-residue protein as a putative mART. The key residues in the predicted
114 mART of Ceg3 are identical to those of bacterial toxins or effector proteins, including
115 ExoS of Pseudomonas aeruginosa (20), CtxA of Vibrio cholera (19), and members of
116 the SidE family of L. pneumophila (12). The sequence of the predicted mART in Ceg3 is
117  Rus-Sos-E141KE143 Which resides in its central region (Fig. 1A).
118
119 Ceg3 was first identified as a Dot/lcm substrate by virtue of being coregulated
120  with known effector genes (28) and was later shown to kill the yeast Saccharomyces
121  cerevisiae upon ectopic expression (29). To determine whether the putative mART motif
122 plays a role in its yeast toxicity, we constructed the Ceg3ga mutant in which both of the
123  predicted catalytic sites E141 and E143 were replaced with alanine. Comparing to wild-
124  type protein that severely inhibited yeast growth, Ceg3ga has completely lost the toxicity
125 (Fig. 1B). These results suggest that the putative mART motif is critical for the activity of
126 Cegs3.
127
128 To understand the function of Ceg3, we first determined its cellular localization.

129 Results from pilot experiments indicated that the distribution of Flag-Ceg3 is not
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130 cytosolic, we thus co-stained it with the cytochrome c oxidase subunit 4 isoform 1
131 (COX411) and Calnexin, marker for mitochondrion and the ER, respectively. The
132  staining signals of Flag-Ceg3 overlap extensively with those of COX4I11 but not Calnexin
133  (Fig. 1C), suggesting that Ceg3 localizes to the mitochondria. We also included MavC,
134 an L. pneumophila effector targeting to the cytoplasm (11), as an additional control,
135  which did not co-localize with COX4I1 (Fig. 1C). Similarly, immunogold labelling results
136  using transmission electron microscopy showed that Flag-Ceg3 was associated with the
137  mitochondria (Fig. 1D). Thus, Ceg3 likely is targeted to the mitochondria once being
138 injected into host cells.

139

140 We further analyzed the subcellular localization of Ceg3 by cell fractionation.
141  Cells transfected to express Flag-Ceg3 or Flag-MavC were mechanically lysed and the
142  mitochondrial fractions were obtained by centrifugation as described (30). Samples from
143  each fraction were separated by SDS-PAGE and analyzed by immunoblotting with
144  antibodies against Flag and resident proteins of the relevant organelles, respectively.
145 Flag-Ceg3 co-fractionated with the subunit al of pyruvate dehydrogenase E1 (PDHA1),
146  which is an established mitochondrial marker (31). In agreement with results from
147  immunostaining experiments, Flag-Ceg3 did not co-fractionate with Calnexin and
148 GM130, markers for the ER and the Golgi apparatus, respectively. In contrast, Flag-
149 MavC co-fractionated with the cytosolic protein tubulin (Fig. 1E). These results
150 corroborate well with the immunostaining data, further indicating mitochondrial
151 localization of Ceg3.

152

153 The association of Ceg3 with mitochondria can be mediated either by binding to
154  mitochondrial proteins or by integrating into its membranes. To distinguish between
155 these two possibilities, we treated mitochondria isolated from cell expressing HA-Ceg3
156  with a high pH buffer (0.1 M Na,COg3, pH 11) and separated integral and peripheral
157 membrane proteins by centrifugation. Two peripheral membrane proteins, cytochrome ¢
158 (Cyto-C) and the beta subunit of ATP synthase (ATPB) that are associated with inner
159  mitochondrial membranes (32, 33), can be stripped from the mitochondria effectively by
160 the high pH buffer (Fig. 1F). In contrast, HA-Ceg3 was only detected in the pellet
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161 fraction together with the mitochondrial import receptor subunit TOM20 homolog
162 (Tom20) and the voltage-dependent anion-selective channel protein 1 (VDAC1), two
163 integral mitochondrial membrane proteins (34, 35). Thus, Ceg3 is not peripherally
164  associated with mitochondrial membranes.

165

166 ADP/ATP translocases (ANTSs) are the cellular targets of Ceg3

167 To identify the cellular targets of Ceg3, we first determined its ability to induce
168  ADP-ribosylation of host proteins upon transfection. To this end, we used a pan-ADP-
169 ribose antibody (36) to detect ADP-ribosylated proteins in cell transfected to express
170  Ceg3 or the Ceg3ga mutant. A band slightly larger than 25 kDa was detected in lysates
171  of cells expressing Ceg3 but not in samples expressing Ceg3g/a (Fig. 2A, left panel
172 and middle panes). Probing these samples with antibodies specific for Flag and ADP-
173  ribose simultaneously detected two proteins of distinct sizes in samples expressing
174  Flag-Ceg3, indicating that the protein detected by the ADP-ribose antibody was not self-
175 modified Flag-Ceg3 (Fig. 2A, right panel). Thus, Ceg3 may ADP-ribosylate one or
176  more host proteins with a size of approximately 25 kDa.

177

178 We also performed immunoprecipitation (IP) with beads coated with the Flag
179  antibody in lysates from cells transfected to express Flag-Ceg3 or Flag-Ceg3g/a. Several
180 protein bands, including one that migrated at approximately 25 kDa were detected in
181 samples transfected with Flag-Ceg3 or Flag-Ceg3g/a but not the empty vector (Fig. 2B,
182 right panel). Furthermore, when probed with the ADP-ribose antibody, strong signals
183 were detected in samples expressing Flag-Ceg3 but not its mutant with a disrupted
184 mART motif (Fig. 2B, left panel). Taken together, these results suggest that Ceg3
185 interacts with one or more host proteins of approximately 25 kDa.

186

187 To identify the substrates modified by Ceg3, we enriched ADP-ribosylated
188  proteins from samples of cells transfected to express this effector by using recombinant
189  Afl1521, a protein from Archaeoglobus fulgidus that contains a macro domain involved in
190 binding ADP-ribose moieties on modified proteins (37). After enrichment, the potential

191 targets of Ceg3 with a molecular weight slightly higher than 25 kDa were detected by
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192  silver staining as well as ADP-ribose immunoblotting only in samples expressing Ceg3
193  (Fig. 2C). This protein band detected by silver staining was then excised and analyzed
194 by mass spectrometry. Among the top 10 proteins with the most hits, with the exception
195 of keratin, a common contaminant in mass spectrometric samples, four were assigned
196 as ADP/ATP translocases (ANTs) (Table S1). We confirmed ANT proteins as
197 substrates of Ceg3 by transfecting mammalian cells to express GFP-Ceg3 and Flag-
198 ANT1, which is one isoform of ADP/ATP translocases, and examined their interactions
199 by IP. Precipitates obtained by beads coated with the Flag antibody contained GFP-
200 Ceg3 (Fig. 2D), indicating the binding between these two proteins. Consistent with
201 these results, fluorescence signals of GFP-Ceg3 colocalize extensively with those of
202 RFP-ANT1 (Fig. 2E).

203

204 Human cells express four ADP/ATP translocase isoforms, each was identified in
205 our mass spectrometric analysis (Table S1). ANTs are essential for transferring ADP
206 and ATP across the mitochondrial inner membranes (38), which is consistent with our
207  finding that Ceg3 is targeted to this organelle (Fig. 1C-F). Collectively, these results
208 indicate that ANTs are the potential targets of Ceg3.

209

210 Ceg3 ADP-ribosylates ANTs on an arginine residue in a conserved element

211 To examine whether that Ceg3 targets all ANT isoforms by ADP-ribosylation, we
212  co-expressed Flag-tagged each of the four isoforms (ANT1, ANT2, ANT3 and ANT4)
213  with GFP-Ceg3 or GFP-Ceg3g/a in HEK293T cells and isolated Flag-ANTSs proteins from
214  cell lysates by IP. Detection using the ADP-ribose probe revealed that each of the ANTs
215 was modified by Ceg3 but not the mutant Ceg3ga (Fig. 3A). These results demonstrate
216 that Ceg3 modifies these ADP/ATP translocases by ADP-ribosylation.

217

218 We next used ANT1 as the model to determine the site of modification. Mass
219  spectrometric analysis of samples using wild-type ANT1 suggested that the modification
220 likely occurs around Arg237 but the exact site could not be precisely assigned due to
221 the large size of the peptides produced by protease trypsin or Lys-C from this region.
222  We thus replaced Val227 and Arg237 with Lys in order to generate peptides of sizes
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223 more suitable for detection upon Lys-C digestion. The introduction of these mutations
224  did not affect Ceg3-induced modification of ANT1 (Fig. S1A). When ANT1y227x/r237k
225 purified from cells co-expressing Ceg3 or Ceg3ga (Fig. S1B) were analyzed by mass
226  spectrometry analysis, a mass shift of 541.06 Da matching to mono-ADP-ribosylation on
227  the peptide -Sz28YPFDTVRRK237- in ANT 1yv227k/r237¢ Was detected only in samples co-
228 expressing Ceg3. MS/MS spectra showed that the modification mapped to residue
229  Arg236, and the modified peptide produced several fragmented ions with m/z of 136.1,
230 250.1, 348.1 and 428.0 which are adenine, adenosine, adenosine monophosphate
231 (AMP) and adenosine diphosphate (ADP), respectively, all are diagnostic fragments of
232 the ADPR moiety (Fig. 3B) (39). We also detected a series of fragments containing the
233  conversion of arginine to ornithine residues (-42 Da), which is also diagnostic tandem
234  mass fragment of ADP-ribosylated arginine residues (40). Thus, Ceg3 modifies ANT1
235 by mono-ADP-ribosylation on residue Arg236.

236

237 The structure of the bovine ADP/ATP carrier (>90% identity to that from humans)
238 (41), reveals that ANTs are consisting of six transmembrane helices and three matrix
239 loops (Fig. 3C). In ANT1, the modified site Arg236 resides in the end of the fifth
240 transmembrane region, which is close to the matrix side of the mitochondrion (41).
241  Sequence alignment of the four mammalian ANT isoforms shows that the site modified
242 by Ceg3 mapped to the second Arg residue of the conserved -RRRMMM- element (Fig.
243  S2), which has been shown to be important for the transport activity of ANTs (41). We
244  next confirmed the modification site in ANT1 by testing mutants with lysine substitutions
245 in each of several conserved Arg residues (i.e. Arg60, Arg72, Arg138, Arg140, Argl52)
246  that are close to the interface between the transmembrane helices and the matrix loops
247 of ANT1 and each of the three Arg residues (i.e. Arg235, Arg236 and Arg237) in the -
248  R23sRRMMMz40- motif. Only mutations in Arg236 abolished Ceg3-induced ADP-
249 ribosylation (Fig. 3D). These results establish that Ceg3 specifically modifies Arg236 in
250 the conserved -R23sRRMMMo40 motif in ANTL.

251

252 ADP/ATP carriers are evolutionarily conserved in eukaryotes, which in S.

253 cerevisiae are represented by three isoforms, Aaclp, Aac2p and Aac3p. These proteins
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254  have molecular weights similar to those of their mammalian counterparts and each
255 harbors the -RRRMMM- element (42). Given that Ceg3 inhibits the growth of yeast in an
256 mMART motif-dependent manner, we determined whether Ceg3 induces ADP-
257  ribosylation of yeast ADP/ATP carrier proteins. Although the expression of Hisg-Ceg3 in
258 yeast cells was not detectable with a Hisg-specific antibody, ADP-ribosylation of proteins
259  with a molecular weight close to those of ADP/ATP carriers was detected in lysates of
260 yeast cells expressing Ceg3 but not Ceg3ga (Fig. 3E). Thus, yeast ADP/ATP carriers
261 are also targeted by Ceg3 for ADP-ribosylation modification, which likely accounts for its

262  toxicity.
263
264 We attempted to establish biochemical reactions to study Ceg3-induced ADP-

265 ribosylation of ANTs by preparing recombinant Ceg3 from E. coli. Yet, none of the
266 commonly used tags allowed the production of soluble Ceg3 under various induction
267  conditions (Fig. S3A) as well as several truncated mutants of Ceg3 (Fig. S3B). The
268 insoluble property of Ceg3 is consistent with the fact that Ceg3 is not a peripheral
269  protein of the mitochondria (Fig. 1E).

270

271 We then purified Flag-GFP-Ceg3 and Flag-GFP-Ceg3ga from transfected
272 mammalian cells and tested their ability to modify similarly purified Flag-ANTs by ADP-
273  ribosylation. Although endogenous ANTs in cells expressing Flag-GFP-Ceg3 were
274  modified, incubation of purified Ceg3 and ANT1 with NAD did not lead to detectable
275 modification (Fig. S4A). Importantly, when co-expressed in E. coli, Ceg3-induced ANT1
276  modification was detectable, again in a manner that requires the mART motif (Fig.
277  S4B). The ability of Ceg3 to modify ANT1 in E. coli indicates that this enzyme functions
278  without the need of co-factors from eukaryotic cells.

279

280 The ADP/ATP carriers are ADP-ribosylated by Ceg3 in cells infected with L.
281  pneumophila

282 To examine whether the observed modification of ANTs by Ceg3 occurs under
283  physiological conditions, we attempted to detect the modification during L. pneumophila

284 infection. It was clearly detectable in samples infected with a strain that lacks the

10
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285 chromosomal ceg3 but expresses the gene from a multicopy plasmid (Fig. 4A). ANTs
286  modification in infected cells was also detected in cells infected with the wild-type strain
287  harboring the plasmid but not in a mutant defective in the Dot/lcm transporter (Fig. 4B).
288  Modification of ANTs was not detected by wild-type strain at 2 h post infection (psi) (Fig.
289  4A), which may be due to the temoporal regulation. We then extended the infection time
290 to 18 h and sampled infected cells at 4-h intervals. Under this experimental condition,
291  ADP-ribosylation of ANTs induced by WT Legionella became detectable at 6 h after
292  bacterial uptake and peaked at 10 h. Furthermore, the level of modification decreased
293 at 14 h and was maintained at low level till 18 h (Fig. 4C), which corresponds to
294  maximal intracellular replication in this host cell (43). This modification pattern suggest
295 that L. pneumophila temporally regulates ANTs by ADP-ribosylation either by differently
296 controlling the expression of Ceg3 at different phases of infection or by injecting
297 enzymes capable of reversing the modification at infection phases beyond 10 h. Taken
298 together, these results indicate that Ceg3 induces ADP-ribosylation of ANTs during L.
299  pneumophila infection. The inability to detect modification at 2 h psi may be due to low
300 abundancy of translocated Ceg3 or modified ANTs have not reached the quantity
301 detectable by the method we used.

302

303 We also examined the role of Ceg3 in intracellular replication of L. pneumophila
304 using the Aceg3 mutant in mouse bone marrow-derived macrophages and the
305 protozoan host Dictyostelium discoideum. Akin to most Dot/lcm substrates that are
306 dispensable for intracellular replication in laboratory infection models, the Aceg3 mutant
307 grew at rates indistinguishable to those of the wild-type strain (Fig. S5), suggesting that
308 the absence of Ceg3 does not detectably affect the intracellular replication of L.

309 pneumophila in commonly used laboratory hosts.

310
311 Ceg3inhibits ANTs-mediated ADP/ATP exchange in mitochondria
312 The main role of mitochondrion is ATP production and regulation of metabolism

313 flux, and the production of ATP entirely depends on the integrity of mitochondrial
314 membrane potential (MMP) (44). We thus examined whether Ceg3-induced ADP-
315 ribosylation of ANTs compromises MMP. HEK293T cells transfected to express Ceg3 or

11
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316 its mutants for 24 h were loaded with the JC-10 dye, which, in healthy mitochondria,
317 forms aggregates that emits red fluorescence signals but diffuses out of mitochondria
318 with damaged MMP and exhibits green fluorescence signals (45). As expected,
319 treatment with the ionophore carbonyl cyanide m-chlorophenyl hydrazine (CCCP) that
320 damages the MMP by uncoupling the proton gradient, rendered the cells to emit green
321 fluorescence signals (Fig. 5A) (46). The expression of Ceg3 but not Ceg3ga caused a
322  slight decrease in MMP. Thus, the impact of Ceg3 on mitochondrial membrane integrity,
323 if any, is moderate.

324

325 ATP is transported across the inner mitochondrial membrane by ANTs via
326 exchange with ADP at a 1:1 stoichiometry (47), we next examined the impact of Ceg3-
327 induced modification on this by adding 2 mM ADP into mitochondria isolated from
328 HEK293T cells transfected to express Ceg3 or its mutants and determined the amounts
329 of released ATP (Fig. 5B). Expression of Ceg3 but not Ceg3g in HEK293T cells
330 caused a decrease in ADP/ATP exchange (Fig. 5C). Moreover, such inhibition also
331 occurred in mitochondria isolated from cells infected with L. pneumophila strains
332 capable of inducing detectable ANT ADP-ribosylation (Fig. 5D). Together, these results
333 indicate that ADP-ribosylation of ANTs by Ceg3 blocks ADP/ATP exchange by
334  mitochondria (Fig. 5E).

335

336 ANTs modified by ADP-ribosylation maintain their role in mitophagy induction

337 A recent study showed that ANT1 is critical for the induction of mitophagy (48),
338 which is a branch of autophagy involved in the degradation of damaged mitochondria
339  (49). We thus examined whether Ceg3-induced ADP-ribosylation of ANTs affects their
340 roles in mitophagy. After testing a few cell lines, we found that COS-1 cells undergo
341 robust mitophagy upon being treated with the protonophores CCCP, which caused a
342 clear loss of two mitochondrial proteins, PDHAL1 and ATPB (Fig. S6A). To ensure that
343 Ceg3 is expressed in a high percentage of cells in the samples, we prepared lentiviral
344  particles that direct Ceg3 expression. Transduction of COS-1 cells with our lentiviral
345 particles led to mART-dependent ADP-ribosylation of endogenous ANTs (Fig. S6B).

346  Under our experimental conditions in which cells were uniformly transduced and the
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347 expression of Ceg3 is readily detectable, the levels of PDHAL1 were similar among all
348 samples (Fig. S6C), suggesting that Ceg3 did not induce mitophagy. We also tested the
349 effect of Ceg3 on CCCP-induced mitophagy. While treatment with this protonophore did
350 lead to a drastic decrease in PDHA1, such decrease did not detectably change between
351 samples expressing Ceg3 or Ceg3ga (Fig. S6C). Thus, Ceg3 does not suppress or
352 augment CCCP-induced mitophagy.

353

354  Discussion

355

356 In addition to powering most cellular activities by ATP production, mitochondria

357 are involved in diverse functions such as cell death, immunity and metabolism
358 regulation (50). As a result, this organelle is a common target for infectious agents that
359 actively manipulate host cellular processes for their survival and replication (51). For
360 example, the Vibrio cholera T3SS effector VopE inhibits the activity of Mirol and Miro2,
361 two mitochondrial GTPases, by functioning as a GTPase-activating protein (GAP), thus
362  suppressing host innate immune responses (52). The effector ECH0825 from Ehrlichia
363 chaffeensis upregulates the mitochondrial manganese superoxide dismutase to prevent
364 ROS-induced cellular damage and mitochondria-mediated apoptosis (53).

365

366 Earlier cell biological studies suggest that mitochondrion plays important roles in
367 the intracellular life cycle of L. pneumophila. The association of the LCV with
368 mitochondria was documented in morphological analysis of its infection cycle within
369 several years after the bacterium was recognized as a pathogen. As least 30% of LCVs
370  were surrounded by mitochondria within 15 min of phagocytosis, which increases to
371 approximately 65% when the infection proceeds to one hour (54). This observation was
372 validated by more recent studies, which reveal that such association requires the
373  Dot/lcm transporter essential for L. pneumophila virulence (55).

374

375 A number of Dot/lcm effectors have been demonstrated to modulate the function
376  of mitochondria. Among these, LegS2, a homologue of the eukaryotic enzyme
377  sphingosine-1-phosphate lyse, contributes to autophagy inhibition by disrupting lipid

378 metabolism in mitochondria (56, 57). MitF appears to modulate mitochondrial dynamics
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379 by provoking a Warburg-like effect to benefit intracellular bacterial replication (58). Our
380 results here demonstrate that Ceg3 specifically localizes to mitochondria where it
381 modifies members of the ADP/ATP translocase by mono-ADP-ribosylation, leading to
382 inhibition of ADP/ATP exchange in mitochondria.

383

384 ADP-ribosylation of ANTs induced by Ceg3 is readily detectable in yeast and
385 mammalian cells that are ectopically expressing the effector (Fig. 2A and Fig. 3E). Due
386 to technical barriers to obtain soluble recombinant Ceg3, we were unable to establish a
387 reaction with purified proteins to show Ceg3-induced ADP-ribosylation of ANTs. The
388 fact that such modification occurs when Ceg3 and ANT1 were co-expressed in E. coli
389 indicates that no host cell co-factor is required for its activity (Fig. S4B). The detection
390 of ANT modification in cells infected with wild-type L. pneumophila validates the
391 translocases as its bona fide substrates.

392

393 The ADP-ribosylation site on ANT1 induced by Ceg3 is Arg236, which is the
394  second Arg residue in the -RRRMMM- element conserved in not only all four ADP/ATP
395 translocases of mammalian origin, but also all known ADP/ATP carriers from different
396 organisms (59). The three arginine residues in the -RRRMMM- motif are essential for
397 the transport function of the yeast ADP/ATP carrier Aac2 (60, 61). Mutations in each of
398 these three arginine residues in the bovine ADP/ATP carrier abolish its transport
399 activity, so does a mutation in Arg246 (equivalent to Arg236 in mammalian ANT1) of the
400 mitochondrial carrier from Thermothelomyces thermophile (41, 62). These observations
401 are consistent with our results that ADP-ribosylation of one of these three sites ablates
402 its ADP/ATP transport activity (Fig. 5C-D). Moreover, our finding that Ceg3 does not
403 interfere with mitophagy is in line with a previous study showing that the ADP/ATP
404  translocase-associated mitophagy is independent of its nucleotide translocase activity
405  (48).

406

407 Structure of the bovine ADP/ATP carrier shows that Arg236 of ANT1 is localized
408 in the end of the fifth transmembrane helix, which is in close proximity to the

409  mitochondrial matrix (41). In the Aac2 carrier from yeast, the -RRRMMM- element
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410 appears to be in the mitochondrial matrix (42). Although the positioning of the -
411 RRRMMM- element revealed by these two structural analyses slightly differs, both
412  studies conclude that the second arginine is implicated in ADP binding via its positively
413 charged side chain that mediates electrostatic interactions with the negatively charged
414  phosphate moieties in ADP (41, 42). At neutral pH, ADP-ribose harbors two negatively
415 charged phosphate moieties, which can cause a notable change in the charge property
416  of the side chain of this arginine residue (63). Thus, Ceg3-mediated ADP-ribosylation on
417  ANTSs likely affects the electrostatic interactions with ADP. In addition, the bulky ADPR
418 moiety on ANTs may cause steric interference for the interaction, both of which can
419  contribute to the inhibition of their ADP/ATP exchange ability.

420

421 Interestingly, the Dot/lcm effector LncP, which is homologous to mitochondrial
422  carrier proteins, has been suggested to carry out unidirectional ATP transport across
423 membranes reconsitituted in liposomes (64). Although the possibility that Ceg3
424  coordinates its activity with LncP in L. pneumophila infected cells needs further
425 investigation, it is conceivable that the bacterium can gain better control of ATP
426  transport in the mitochondria if it uses one set of effectors to inhibit the endogenous
427  carriers and another set to substitute this function. The number of Dot/lcm effectors that
428 function to modulate mitochondrial activity seems large. An earlier study found that
429 Lpgl625 and Lpg0898 are targeting to this organelle (65). Lpg2444 was recently shown
430 to protect the integrity of mitochondria by making it resistant to MMP damage caused by
431  protonophores such as CCCP. This protein also interacts with ADP/ATP translocase 2,
432  but the biological significance of such interactions is elusive (66). Future study aiming at
433  biochemical analysis of these proteins and their cellular targets in host cells will shed
434  light onto the roles of mitochondria in L. pneumophila virulence as well as the
435 mechanism of how the diverse activities of this organelle are regulated.

436
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437 Methods

438 Media, bacteria strains, plasmid construction and cell lines

439 Escherichia coli strains were grown on LB agar plates or in LB broth. When
440 necessary, antibiotics were added to media at the following concentrations: ampicillin,
441 100 pg/mL; kanamycin, 30 pg/mL. L. pneumophila strains used in this study were
442  derivatives of the Philadelphia 1 strain Lp02 (67). Lp03 is an isogenic dotA” mutant (68).
443  All strains were grown and maintained on CYE plates or in ACES-buffered yeast extract
444 (AYE) broth as previously described (67). For L. pneumophila, antibiotics were used at:
445  kanamycin, 20 pg/mL, streptomycin, 100 pg/mL. When needed, thymidine was added at
446  a final concentration of 100 pg/mL. Other methods are available in Supplementary
447  Information.

448  Plasmid construction and cell lines

449 The oligonuecleotides, plasmids and bacterial strains used in this study were
450 listed in Table S2. The Aceg3 in-frame deletion strain was constructed by a two-step
451 allelic exchange strategy as described (69). For complementation experiments, genes
452  were inserted into pZLQ-Flag, a derivative of pZLQ (70) that was modified to carry a
453  Flag tag. For ectopic expression of proteins in mammalian cells, genes were inserted
454  into pEGFPC1 (Clontech), the 4xFlag CMV vector (71) or pAPH, a derivative of
455  pVR1012 (72) suitable for expressing proteins with an amino HA tag and a carboxyl
456 Flag tag. To co-express Ceg3 and ANT1 in E. coli, ceg3 and ANT1 were inserted into
457  pZLQ-Flag and pGEX-6p-1 (GE Healthcare), respectively. The integrity of all constructs
458 was verified by sequencing analysis. HEK293T, HelLa or COS-1 cells purchased from
459 ATCC were cultured in Dulbecco’s modified minimal Eagle’s medium (DMEM)
460 supplemented with 10% Fetal Bovine Serum (FBS). Bone marrow-derived
461 macrophages were prepared from 6- to 10-week-old female A/J mice (Jackson Lab)
462 with L-cell supernatant-conditioned medium as described previously (73). All
463 mammalian cell lines were regularly checked for potential mycoplasma contamination
464 by the universal mycoplasma detection kit from ATCC (Cat# 30-1012K).

465

466  Yeast toxicity assays
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467 All yeast strains used in this study were derived from W303 (10); yeast was
468 grown at 30°C in YPD medium or in appropriate amino acid dropout synthetic media
469 supplemented with 2% of glucose or galactose as the sole carbon source. Yeast
470  transformation was performed as previously described (74). Inducible protein toxicity of
471 Ceg3 was assessed by the galactose-inducible promoter on pYESINTA (Invitrogen).
472  Briefly, plasmids harboring Ceg3 or its mutant derived from pYESINTA were
473 transformed into yeast strain W303. Yeast grown in liquid selective medium in the
474  presence of glucose was serially diluted five-fold and 5 pL of each dilution was spotted
475  onto selective plates containing glucose or galactose. Plates were incubated at 30°C for
476 3 days before image acquisition.

477

478  Carbonate treatment of mitochondria

479 Mitochondria were isolated from cultured cells using a mitochondria isolation kit
480 (Thermo Fisher, cat# 89874) according to the manufacturer’s instructions. Isolated
481  mitochondria were resuspended in a high pH carbonate buffer (0.1 M Na,CO3, pH 11)
482  on ice for 30 min with occasional agitation. Samples were centrifuged at 15,000 g for 20
483 min at 4°C. Integral membrane proteins were collected in pellet fraction, while peripheral
484 membrane proteins and soluble proteins were harvested in supernatant fraction. Both
485 fractions were resolved by SDS-PAGE and analyzed by immunoblotting.

486

487  Transfection, immunoprecipitation, infection

488 Plasmids were transfected into mammalian cells by using Lipofectamine 3000
489  (Invitrogen, cat# L3000150). After 24 h transfection, cells were collected and lysed with
490 the TBS buffer (150 mM NaCl, 50 mM Tris-HCI, pH 7.5) with 1% Triton X-100. When
491 needed, immunoprecipitation was performed with lysates of transfected cells by using
492 beads coated with the Flag antibody (Sigma, cat# F2426) at 4°C overnight. Beads were
493 washed with pre-cold lysis buffer for 3 times. All samples were resolved by SDS-PAGE
494 and followed by immunoblotting analysis with the specific antibodies. For ADP-
495 ribosylated proteins enrichment by Af1521 pulldown, Affigel beads (BioRad) were
496 coated with recombinant His-Af1521 proteins with protocols supplied by the

497 manufacturer and then were incubated with lysates of HEK293T cells transfected to
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498 express Ceg3 or Ceg3ga overnight at 4°C. Affigel beads were washed 3 times and
499  bound proteins were treated with SDS sample buffer. Proteins resolved by SDS-PAGE
500 were visualized by silver staining and immunoblotting.

501

502 For all L. pneumophila infection experiments, L. pneumophila strains were grown
503 in AYE broth to the post-exponential phase judged by optical density (ODgoonm= 3.2-4.0)
504 as well as increase in motility. Complementation strains were induced with 0.2 mM
505 isopropyl B-D-1-thiogalactopyranoside (IPTG) for 4 h at 37°C before infection. To
506 determine the modification of ANTs and ADP/ATP exchange rates in mitochondria
507  during bacterial infection, HEK293T cells transfected to express FCyRII receptor (12) for
508 24 h were infected with opsonized bacteria at a multiplicity of infection (MOI) of 100. 2 h
509 after infection, mitochondria were isolated from cells for further experiments. For assays
510 of L. pneumophila growth within, approximately 4x10° bone marrow-derived
511 macrophages or D. discoideum seeded into 24-well plates 1 day before infection were
512 infected with relevant L. pneumophila at an MOI of 0.05. 2 hours after adding the
513 bacteria, we synchronized the infection by washing the monolayers three times with
514  PBS buffer. Infected macrophages or D. discoideum were incubated at 37°C in the
515 presence of 5% CO; or at 25°C, respectively. At each time point, cells were lysed with
516  0.02% saponin, dilutions of the lysate were plated onto bacteriological media, and CFU
517  were determined from triplicate wells of each strain.

518

519 Protein purification

520 For His-Af1521 protein production, 10 mL overnight E. coli cultures were
521 transferred to 400 mL LB medium in the presence of 100 ug/mL ampicillin and grown to
522  ODsggonm Of 0.6-0.8. Then the cultures were incubated at 18 °C for 16-18h after the
523  addition of IPTG at a final concentration of 0.2 mM. Bacterial cells were harvested at
524  12,000g by spinning and lysed by sonication. The soluble lysates were cleared by
525  spinning at 12,0009 twice at 4°C for 20 min. His-tagged proteins were purified with Ni?*-
526 NTA beads (QIAGEN) and were eluted with 300 mM imidazole in PBS buffer. Purified
527  proteins were dialyzed in buffer containing PBS, 5% glycerol and 1 mM DTT overnight.
528
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529  Antibodies and Immunoblotting

530 For immunoblotting, samples resolved by SDS-PAGE were transferred onto 0.2
531 um nitrocellulose membranes (Bio-Rad, cat# 1620112). Membranes were blocked with
532 5% non-fat milk, and then incubated with the appropriate primary antibodies: anti-HA
533 (Sigma, cat# H3663), 1:5000; anti-Flag (Sigma, cat# F1804), 1: 5000; anti-ICDH (75),
534  1:10,000; anti-tubulin (DSHB, E7) 1:10,000; anti-PDHA1 (Proteintech, cat# 18068-1-AP),
535 1:5000; anti-ATPB (Proteintech, cat# 17247-1-AP), 1:2000; anti-TOM20 (Proteintech,
536 cat# 11802-1-AP), 1:5000; anti-VDACL1 (Proteintech, cat# 55259-1-AP), 1:2000; anti-
537 Cyto ¢ (Santa Cruz, cat# sc-13560), 1:1000; anti-Calnexin (Proteintech, cat# 10427-2-
538 AP), 1:2000; anti-GM130 (BD Biosciences, cat# 610822), 1:2500; anti-ADPR (Sigma,
539 cat# MABE1016), 1:1000. Membranes were then incubated with an appropriate IRDye
540 infrared secondary antibody and scanned by using an Odyssey infrared imaging system
541  (Li-Cor’s Biosciences).

542

543 Immunostaining

544 HEK293T Cells were seeded at 5x10* per well on glass coverslips in 24-well
545 plates 1 day before transfection. Cells were transfected to express corresponding
546  proteins for 24 h, and then fixed by 4% formaldehyde solution for 20 min at room
547  temperature. Fixed cells were permeabilized by 0.2% Triton X-100 solution for 5 min,
548 and blocked with 4% goat serum for 30 min at 37 °C. COX4l1 was stained with the
549  COXA4l1 specific antibody (Cell signaling, cat# 4850) at a dilution of 1:500, Calnexin was
550 stained with the Calnexin specific antibody (Proteintech, cat# 10427-2-AP) at a dilution
551 of 1:500, Flag was stained with the Flag specific antibody (Sigma, cat# F1804) at a
552  dilution of 1:50. Incubation with primary antibodies was performed overnight at 4°C, and
553 then cells were stained with secondary antibodies conjugated to Alexa Flour 594 or
554  Alexa Flour 488 (Thermo Fisher Scientific) at a dilution of 1:500 for 1 h at room
555 temperature. After staining for nucleus with Hoechst, samples were analyzed by using
556 an IX-81 Olympus fluorescence microscope and images were pseudocoloured with the
557  IPLab software.

558

559 Lentiviral transduction
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560 To produce lentivirus for transduction expression of Ceg3 in COS-1 cells, Ceg3
561 was inserted into pCDH-CMV-MCS-EFla-RFP (System Biosciences cat# CD512B-1),
562  which was transfected together with pMD2.G (Addgene plasmid #12259) and psPAX2
563 (Addgene plasmid #12260) vector (76) into HEK293T cells grown to about 70%
564  confluence. Supernatant was collected after 48 h and then filtered with a 0.45 um
565 syringe filter. The titer of the produced lentivirus was determined by using qPCR
566  Lentivirus Titer Kit (abm, cat# LV900). For lentiviral transduction, approximately 1x10°
567 COS-1 cells seeded into 24-well plates 1 day before transduction were transduced with
568 lentiviral particles at an MOI of 10. Cells incubated for 2 days at 37°C with 5% CO, were
569 collected for immunoblotting.

570

571 Detection of mitochondrial membrane potential (MMP)

572 The MMP was measured using a mitochondria membrane potential kit from
573 Sigma (Cat# MAK159) as previously described (77). Briefly, approximately 5x10*
574 HEK293T cells were seeded in opaque 96-well plates with clear bottom 1 day before
575 transfection. After 18 h of transient expression, 50 yL JC-10 Dye loading solution was
576 added to each sample well and incubated at 5% CO,, 37°C for 1 h, then 50 pL of assay
577 buffer B was added. The intensity of red fluorescence (Aex=540/A\e;=590 nm) and green
578 fluorescence (Aex=490/Aem=525 nm) was monitored by a BioTek reader (Synergy 2,
579 BioTek). The ratio of red/green fluorescence intensity was used to determine MMP.
580 Samples treated by 20 uM CCCP for 1 h was applied as a positive control of MMP loss.
581

582 ADP/ATP exchange rates determination

583 Mitochondria isolated from one 10-cm plate of HEK293T cells transfected to
584  express the proteins of interest or infected with relevant L. pneumophila strains were
585 washed three times and resuspended in a reaction buffer (10 mM HEPES (pH 7.4), 250
586 mM sucrose and 10 mM KCI). The ADP/ATP exchange process was initiated by the
587 addition of ADP at a final concentration of 2 mM. After 5 min incubation, the amount of
588 ATP transported from mitochondria was determined using an ATP measurment kit
589  (Invitrogen, cat# A22066). Luminescence of samples was detected by a BioTek reader

590 (Synergy 2, BioTek). For each experiment, a standard curve was generated with serially
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591 diluted ATP and was used to calculate the concentration of ATP in samples to
592 determine ADP/ATP exchange rates.

593

594 Immunogold labeling

595 HEK293T cells transiently expressing Flag-Ceg3 were washed with PBS briefly
596 and fixed overnight with 4% formaldehyde and 0.5% glutaraldehyde in 0.1 M phosphate
597  buffer (PB), pH 7.4 at 4°C. Cells were then washed with 0.1 M PB three times and then
598 incubated in 0.1 M glycine solution (pH 2.2) for 20 min to quench the free aldehyde
599 groups. The cell pellet was rinsed in 0.1 M PB buffer, and then dehydrated in an
600 ascending ethanol series and infiltrated with LR white resin. Samples were embedded in
601 gelatin capsules and polymerized. Polymerized samples were sectioned on a
602 ultramicrotome and 60-70 nm thick sections were collected onto 200 mesh nickel grids.
603  Grids were blocked with PBS containing 1% bovine serum albumin (BSA) (PBS-BSA
604  buffer) for 30 min at 37°C and then incubated with the anti-FLAG M2 monoclonal
605 antibody (Sigma, cat# F1804) at a 1:50 dilution in the PBS-BSA buffer overnight at 4°C.
606 The grids were rinsed with the same buffer five times and then were incubated with anti-
607 mouse IgG conjugated with 10 nm gold particles (Sigma, cat# G7652) at a 1:10 dilution
608 in 1% BSA-PBS for 1 hour. Grids were then washed with PBS and distilled water to
609 remove unbound gold conjugate. The labeled samples were then post-stained with
610 uranyl acetate and washed by distilled water prior to being examined by a Tecnai T12

611 (WSLR S046) transmission electron microscopy.

612
613 LC-MS/MS analysis
614 Protein bands were digested in-gel with trypsin/Lys-C for protein identification or

615 Lys-C for ADP-ribosylation modification site identification as previously described (78).
616  Digested peptides were injected onto a Waters NanoAcquity liquid chromatography (LC)
617 system, coupled to Thermo Orbitrap Eclipse or Lumos. The LC has a dual pump
618 configuration. Samples were desalted on a 4 cm reversed-phase trapping column (in-
619 house packed, 150 pm i.d. 5 um Jupiter C18 particle from Phenomenex) at 5 pL/min for
620 10 min. The analytical separation was on a 70 cm reversed-phase column (in-house

621 packed, 75 pum i.d. 3 um Jupiter C18 particle from Phenomenex) at 0.3 pL/min over 2 h.
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622  Mobile phases are 0.1% formic acid in water for A, and 0.1% formic acid in acetonitrile
623 for B. The gradient started at 1% B, and ramped to 8%-12%-30%-45%-95% B at 2-20-
624  75-97-100 min, respectively.

625

626 MS source was set to 2.2 kV for electrospray, 250°C for capillary inlet and RF
627 lens at 30%. Acquisition method is data-dependent peptide mode with cycle time of 3 s.
628 Isolation window was 1.6 m/z. Alternating higher-energy collisional dissociation (HCD)
629 and electron transfer dissociation (ETD) were applied to the same precursor. HCD had
630 stepped energy of 20, 30, 40%. ETD reaction time follows the calibrated parameters,
631  with supplemental HCD of 20%. Resolution setting was 60k for MS1 and 30k for MS2.
632 Normalized AGC target was 250% for MS1, 100% for HCD, and 200% for ETD.
633 Injection time control was set to auto.

634

635 For protein identification, the raw data were processed with the software Mascot
636 (version 2.3.02, Matrix Science) against Homo sapiens database (Uniprot,
637 UP000005640). Mascot was set to search with the following parameters: peptide
638 tolerance at 0.05 Da, MS/MS tolerance at 0.2 Da, carbamidomethyl (C) as a fixed
639  modification, oxidation (M) as a variable modification, and maximum of two missed
640 cleavage. The false-discovery rates (FDR) were controlled at <1%. To identify the ADP-
641 ribosylation modification sites, data were analyzed using Byonic v3.11 (ProteinMetrics).
642 Protein FASTA contained the target protein and common contaminations (trypsin,
643 keratin, etc as provided in Byonic). Semi-specific and two max missed cleavages were
644 allowed. Mass error tolerance was 7 ppm for precursor and 10 ppm for fragments.
645 Dynamic modifications (provided in Byonic) include carbamidomethyl (+57.02 Da),
646 oxidation (+15.99 Da), phosphorylation (+79.97 Da), and ADP-ribosylation (+541.06
647 Da). Custom modifications included phosphoribosylation (+212.01 Da), ADP (+409.02
648 Da), AMP (+329.20 Da), and ribosylation (+132.04 Da). Identified peptides were then
649 examined manually for spectral quality. High confidence peptides with target
650 modifications were further examined manually in Xcalibur QualBrowser.

651

652 Data quantitation and statistical analyses
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653 Student’s t-test was used to compare the mean levels between two groups each
654 with at least three independent samples. All western blot results shown are one
655 representative from three independent experiments.

656
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875

876 Fig. 1 Ceg3 is a mitochondria-associated effector that inhibits yeast growth by a
877 putative mART activity

878 A. Sequence alignment of the central region of Ceg3 with three bacterial proteins of
879 mART activity. The strictly conserved residues essential for catalysis are in red. SdeA,
880 ExoS, and CtxA are from L. pneumophila, P. aeruginosa, and V. cholerae, respectively.
881 B. The predicted mART motif is critical for Ceg3-mediated yeast toxicity. Serially diluted
882 yeast cells expressing Ceg3 or Ceg3ga from a galactose-inducible promotor were
883  spotted on the indicated media for 3 days before image acquisition. Similar results were
884  obtained in at least three independent experiments.

885 C. Ceg3 co-localizes with the mitochondrial protein COX4l1. HEK293T cells were
886 transfected with plasmids that direct the expression of Flag-Ceg3 or Flag-MavC for 18
887  hours. Fixed samples were immunostained with antibodies specific for Flag (red), the
888 mitochondrial marker COX4I1 or the ER marker Calnexin (green). Images were
889 acquired with an Olympus IX-81 fluorescence microscope. Bar, 5 um.

890 D. Flag-Ceg3 localized to the mitochondria detected by Immunogold labeling. HEK293T
891 cells expressing Flag-Ceg3 were fixed, stained with a mouse anti-Flag antibody and an

892 anti-mouse IgG conjugated with 10 nm gold particles sequentially. Images were
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893 acquired with a Tecnai T12 electron microscopy. Area highlighted by rectangles
894 (dashed line) on the left panel is magnified in the right panels. Gold particles were
895 indicated by white arrows. Bar, 1 um.

896 E. Ceg3 fractionated with mitochondria. The cytosol and mitochondrial fractions of
897 HEK293T cells transfected to express Flag-Ceg3 or Flag-MavC were probed with
898 antibodies specific for the indicated proteins.

899 F. Ceg3 is an integral mitochondrial membrane protein. Mitochondria isolated from
900 HEK293T cells expressing HA-Ceg3 were subjected to extraction with 0.1 M Na,COs3
901 (pH 11) for 30 min. Relevant proteins in soluble (S) and pellet (P) fractions separated by
902 centrifugation were probed by immunoblotting with the indicated antibodies.

903

904
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905
906 Fig. 2 Identification of the cellular targets of Ceg3

907 A. Detection of modified proteins by the ADPR-specific antibody. Lysates of HEK293T
908 cells expressing 4xFlag-Ceg3 or 4xFlag-Ceg3g/a were probed with antibodies specific
909 for ADPR-modification (left), the Flag tag (middle) or both (right). Note that the band
910 indicated by a red arrow in samples expressing Ceg3 detected by the ADPR antibody
911 represents its potential targets.

912 B. Substrate probing by immunoprecipitation. Lysates of HEK293T cells transfected to
913 express 4xFlag-Ceg3 or 4xFlag-Ceg3ga Wwere subjected to immunoprecipitation with
914 beads coated with the Flag antibody and the products resolved by SDS-PAGE were
915 detected by silver staining (left) or probed with the ADPR-specific antibody (right). Note
916 the presence of a band in samples expressing Ceg3 but not Ceg3g/a when detected with
917 the ADPR antibody (red arrows).

918 C. Enrichment of ADP-ribosylated proteins by Af1521 from cells transfected to express
919 Ceg3. Lysates of HEK293T cells expressing 4xFlag-Ceg3 or 4xFlag-Ceg3ga were
920 incubated with beads coated with recombinant Afl1521 and the pulldown products
921 resolved by SDS-PAGE were detected by immunoblotting with the ADP-ribose antibody
922  (left) or by silver staining (right) (red arrows).
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923 D. Interactions between ANT1 and Ceg3. Lysates of HEK293T cells co-transfected to
924  express 4xFlag-ANT1 and GFP-Ceg3 (or GFP) were subjected to immunoprecipitation
925 with beads coated with the Flag antibody and bound proteins resolved by SDS-PAGE
926 were detected with Flag and GFP antibodies, respectively. The expression of 4xFlag-
927 ANT1, GFP-Ceg3 and GFP were similarly probed in total cell lysates as input.

928 E. Colocalization of Ceg3 and ANT1. HelLa cells transfected to express GFP-Ceg3 and
929 RFP-ANT1 were fixed and analyzed. Images were acquired using an Olympus 1X-81
930 fluorescence microscope. Bar, 5 ym.

931
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Fig. 3 Determination of the modification sites on ADP/ATP translocases induced
by Ceg3

A. Ceg3 attacks all four ANT isoforms by ADP-ribosylation. Flag-tagged ANTSs isolated
from lysates of cells co-expressing GFP-Ceg3 or GFP-Ceg3g/a by immunoprecipitation
were probed with antibodies specific for ADPR and Flag (top). The expression of
relevant proteins was probed in total cell lysates with antibodies specific for GFP
(Ceg3l), Flag (ANTs) and Tubulin (bottom), respectively.

B. Mass spectrometric analysis of ADP-ribosylated 4xFlag-ANT1y227k/r237k. MOno-ADP-
ribosylation modification was detected in the peptide -SzsYPFDTVRRK237-. Tandem
mass (MS/MS) spectrum shows the fragmentation pattern of the modified peptide, with
many ADP-ribosylation-specific marker ions and neutral loss fragments highlighted in
green.

C. The schematic topology of ANT1 based on the structure of the bovine ADP/ATP
carrier (PDB: 10KC). Note the positioning of Arg236 at the end of helix 5.
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947 D. Mutation of R236 but not neighboring arginine residues in ANT1 abolished Ceg3-
948 induced modification. In each case, Flag-ANT1 or its mutants isolated from HEK293T
949 cells co-expressing GFP-Ceg3 or GFP-Ceg3E/A were probed for ADPR modification
950 (top) or for protein levels in IP products. The expression of Ceg3 and ANT1 or their
951 mutants were probed in total lysates (input). Tubulin was detected as a loading control.
952 E. Ceg3 induces ADP-ribosylation modification of yeast ADP/ATP carriers. Lysates of
953 yeast cells expressing Hiss-Ceg3 or Hisg-Ceg3ga driven by a galactose-inducible
954  promotor were detected for ADPR modification (top) (red arrow) or for the expression of
955 Ceg3 (bottom). Note that the expression of wild-type Ceg3 was not detectable despite
956 the presence of strong modification signals.

957
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958
959 Fig. 4 ADP-ribosylation of ADP/ATP translocases by Ceg3 occurs in cells infected
960 with L. pneumophila
961 A. An intact mART motif in Ceg3 is required for its modification of ADP/ATP
962 translocases during L. pneumophila infection. Bacteria of the indicated L. pneumophila
963 strains were opsonized prior to infecting HEK293T cells transfected to express the Fcyll
964 receptor at an MOI of 100 for 2 h. Samples of the mitochondrial fraction were probed for
965 ADPR after SDS-PAGE (top). PDHAL1 and tubulin were probed as controls to monitor
966 the success of cell fractionation. One cytosolic fraction sample was included as an
967 additional control (middle). The expression of Flag-Ceg3 in bacteria was analyzed with
968 the Flag antibody, the metabolic enzyme isocitrate dehydrogenase (ICDH) was probed
969 as aloading control (bottom).
970 B. A functional Dot/lcm system is required for Ceg3-induced ADP-ribosylation of
971 ADP/ATP translocases in infected cells. HEK293T cells expressing the Fcyll receptor
972  were infected with opsonized bacteria expressing Flag-Ceg3 at an MOI of 100 for 2 h.
973 Isolated mitochondrial proteins resolved by SDS-PAGE were probed for ADPR
974  modification (top). The quality of cell fractionation was determined by probing for
975 PDHAL and tubulin (middle), respectively. The expression of Ceg3 in bacteria was
976  detected with the Flag antibody, and ICDH was probed as a loading control (bottom).
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977 C. ADP-ribosylation of ADP/ATP translocases is detectably induced by wild-type L.
978 pneumophila at 6 h post-infection. HEK293T cells expressing the Fcyll receptor were
979 infected with opsonized bacteria for the indicated periods of time at an MOI of 30.
980  Mitochondrial proteins were analyzed by anti-ADPR and anti-PDHA1 Western blot.

981
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982

983 Fig. 5 Ceg3inhibits ADP/ATP exchange in mitochondria

984 A. Ceg3 interferes with the mitochondrial membrane potential (MMP). HEK293T cells
985 transfected to express Ceg3 or its inactive mutant Ceg3gx were used to determine MMP
986 by the JC-10 dye. Samples treated with 20 yM CCCP for 1 h were included as a
987 positive control for loss of MMP integrity. Quantitation shown was from three
988 independent experiments done in triplicate. Error bars: standard error of the mean
989 (SEM). Statistical analysis was determined by two-tailed t-test. ns, not significant; *,
990 p<0.05; **, p<0.01.

991 B. The workflow for measuring ADP/ATP exchange rates.

992 C. Ceg3 interferes with the ADP/ATP exchange by mitochondria. Mitochondria isolated
993 from HEK293T cells expressing the indicated proteins were suspended in a reaction
994  buffer containing 10 mM HEPES (pH 7.4), 250 mM sucrose and 10 mM KCI. 2 mM ADP
995 was added to initiate the ADP/ATP exchange process. After 5 min incubation, the
996 concentrations of ATP transported from mitochondria were determined to calculate the
997 ADP/ATP exchange rates. Quantitation shown was from three independent
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998 experiments. Error bars: standard error of the mean (SEM). Statistical analysis was
999 determined by two-tailed t-test. ns, not significant; *, p<0.05.

1000 D. Ceg3 perturbs ADP/ATP exchange in cells infected with L. pneumophila. Opsonized
1001 Dbacteria of the indicated L. pneumophila strains were used to infect HEK293T cells
1002  expressing the Fcyll receptor at an MOI of 100 for 2 h. Mitochondria isolated from the
1003 infected cells were used to determine ADP/ATP exchange rates. Results shown were
1004 from three independent experiments. Error bars: standard error of the mean (SEM).
1005  Statistical analysis was determined by two-tailed t-test. ns, not significant; *, p<0.05; **,
1006  p<0.01.

1007 E. A diagram depicting the inhibition of mitochondrial ADP/ATP exchange by Ceg3.
1008 Ceg3-induced modification of ANTs by ADPR in the inner membrane blocks the
1009 ADP/ATP transport activity of the translocases.

1010
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1011
1012  Fig. S1 Lys substitutions of V227 and R237 in ANT1 do not affect Ceg3-induced

1013  ADP-ribosylation

1014 A. Ceg3-induced ADPR modification of ANT1y227k/r237k- Lysates of HEK293T cells co-
1015 transfected to express 4Flag-ANT1y2o7kr2s7k @and GFP-Ceg3 or GFP-Ceg3ga were
1016  subjected to immunoprecipitation with Flag beads and the products were detected for
1017 ADPR modification or for protein levels. The expression of ANT1y2o7kr237x @and GFP-
1018 Ceg3 was also detected in total cell lysates.

1019 B. Isolation of ADP-ribosylated ANT 1y227k/r237x fOr mass spectrometric analysis. Lysates
1020 of HEK293T cells co-expressing 4Flag-ANT 1y227x/r237« and GFP-Ceg3 or GFP-Ceg3g/a
1021  were immunoprecipitated with Flag beads, and products resolved by SDS-PAGE were
1022  detected by Coomassie staining. IgG (HC) and IgG (LC) indicate 1gG heavy and light
1023 chains.
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ENTL = —mmemmeemseeed MGDHAWSFLKDFLAGGVAAAVSKTAVAPIERVKLLLQVQHASKQISAE 48
ANT2 e MTDAAVSFAKDFLAGGVAAAISKTAVAPIERVKLLLQVQHASKQITAD 48
ANTS & e MTEQAISFAKDFLAGGIAAATI SKTAVAPIERVKLLLQVQHASKQIAAD 48
ANT4 MHREPAKKKAEKRLFDASSFGKDLLAGGVAAAVSKTAVAPIERVKLLLOVQASSKQISPE 60

* kk kkookkkkokkk kkkkhkkkhkkkkkkkkkk o kkkok;

ANT1 KQYKGIIDCVVRIPKEQGFLSFWRGNLANVIRYFPTQALNFAFKDKYKQLFLGGVDRHKQ 108
ANT2 KQYKGIIDCVVRIPKEQGVLSFWRGNLANVIRYFPTQATLNFAFKDKYKQIFLGGVDKRTQ 108
ANT3 KQYKGIVDCIVRIPKEQGVLSFWRGNLANVIRYFPTQALNFAFKDKYKQIFLGGVDKHTQ 108
ANT4 ARYKGMVDCLVRIPREQGFFSFWRGNLANVIRYFPTQATLNFAFKDKYKQLFMSGVNKEKQ 120
sk s skk sk sk sokkkkkkkokkkkokkkkkkkkkkkkkkkkkk sk kk ok
ANT1 FWRYFAGNLASGGAAGATSLCFVYPLDFARTRLAADVGKGAAQREFHGLGDCIIKIFKSD 168
ANT2 FWLYFAGNLASGGAAGATSLCFVYPLDFARTRLAADVGKAGAEREFRGLGDCLVKIYKSD 168
ANT3 FWRYFAGNLASGGAAGATSLCFVYPLDFARTRLAADVGKSGTEREFRGLGDCLVKITKSD 168
ANT4 FWRWFLANLASGGAAGATSLCVVYPLDFARTRLGVDIGKGPEERQFKGLGDCIMKIAKSD 180
Kk 1k kkkkkkkkhkkkkkk hhkkkkkkokkhkk  kikk | ckikrkkkkk:ihkk kkk
ANT1 GLRGLYQGFNVSVQGIIIYRAAYFGVYDTAKGMLPDPKNVHIFVSWMIAQSVTAVAGLVS 228
ANT2 GIKGLYQGFNVSVQGIIIYRAAYFGIYDTAKGMLPDPKNTHIVISWMIAQTVTAVAGLTS 228
ANT3 GIRGLYQGFSVSVQGIIIYRAAYFGVYDTAKGMLPDPKNTHIVVSWMIAQTVTAVAGVVS 228
ANT4 GIAGLYQGFGVSVQGIIVYRASYFGAYDTVKGLLPKPKKTPFLVSFFIAQVVTTCSGILS 240
Ko kkkkkk kkkkkkkokkkokhkk kkk kkokk ks s ks okkk kk: ks ok
)
ANT1 YPFDTV Rm DSGRKGADIMYTGTVDCWRKIAKDEGAKAFFKGAWSNVLRGMGGAFVL 288
ANT2 YPFDTVRRRMMMDSGRKGTDIMYTGTLDCWRKIARDEGGKAFFKGAWSNVLRGMGGAFVL 288
ANT3 YPFDTVRRRMMMDSGRKGADIMY TGTVDCWRKIFRDEGGKAFFKGAWSNVLRGMGGAFVL 288
ANT4 YPFDTVRRRMMMDSGEA--KRQYKGTLDCFVKIYQHEGISSFFRGAFSNVLRGTGGALVL 298
kkkkkkkkkkkhkkhk Lk kkikk: kk 1 kk _ckkikkikkkkkk kkk:kk
ANT1 VLYDEIKKYV--=-=——-- 298
ANT2 VLYDEIKKYT------- 298
ANT3 VLYDELKKVI---—-—--- 298
ANT4 VLYDKIKEFFHIDIGGR 315
kkkks ik

1025
1026  Fig. S2 Sequence alignment of the four human ADP/ATP isoforms. The alignment

1027 was generated with the Clustal Omega software. The conserved Arg sites used for
1028 mutational analysis were colored in red. The modified sites of ADP-ribosylation
1029 mediated by Ceg3 were indicated by a red arrow.
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1031
1032 Fig. S3 Recombinant Ceg3 expressed in E. coli is insoluble

1033 A. Solubility of Hise-, GST-, or Hisg-Sumo-tagged Ceg3 in E. coli. E. coli strains
1034  harboring the appropriate plasmids were induced to express the differently tagged Ceg3
1035 proteins with 0.2 mM IPTG. Soluble fractions obtained by centrifugation were resolved
1036 by SDS-PAGE and detected by Coomassie staining. -, no IPTG treatment; T, total
1037 lysates; S, supernatant fraction; P, pellet fraction.

1038 B. Truncation mutagenesis did not yield a soluble version of Ceg3 in E. coli. Lysates of
1039 cells expressing Hisg-tagged truncations were centrifugated to obtain soluble fractions
1040 and the presence of the proteins of interest was detected by Coomassie staining. S,
1041 supernatant fraction; P, pellet fraction.
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1044  Fig. S4 ANT1 is ADP-ribosylated by Ceg3in E. coli.

1045 A. Proteins purified from mammalian cells do not detectably modify ADP/ATP
1046 translocases in a cell-free assay. 4xFlag-GFP-Ceg3 and 4xFlag-ANTs proteins purified
1047  from HEK293T cells were incubated with 1 mM NAD at 37°C for 1 h. Samples resolved
1048 by SDS-PAGE were probed for ADPR modification or for the relevant proteins. Note the
1049  detection of ADPR signals for modified endogenous ANTS.

1050 B. E. coli strains harboring the appropriate plasmids were induced to express Flag-
1051 Ceg3 and GST-ANT1 proteins with 0.2 mM IPTG. Bacterial lysates resolved by SDS-
1052 PAGE were probed for ADPR modification and the expression of Flag-Ceg3 and GST-
1053  ANTL.
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1055 Bone marrow-derived macrophages Dictyostelium. discoideum

1056 Fig. S5 Deletion of ceg3 did not detectably affect intracellular growth of L.
1057 pneumophila. BMDMs (A) or D. discoideum (B) were infected with the indicated
1058 bacterial strains and intracellular bacteria were determined at the indicated time points.
1059 Each strain was done in triplicate and similar results were obtained in three independent
1060 experiments. Errors were derived from three technical replicates (mean = s.e. from
1061 three replicates).
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1063
1064 Fig. S6 ADP-ribosylation of ANTs by Ceg3 does not affect mitophagy induction

1065 A. CCCP induces mitophagy in COS-1 cells. Lysates of the indicated cell lines that have
1066  been treated with 20 yM CCCP for 24 h were resolved by SDS-PAGE and then probed
1067 for PDHA1 (mitochondrial matrix protein) and ATPB (mitochondrial inner membrane
1068  protein). Tubulin was probed as a loading control.

1069 B. Ceg3 expressed in COS-1 cells by lentiviral transduction induced ADP-ribosylation of
1070 ADPJ/ATP translocase. Lysates of COS-1 cells transduced with a lentivirus harboring the
1071 indicated plasmid at an MOI of 10 for two days were probed for ADPR maodification,
1072  tubulin was probed as a loading control.

1073 C. Ceg3 expressed in COS-1 cells does not affect the protein level of PDHA1
1074 regardless of CCCP treatment. COS-1 cells expressing the indicated proteins for one
1075 day were treated with 20 uM CCCP for another 24 h, cells treated with DMSO were
1076  used as controls. PDHAL was probed to evaluate mitophagy, tubulin was detected as a
1077  loading control.
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1079

1080 TableS1 Identification of ADP/ATP translocases as the targets of Ceg3 in
1081 samples obtained by Afl1521-pulldown. The protein band specifically present in
1082  Af1521 pulldown samples from expressing Ceg3 was analyzed by mass spectrometry;
1083 the 10 proteins with the most hits were listed.

Rank  Gene Name Protein Description Spectral Counts
| 1 | KRT1 | Keratin 1 | 232 |
2 SLC25A6 ADP/ATP translocase 3 87
3 SLC25A5 ADP/ATP translocase 2 84
4 SLC25A4 ADP/ATP translocase 1 71
5 KRT10 Keratin, type | cytoskeletal 10 64
6 KRT2 Keratin, type Il cytoskeletal 2 57
7 KRT9 Keratin, type | cytoskeletal 9 56
8 SLC25A31 ADP/ATP translocase 4 40
9 KRT9 Keratin, type | cytoskeletal 9 36
10 KRT13 Keratin, type | cytoskeletal 13 29
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Table S2 Bacterial strains, plasmids and primers used in this study

Bacterial Strains Source Identifier

L. pneumophila (Philadelphia-1) (67) N/A

LPO2

L. pneumophila LP0O3 (67) N/A
LP02Aceg3 This study N/A
LP02Aceg3 (pZL507) This study N/A
LP02Aceg3 (pZLQ-Flag) This study N/A
LP02Aceg3 (pCeg?l) This study N/A
LP02Aceg3 (pCeg3e141a/E1434) This study N/A

LPO2 (pCeg3) This study N/A

LPO3 (pCeg3) This study N/A

E.coli BL21(DE3) NEB CAT#C2527I
E.coli XL1-Blue Agilent CAT#200249
Plasmids Source Identifier
pZL507 (12) N/A
pZLQ-Falg::ceg3 This study N/A
pZLQ-Flag::ceg3g141aE143A This study N/A
p4xFlagCMV (12) N/A
p4xFlagCMV::.ceg3 This study N/A
p4xFlagCMV::ceg3e141aE143A This study N/A
pAPH-HA This study N/A
pAPH-HA::.ceg3 This study N/A
pAPH-HA::ceg3e141aE1434 This study N/A
pCDNA3.1::ceg3-Flag This study N/A
GFP (12) N/A
GFP::ceg3 This study N/A
GFP::ceg3e141aE143 This study N/A
pQE30 Qiagen CAT#32915
pQE30::ceg3 This study N/A
PQE30::ceg3e141aE143 This study N/A
pGST Cytiva CAT#28954648
pGST::ceg3 This study N/A
PGST::.ceg3k141aE143A This study N/A
pETSumo::ceg3 This study N/A
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pQE30::ceg3AC20 This study N/A
pQE30::ceg3AC40 This study N/A
PQE30::ceg3AC60 This study N/A
pQE30::ceg3AC80 This study N/A
pPQE30::ceg3AN20 This study N/A
pQE30::ceg3AN20AC40 This study N/A
pQE30::ceg3AN20AC80 This study N/A
p4xFlagCMV::mavC (12) N/A
p4xFlagCMV::ANT1 This study N/A
pAxXFlagCMV::ANT 1y2o7k/r237K This study N/A
p4xFlagCMV::ANT2 This study N/A
p4xFlagCMV::ANT3 This study N/A
p4xFlagCMV::ANT4 This study N/A
PYESINTA Invitrogen Cat#Vv825220
PYES1INTA:ceg3 This study N/A
PYESINTA::ceg3c141aE143A This study N/A
RFP::ANT1 This study N/A
p4AxFlagCMV::ANT 1rgox This study N/A
pAxFlagCMV::ANT1r72x This study N/A
p4AxFlagCMV::ANT 1138k This study N/A
p4AxFlagCMV::ANT1r140x This study N/A
p4AxFlagCMV::ANT1gris50x This study N/A
p4xFlagCMV::ANT1ro35¢ This study N/A
p4AxFlagCMV::ANT 1ro36x This study N/A
pAxXFlagCMV::ANT 1ro37x This study N/A
pCDH-CMV-MCS-EFla-RFP System Biosciences Cat#CD512B-1
pCDH-CMV-MCS-EFl1a-RFP:: ceg3 This study N/A
pCDH-CMV-MCS-EFl1a-RFP::ceg3gi41aE143a  This study N/A
pMD2.G Addgene Cat#12259
psPAX2 Addgene Cat#12260
1087
Primers Sequence (Restriction enzyme sites are underlined) Note
pSL1001 ctaggatccatgaacagattaaaatttttttc ceg3 5F BamHI
pSL1002 catgtcgacttaaactctaggggataatg ceg3 3R Sall
pSL1003 catgtcgacgctggttatigcttggtgat ceg3 up Sall
knockout
pSL1004 ctaggatccaagtaacgcattgtgaaatttg ceg3 up BamHI
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knockout
pSL1005 ctaggatccgttacttattatgtaaaggaatc ceg3 down BamHI

knockout
pSL1006 catgagctcgcttaaagccactgeggttg ceg3 down Sacl

knockout
pSL1007 atcgacaaccagttctgcttttgcccegtcatgctcacc ceg3 ermaE1aza-1
pSL1008 ggtgagcatgacggggcaaaagcagaactggttgtcgat ceg3 e1a1a/E143A -2
pSL1009 ctagctagcgccaccatgaacagattaaaatttttttc ceg3 5F Nhel
pSL1010 catggatccttacttatcgtcgtcatccttgtaatcaactctaggggataatgaa  ceg3 3R BamHI
pSL1011 ctaggatccatgatttctaatttaagcgatce ceg3AN20 5F BamHI
pSL1012 catgtcgacttaatctccgtcaaatcgectc ceg3AC20 3R Sall
pSL1013 catgtcgacttaaagcttggcaaactcttc ceg3AC40 3R Sall
pSL1014 catgtagacttacgaactgaaatcaccaagtt ceg3AC60 3R Sall
pSL1015 catgtcgacttaattgggaaccactccccca ceg3AC80 3R Sall
pSL1016 ctaggatccggtgatcacgcttggagct ANT1 5F BamHI
pSL1017 catgtcgacttagacatattttttgatctcat ANTL1 3R Sall
pSL1018 ctatgatcaacagatgccgctgtgtcct ANT2 5F Bcll
pSL1019 catgtcgacttatgtgtacttcttgattica ANT2 3R Sall
pSL1020 ctaggatccacggaacaggccatctcct ANT3 5F BamHI
pSL1021 catctcgagttagatcaccttcttgagctc ANT3 3R Xhol
pSL1022 ctaggatcccatcgtgagcctgcgaaaaag ANT4 5F BamHI
pSL1023 catgtcgacttacctaccaccaatatcaata ANT4 3R Sall
pSL1024 cattgattgtgtggtgaaaatccctaaggagcagg ANT1grgox -1
pSL1025 cctgctccttagggattticaccacacaatcaatg ANT1rgox -2
pSL1026 cttcctctectictggaagggtaacctgge ANT1gr7ok -1
pSL1027 gccaggttacccticcagaaggagaggaag ANT 172k -2

pSL1028
pSL1029
pSL1030
pSL1031

acccgctggactttgctaagaccaggttgg
ccaacctggtcttagcaaagtccagcegggt
gactttgctaggaccaagttggctgctgatgtg

cacatcagcagccaacttggtcctagcaaagtc

ANT1gry3gx -1
ANT1Rry3g¢ -2
ANT1Rri40x -1
ANT1Rr140x -2

pSL1032 caagggcgccgeccagaaggagticcatggtctgg ANT1ri50k -1
ANT1Rrisk -2
ANT1rogsk -1
ANT1grossk -2
ANT1roz6x -1
ANT1ro36x -2

ANTI1Rog7k -1

pSL1033 ccagaccatggaactccttctgggeggcegceccttg
pSL1034 tcctacccctttgacactgttaagcgtagaatgatgatgcag
pSL1035 ctgcatcatcatictacgcttaacagtgtcaaaggggtagga
pSL1036 tacccctttgacactgticgtaagagaatgatgatgcagtc
pSL1037 gactgcatcatcattctcttacgaacagtgtcaaaggggta
pSL1038 tgacactgttcgtcgtaaaatgatgatgcagtccg

49


https://doi.org/10.1101/2021.09.17.460778
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.09.17.460778; this version posted September 17, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

pSL1039 cggactgcatcatcattttacgacgaacagtgtca ANT1ro37¢ -2
pSL1040 gcagtcgcagggctgaagtcctaccectttga ANTLyo7k -1
pSL1041 tcaaaggggtaggacttcagccctgcgactgce ANTLyp07¢ -2
1088
1089
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