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SUMMARY

The bacterium Legionella pneumophila secretes numerous effector proteins that manipulate
endoplasmic reticulum (ER)-derived vesicles to form the Legionella-containing vacuole (LCV).
Despite extensive studies, whether the LCV membrane is separate from or connected to the host
ER network remains unclear. Here, we show that the smooth ER (SER) is closely associated
with the LCV early in infection. Remarkably, Legionella forms a distinct rough ER (rER) niche
at later stages, disconnected from the host ER network. We discover that host small GTPases
Rab10 and Rab4 and an ER protein, BAP31, play crucial roles in transitioning the LCV from

an skER to an rER. Additionally, we have identified a Legionella effector, Lpg1152, that binds to
BAP3L1. Interestingly, the optimal growth of Legionellais dependent on both BAP31 and Lpg1152.
These findings detail the complex interplay between host and pathogen in transforming the LCV
membrane from a host-associated SER to a distinct rER.

In brief

Chadha et al. demonstrate that Legionella pneumophila manipulates host cell membranes to form
the Legionella-containing vacuole (LCV), which is distinct from the host rough ER. This transition
is driven by host proteins BAP31, GTPases Rab10 and Rab4, and the Legionella effector Lpg1152.
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INTRODUCTION

The bacterium Legionella pneumophila (L.p.) is the causative agent of a severe type of
pneumonia known as Legionnaires’ disease. L.p. primarily affects immunocompromised
and elderly patients, and infection can often lead to a high mortality.! When aerosols
containing L.p. are generated, they can enter the human lung, where it is detected and
phagocytosed by alveolar macrophages. Upon entry, L.p. uses its type IV secretion system,
Dot/Icm, to secrete more than 300 bacterial effector proteins into the host cell.2,3 Despite
their identification, the targets and functions of most of these L.p. effectors are currently
unknown.* For the effectors whose functions are known, L.p. has been shown to target host
proteins that are evolutionarily conserved from amoeba to humans, many of which are key
players in regulating membrane traffic in cells.>~10 Studying the function of L.p. effectors
has often led to a deeper understanding of the role of essential host proteins, including a
novel posttranslational modification® and non-canonical ubiquitination signaling.11-1%> Some
of these effectors are thought to play key roles in acquiring host endoplasmic reticulum
(ER)-derived vesicles to form the Legionella-containing vacuole (LCV).16 Improper ER
membrane recruitment leads to defects in bacterial replication.10-17 However, two big
questions remain: (1) is the LCV contiguous with the host ER membrane, or is it a separate
entity? (2) What effectors and host proteins help create this unique LCV niche?

The ER is organized into a ribosome binding compartment, termed rough ER (rER), and a
non-ribosome binding compartment, termed the smooth ER (SER).18 The sER has a tubular
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structure and functions in Ca2* signaling and lipid synthesis. Its structure is maintained by
a wide range of membrane-shaping proteins, including Reticulon-4 (Rtn4).19 In contrast,
the rER has a sheet-like structure and functions in de novo protein synthesis.18 The protein
Sec61p functions as a translocon that facilitates protein entry into the ER and is associated
with the rER.20 The composition of the ER membrane, however, is dynamic. This is best
characterized by ER-resident proteins that shuttle between sER and rER. One such protein
is B cell receptor-associated protein 31 (BAP31).21 BAP31 is a transmembrane protein
that primarily localizes to the sER under steady-state conditions but translocates to the
rER under conditions when the ER is perturbed.22 Due to the continuous exchange of
membranes within the ER, the ratio of the rER to the SER in cells is not always constant.
This variability in ER sub-compartment composition influences various cellular functions,
such as secretory capacity and translation ability.23 By creating an ER-derived niche, L.p.
provides an opportunity to explore the intricate communication between different ER sub-
compartments.

In this study, we aimed to leverage L.p. as a discovery tool to uncover the communication
dynamics between ER sub-compartments. Previous observations indicated ribosome
presence on the LCV surface, suggesting an rER association.24 However, recent data show
that SER markers such as Rtn4 are ubiquitinated and recruited to the LCV.2% Here, we

try to resolve this seemingly disparate observation by providing evidence that the LCV
transitions from an SER association to an rER identity in a temporal manner. Interestingly,
it can maintain a unique rER niche that is not contiguous with the host ER membrane.
L.p. utilizes host Rab GTPases, Rab10 and Rab4, and the ER-resident protein, BAP31,
which allow L.p. to mature from an sER to an rER identity. Notably, we identify Lpg1152
as a key L.p. effector that binds BAP31, facilitating LCV maturation during infection.
Thus, our study reveals BAP31 as a Rab effector that is crucial for ER sub-compartment
communication, underscoring the elaborate mechanisms by which L.p. manipulates host
proteins and effectors to rewire the ER network.

L.p. associates temporally with the sER and later creates a unique rER niche independent
of the host ER network

Given that L.p. has been shown to associate with both SER and rER membranes,2425 we
sought to understand whether acquiring these markers was a temporally regulated process.
We used a HeLa cell line that stably expresses FcyRIl (HeLa Fcy) to facilitate L.p. entry
via antibody-mediated opsonization. HeLa Fcy and HEK293 Fcy are commonly used

in Legionellaresearch as a surrogate for macrophages due to their superior transfection
efficiency and similar outcomes concerning the host processes manipulated by L.p. to
establish its replicative niche.526:27.28 \We analyzed the SER vs. rER association of L.p.
by confocal microscopy and used Rtn4 and Sec61p as SER and rER markers, respectively.
Interestingly, we observed a remarkable temporal segregation of SER and rER markers on
the LCV. At the initial stage of infection (2 h), the LCV showed an enrichment of Rtn4
(Figure 1A top panel), suggesting an sER localization. In contrast, at a late stage (8 h),

the LCV showed rER association, as evident by Sec61p staining (Figure 1A bottom panel).
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These data are consistent with previous EM and confocal data that have demonstrated the
enrichment of these markers on the LCV.2529:30 Next, we sought to answer a long-standing
question in the field: is the LCV membrane separate or contiguous with the host ER
membrane? We chose two independent photobleaching techniques to answer this question.
First, we employed fluorescence loss in photobleaching (FLIP) time-lapse imaging. Briefly,
FLIP is used to assess the continuity between areas within cells and involves the repeated
photobleaching of a small region of a cell that expresses a fluorescent marker. Over time,
because of the lateral movement of fluorophores, fluorescence loss is seen in other regions
of the cell that are interconnected with the bleached area. In contrast, the fluorescence in
the unconnected areas is unaffected because fluorescent markers do not pass through the
bleached region. We utilized HeLa Fcy cells that stably express an SER marker (GFP-Rtn4)
and an rER marker (RFP-Sec61p). At 3 h post infection, continuous photobleaching of
Rtn4 in a region in the ER (red box) which is distant from the LCV membrane (purple

box) caused a concomitant loss of the Rtn4 signal both in the host ER network as well as
the LCV membrane (Figures 1B and 1C; Video S1), suggesting that the LCV membrane

is contiguous with the host SER network. However, at 6 h post infection, even though the
photobleaching of Sec61p in ER regions (red box) distant from the LCV (purple box) results
in complete loss of fluorescence in the entire host ER membrane, Sec61p fluorescence on
the LCV remained mostly protected (Figures 1D and 1E; Videos S2 and S3). The small
decrease seen in the first 50 s could be a result of arbitrary drawing of the LCV area.

Some peripheral Sec61p staining around the LCV could be rER staining that is associated
with the LCV and this signal decreases at the same rate as the rest of the rER signal.

The real LCV area is revealed at a later point and shown to be mostly protected from

the bleach. This striking result indicates that the ER membrane on the LCV at 6 h post
infection is a distinct entity that is independent of the host ER membrane network. To
confirm these findings, we subjected HeLa Fcy cells to fluorescence recovery after photo
bleaching (FRAP). FRAP involves the photobleaching of fluorescently tagged proteins via
brief, intensive laser excitation followed by measuring the fluorescence recovery rates of
the fluorophores back into the briefly bleached area. If the fluorophores are in distinct
membrane compartments, there is little recovery. However, interconnected membranes will
show recovery of fluorescence over time. After 6 h post infection, photobleaching of Sec61p
on the LCV (red box) leads to a significant reduction in fluorescence intensity at the LCV
(white arrow) compared to the distal ER (blue box) (Figures 1F and 1G; Videos S4 and S5).
By 40 s post bleaching, the host ER (blue box) recovers ~80% of the Sec61p signal, whereas
the LCV (red box) only recovers ~20%. This confirms our FLIP findings that, at this late
stage, the LCV has a distinct rER membrane separate from the host ER. Taken together,

the FLIP and FRAP results unequivocally show that the LCV moves from a host-associated
continuous SER membrane to a distinct rER membrane that is independent of the host ER
network.

Rab4 and Rab10 facilitate the transition of the LCV from an sER to an rER identity

Our previous results stimulated our interest in identifying molecular mechanisms that
facilitate LCV maturation from the sER to the rER. Rab GTPases (members of the

Ras superfamily) regulate the maturation of the endosomal and secretory pathway
compartments.3! Indeed, several L.p. effectors are known to manipulate and modify these
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Rab GTPases.32 Upon entry, L.p. is known to first interact with the endosomal compartment,
followed by the acquisition of host ER vesicles.18 This observation prompted us to ask
whether early endocytic and ER-resident Rabs that regulate ER morphology and dynamics33
and are required for optimal L.p. growth34 are involved in this process.

Earlier work from the Voeltz lab suggested that Rab4 and Rab10 play crucial roles in
maintaining ER-endosome contact sites.33 To assess this, we first confirmed the presence of
Rab4 and Rab10 in the ER by subcellular fractionation (Figure 2A). ER-derived membrane
fractions (fractions 11-23) were separated from Golgi- and endosome-derived fractions
(fractions 1-5). Even though Rab4 and Rab10 were detected in the endosomal fractions
(1-3), we also detected a significant amount of Rab4 and Rab10 in fractions containing
ER-derived membrane (fractions 11-19) (Figure 2A). Moreover, the separation of rER and
SER membranes from whole cell membranes of HEK293 Fcy cells revealed that Rab10
was predominantly enriched in Rtn4-positive SER, whereas Rab4 was abundant in Sec61p-
positive rER (Figure 2B). Indeed, confocal microscopy after 4 h post infection with WT
L.p. revealed that both Rab4 and Rab10 were associated with the LCV membrane (Figure
2C), suggesting a role for these small GTPases in the LCV maturation process. To test

this notion, we silenced Rab4 and Rab10 in HelLa Fcry cells with small interfering RNAs
(SiRNAs) (Figure 2D), infected these cells with L.p., and assayed for the association of
Rtn4 and Sec61p with the LCV membrane (Figures 2E and 2F). Interestingly, the LCV

in Rab10-silenced cells showed dramatic reduction in acquiring either Rtn4 (after 4 h) or
Sec61p (after 8 h) (Figures 2E and 2F). In contrast, LCVs in Rab4-silenced cells showed
no change in Rtn4 acquisition after 4 h. However, 8 h post infection, Rab4 silencing
significantly increased Rtn4-positive vacuoles compared to mock treatment and showed

a defect in acquiring Sec61p (Figures 2E and 2F). These results suggested that Rab10
functions upstream of Rab4 during the LCV maturation process and that LCV maturation
from sER to rER is at least partly dependent on Rab4 (Figures 2E and 2F). In contrast,
recruitment of Sec61p on LCV is downstream of both Rab4 and -10, as silencing of both
Rab4 and -10 significantly reduced the vacuoles that were positive for Sec61p at 8 h post
infection (Figure 2F). It is also possible that Rab4 is required to remove SER, which sets the
stage for rER acquisition.

Given that both Rab4 and -10 are abundant in rER and needed for LCV transition from
SER to rER, we next asked whether Rab10 and Rab4 are essential for maintaining the ER
sub-compartment architecture. To demonstrate this, Rab10 and Rab4 were silenced in HeLa
Fcy cells and then stained for Rtn4 and Sec61p. Interestingly, silencing of Rab10 disrupted
SER morphology (white arrows, Figure 2G), as evident from the less pronounced meshwork
of Rtn4 staining in the periphery. These data are consistent with previous literature.33

Upon Rab4 knockdown, the rER staining (Sec61p) was reduced in the reticular region

and appeared to relocate to the periphery, suggesting distorted rER (white solid arrows,
Figure 2G). The defective Rtn4 and Sec61p staining has been quantitated and presented

as a histogram (Figure 2H). These data point to the crucial role these small GTPase
molecules play in maintaining the ER dynamics and morphology. Taken together, these
results implicate an interesting temporal kinetics of recruitment of the SER marker on LCV
early during infection, followed by the rER. These findings also indicate the involvement of
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Rab4 and Rab10 during LCV maturation and their role in maintaining ER sub-compartment
morphology.

BAP31 binds to Rab4 and Rab10, while BAP29 interacts with Rab4

Rab proteins act as molecular switches on the membrane and carry out their function with
the help of other proteins known as Rab effectors.31 We reasoned that a Rab effector protein
may bind to Rab4 and Rab10 to help facilitate LCV maturation from the SER to the rER.
Previous work identified BAP31 as an ER-resident protein that shuttles between the two ER
sub-compartments.22 Furthermore, it was shown to bind to Rab11a, a Rab family member
that regulates endocytic recycling.3® Interestingly, its homolog BAP29, which has ~50%
sequence identity with BAP31, resides in the rER and does not shuttle to sER.36 Together,
these data suggest that BAP31 could be a strong candidate to serve as a Rab4/Rab10 effector
protein and facilitate LCV maturation.

First, we performed sucrose gradient fractionation to confirm the localization of BAP31
and BAP29 to ER sub-compartments. As reported previously, BAP31 was detected equally
in both sER and rER fractions. In contrast, BAP29 was predominantly localized to the

rER, with a small fraction also present in the sER (Figure 3A). To demonstrate the /in vivo
interaction of Rab4/10 with BAP31/29, we performed proximity ligand assay (PLA). PLA is
used to identify /n vivo interactions between two proteins within a distance of 30—-40 nm. In
this assay, cells are fixed and probed with primary antibodies against the proteins of interest.
Secondary antibodies with PLA oligonucleotide probes are added that complement each
other. A polymerase then amplifies the signal, and fluorescently labeled oligonucleotide
probes bind to the amplified DNA. Each signal comprises ~1,000 bound fluorescent probes
that appear as punctate dots under a microscope. Interestingly, our results show that BAP31
associates with both Rab4 and Rab10 (Figure 3B), which may partly explain the shuttling
of BAP31 between the sER and the rER. Consistent with the localization in the ER
subdomain, BAP29 preferentially interacts with Rab4 and less with Rab10 (Figure 3B).
These interactions were specific to Rab10 and Rab4 as neither BAP31 nor BAP29 showed
any interaction with Rab5 or Rab35 (Figure 3B). The PLA dots have been presented as

a histogram (Figure 3C). To further validate these findings, an immunoprecipitation assay
was performed. Briefly, HEK293 Fcy cells were transfected with either 3x-FLAG empty
vector (negative control), 3x-FLAG-Rab4, or 3x-FLAG-Rab10 plasmids. Post transfection,
cell lysates were immunoprecipitated with a FLAG antibody, and eluates were subjected

to SDS-PAGE and immunoblotted with the antibodies against BAP31, FLAG, and BAP29.
Consistent with the PLA results, BAP31 immunoprecipitated with both 3x-FLAG-Rab10
and 3x-FLAG-Rab4, whereas BAP29 immunoprecipitated slightly more with 3x-FLAG-
Rab4 than with 3x-FLAG-Rab10 (Figures 3D and 3E). These binding studies have been
quantitated and presented as a histogram (Figure 3F). Collectively, our results show that
BAP31 or BAP29 are interacting partners of Rab4 and Rab10 and perhaps are required for
intercompartment shuttling in the ER.

BAP3L1 is required for the sER-to-rER transition and efficient replication of Legionella

Due to the interaction of BAP31 with both Rab10 and Rab4, pivotal players in LCV
membrane maturation, we aimed to ascertain L.p.’s reliance on BAP31 to facilitate this
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crucial process. The initial examination focused on visualizing the recruitment of BAP31

to the LCV membrane. We noted robust recruitment of BAP31 (shown in green within

the white box) on the LCV, peaking at 4 h post infection and persisting throughout the

8-h duration (Figure 4A). Subsequently, we hypothesized that BAP31 might be integral to
LCV maturation. To explore this hypothesis, we silenced BAP31 in HeLa Fcy cells using
siRNAs (Figure 4B) and infected them with WT L.p. for specified durations, followed

by immunostaining for Rtn4 (red) and Sec61 (green). Consistent with prior observations,
infection of HeLa Fcy cells treated with mock siRNA demonstrated temporal recruitment
of ER markers to the LCV, with Rtn4 peaking at 3 h and Sec61p at 7 h (Figure 4C). In
contrast, silencing BAP31 led to an enrichment of Rtn4 (red) on the LCV, accompanied

by a depletion of Sec61p (green) (Figure 4D). These findings suggest a crucial role for
BAP31 in orchestrating LCV maturation from the sER to the rER. To test if preventing
LCV membrane maturation affects L.p. replication, we silenced BAP31 and conducted a
replicative vacuole assay. BAP31 depletion resulted in a marked reduction in the number

of L.p. in the LCV (8-h post infection) (Figure 4E). Even at a later time, i.e., 12 h post
infection, BAP31 depletion showed a growth defect (Figure 4F). Next, we probed whether
recruitment of Rab4/10 and BAP31/29 was dependent on each other during LCV maturation.
To do this, first, we checked the recruitment of BAP31 (green) and BAP29 (green) in Rab4-
and Rab10-depleted cells. Intriguingly, the silencing of Rab10 impaired the recruitment

of BAP31, compared to mock and Rab4 siRNA (Figures S1A and S1B). In contrast, the
recruitment of BAP29 was abrogated from both Rab4/10-silenced cells (Figures S1C and
S1D). These data further establish the idea that BAP proteins are Rab effectors and are
recruited to membranes in a Rab-dependent manner. Next, we explored the dependence

of Rab4/Rab10 recruitment to LCVs on BAP31/BAP29 (Figure S2). As expected, Rab10
(red) recruitment on the LCVs was independent of BAP31 and BAP29 (Figures S2A-S2C).
However, the recruitment of Rab4 (red) was strongly dependent on BAP31 since silencing of
BAP31 caused a dramatic reduction in the mRFP-Rab4-positive vacuoles (Figures S2D and
S2E). These results suggest Rab10 and BAP31 play an essential role upstream in recruiting
Rab4 and other rER markers to the LCV.

Lpg1152 binds BAP31 and is required for optimal LCV maturation

L.p. secretes over 330 effector proteins into the host cytosol; thus, finding the effector

that binds to BAP31 is not trivial. We took advantage of L.p. strains that lack five large
genomic island clusters and hence lack about ~70 effectors3” (Figure 5A). APis a pentuple
strain lacking all five clusters (AZab, A3, Ada, A6a, and A738). To identify the effector(s)
that are required for the recruitment of BAP31 on LCV, we analyzed WT, AdotA (which
lacks the entire secretion system), AP (pentuple, which lacks all five clusters), and individual
genomic cluster deletion strains (A2ab, A3, A4a, A6a, and A7a) of L.p. Excitingly; we
found that BAP31 was not recruited on LCVs in the AdotA, AP, and AZ2ab genomic strain,
suggesting that one or more effector(s) present in the AZaregion is required for the BAP31
recruitment on the LCVs (Figure 5B). No change was observed in the recruitment of
BAP31 on LCVs from other cluster deletion strains, which includes A3, A4a, A6a, and
A7a (Figure 5B), indicating that effectors from these regions are not essential for BAP31
recruitment. Further analysis of all the effectors on this island led to identifying a single
effector, Lpg1152, that coimmunoprecipitated with BAP31 (Figure S3A). To confirm that
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Lpgl1152 is an ER-localized protein, HeLa cells were transfected with 3xFLAG-Lpg1152,
and immunofluorescence microscopy was performed with an anti-BAP31 antibody to detect
endogenous BAP31. As expected, BAP31 colocalized with Lpg1152 (Figure 5C). Next,

we set out to determine whether Lpg1152 interacts with BAP31 and BAP29. To this end,
HEK?293 Fcy cells were transfected with either a 3X-FLAG vector (negative control) or 3x-
FLAG-Lpg1152, followed by a co-immunoprecipitation (colP) using an FLAG tag antibody.
Endogenous BAP31 and BAP29 were then immunoblotted. Surprisingly, only BAP31 but
not BAP29 interacted with Lpg1152 (Figures 5D and 5E). To get a better understanding

of the interaction between Lpg1152 and BAP31, we employed two techniques. First, we
purified BAP31 and Lpg1152 from bacterial cells and found that this interaction could be
recapitulated /n vitro (Figures S3B and S3C). Next, we used /n sifico analysis (see STAR
Methods) to determine the structures of BAP31 and Lpg1152. The amino acid sequences

of Lpg1152 (Uniprot: Q5ZWD3) and BAP31 (Uniprot: P51572) retrieved from UniProtKB
had 318 and 246 residues, respectively. Visualization of the 3D structure obtained from
AlphaFold showed many unstructured portions without any proper folds (Figure S4A).
BAP31 had two solved X-ray crystallographic structures (PDB: 4JZL, 4JZP) (Quistgaard

et al.38), but the structure for this protein is available for a very small region only

(Figure S4C). Three-dimensional structural features obtained from our molecular modeling
showed that both Lpg1152 and BAP31 have cytosolic domain, transmembrane region,

and extracellular region (Figures S4B and S4D). We identified two sets of significant
conformational ensembles for Lpg1152 and BAP31 proteins (Figure S5). Results obtained
from the molecular docking revealed that Lpg1152 interacts with BAP31 via residues from
its C-terminal region that spanned the extracellular and membrane-bound regions of BAP31
(Figure 5F). The electrostatic potential surface of BAP31-binding groove in Lpg1152 shows
that the protein-protein interface is abundant in hydrophobic residues (Figure 5G). Residues
ranging from GIn236 to Ala277 in Lpg1152 are shown to make interactions with the residue
patch (Tyr13-Arg101) of BAP31 (Figure 5H; Table S3). According to the docking score, the
docked complexes between Lpg1152 and BAP31 can be arranged in the following order as
per the decreasing binding affinity between the two interacting proteins: dock 1 (-301.6) >
dock 3 (-290.2) > dock 2 (—267.76) > dock 4 (—263.39) (Table S4).

Finally, to test whether Lpg1152 drives BAP31 recruitment to the LCV, we generated

a Alpg1152strain and a complemented A/jpg1152:3xFLAG-Lpg1152 strain. First, we
confirmed that there is no significant difference in the infection efficiency of these mutant
strains (Figure 51). As expected, the Alpg1152 strain showed a marked reduction in

the recruitment of BAP31 to LCVs after 4 h post infection (Figure 5J). However, the
recruitment of BAP31 to LCVs was restored with the Lpg1152 complemented strain
(Alpg1152::3xFLAG-Lpg1152), suggesting a role for Lpg1152 in recruiting BAP31 to
LCVs (Figure 5J). Surprisingly, we observed partial restoration of BAP31 recruitment to
LCVs after 6 h of Alpg1152infection, indicating that Lpg1152 is required for BAP31
recruitment early during infection (Figure 5J). Perhaps other redundant effectors or Rab10
alone may be sufficient to recruit BAP31 later during infection. It is common for Legionella
to secrete several functionally redundant effectors to carry out the same function.3” Given
that Lpg1154 also binds BAP31 (albeit less efficiently than Lpg 1152), this could be a
distinct possibility (Figure S3A). Next, we explored the role of Lpg1152 in recruiting SER
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and rER markers to LCVs. To this end, HeLa Fcy cells were infected with WT, AdotA,
Alpg1152 and Alpg1152::3xFLAG-Lpg1152 strains, and cells were scored for the vacuoles
positive with the sER and rER markers (Rtn4 and Sec61p). As expected, the Alpg1152
strain showed enhanced recruitment of Rtn4 over Sec61p, suggesting a defect in transition
to the rER 8 h post infection (Figure 5K). In contrast, infection of HeLa Fcry cells with
D/pg1152:3xFLAG-Lpg1152 L.p. strain restored the recruitment of Rtn4 and Sec61p to
the WT L.p. infection levels (Figure 5K). Finally, we elucidated the role of Lpg1152 in

the replication of Legionellain HelLa Fcy and U937 macrophage-like cells. We found that
replication of the Alpg1152 L.p. strain was significantly inhibited in both cell types (Figures
5L and 5M). Notably, these phenotypes were rescued by Alpg1152::3xFLAG-Lpg1152\WT
strain, suggesting that Lpg1152 is required for optimal replication of L.p. Collectively, these
results point to a role for Lpg1152 in LCV maturation and replication.

BAP29 plays an antagonistic role to syntaxin 18 in maintaining sER and rER boundaries

We were intrigued by our finding that, while BAP31 and BAP29 share 50% homology,

L.p. effector Lpgl1152 specifically interacted with BAP31 and not BAP29. Even though

it was known that BAP31 and BAP29 form a complex,3? the function of BAP29 remains
undefined. Here, we uncovered a role of BAP proteins as Rab effectors that facilitate the
transition of the LCV from the sER to the rER. Given that BAP31 shuttles between the

SER and rER, but BAP29 does not, we wondered whether BAP29 functions independently
of BAP31. To address this, we first examined whether loss of BAP29 affects ER sub-
compartment morphology. Typically, Sec61p, mainly seen on rER, is observed as a
perinuclear sheet-like structure separated from the peripheral tube-like structure of SER
(Rtn4). We observed this staining in mock or BAP31-silenced cells. However, when BAP29
is silenced, a significant distribution of Sec61p to peripheral tube-like structure that overlaps
with Rtn4 was observed (white arrow, Figure 6A), suggesting that compartmentation
between sER and rER is collapsed when BAP29 is absent. Thus, BAP29 might play an
independent role in maintaining rER/SER identity. To gain more critical insight into the
BAP29 function, we next examined the effect of dysfunction of BAP29 on the patch-like
structure of SER induced by silencing syntaxin 18 (Stx18).40 Stx18 was initially identified
as an sER-localized soluble NSF attachment receptor (SNARE) and is known to maintain
the organization of ER subdomains and ER exit sites.? Previous studies showed that the
architecture of sER is drastically changed from tube-like to patch-like structure when Stx18
is depleted.40 Consistent with this, we observed a similar patch-like structure of Rtn4
where it was separated from Sec61f when Stx18 was silenced (Figure 6B). Given that this
phenotype is thought to be caused by segregation of SER and rER, we hypothesized that
additional depletion of BAP29 could restore the phenotype as it would promote mixing

of sER with rER. To test this, we knocked down Stx18 alone (Figures 6C and 6D) or in
combination with BAP29 or BAP31 (Figure 6E). In these conditions, the patch-like structure
of sER marked by Rtn4 was observed in cells silencing Stx18 alone or both Stx18 and
BAP31 (Figure 6E). Notably, in cells where both BAP29 and Stx18 were depleted, the
distribution pattern of Rtn4 was restored entirely from a patch-like to a tube-like structure
(Figure 6E), indicating that BAP29 plays a crucial role in the regulation of the boundary
between sER and rER, and this function is independent of BAP31.
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DISCUSSION

Throughout history, pathogens have served as valuable tools for unraveling the intricacies
of basic cell biology.#! In recent years, L.p. has emerged as particularly insightful in this
regard.*2 While previous studies have indicated L.p.’s residence in an ER-like compartment,
the localization of both SER and rER markers within this compartment has presented
conflicting interpretations.24:25 Moreover, the question remains whether this compartment
is an integral part of the host ER or constitutes a distinct entity altogether. Recent data
show that L.p. modifies the SER protein (Rtn4) with a non-canonical ubiquitin modification,
which further adds to the intrigue as to what the identity of LCV really is.25 Although

most pathogens enter the ER through retrograde trafficking, our use of FLIP and FRAP
shows that L.p. does not reside within the host ER but establishes the LCV by acquiring

the ER membrane. To our knowledge, this is a unique manner of establishing an ER-like
compartment and begs the question of what the benefits of creating a separate compartment
are instead of utilizing the existing host compartment. Additionally, recent studies suggest
that obesity can induce significant changes in ER sub-compartmentalization, characterized
by ER sheet disorganization and proliferation of ER tubules.*3 Our discovery provides a
platform for future studies into the physical remodeling of the ER membrane, which in

turn could improve our understanding of processes such as ERphagy and stress-induced
membrane remodeling.

Here, we describe a mechanism whereby L.p. diverges from the conventional retrograde
trafficking route to co-opt the small GTPases Rab10 and Rab4, thus establishing an
autonomous ER-like replicative niche, the LCV. We show that the knockdown of the small
GTPase Rab10 prevents the LCV from acquiring ER identity, and the knockdown of Rab4
prevents the maturation of this compartment from sER to rER. This is consistent with
previous data that show that Rab10 is required for optimal L.p. growth.34 Additionally,

we elucidate that, while this niche initially adopts an sER identity, L.p. orchestrates its
maturation into rER through the actions of the proteins BAP31 and BAP29. These findings
not only advance our understanding of L.p. pathogenesis but also shed light on fundamental
aspects of cellular biology, highlighting the dynamic interplay between pathogens and host
cells.

Furthermore, we demonstrate that the L.p. effector Lpg1152 binds to and recruits the host
protein BAP31 to the LCV. While prior work showed that BAP31 shuttles between sER
and rER,%2 our data establish that it functions as a Rab effector to impart sub-compartment
identity. Indeed, knocking down BAP31 prevents the LCV from acquiring rER identity.
We also show that the BAP31 homolog BAP29 resides on the LCV in a Rab10- and
Rab4-dependent manner. While much less is known about BAP29 than BAP31, here, we
discover a role in maintaining sER and rER continuity in a syntaxin18-dependent manner.

Our findings elucidate molecular players that define ER sub-compartment identity and
facilitate the transition from sER to rER. This exciting finding further opens the possibility
of exploring new mechanisms as to how a cell maintains its SER-rER ratio at any given time.
Depending on the cell type, cells can have diverse protein and lipid synthesis needs. Thus,
maintaining a correct SER-rER boundary can be vital for optimal cell function. Future work
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will help determine how separate compartmentalization benefits the pathogen and could lead
to an improved understanding of the machinery and mechanisms involved in defining and
remodeling ER sub-compartments.

Limitations of the study

Our study has a few limitations that are important to acknowledge. First, while we
demonstrate that Lpg1154 binds to BAP31, this interaction is less efficient compared to
Lpg1152, and we did not delve into the detailed dynamics of this binding. We recognize
that understanding how this interaction influences L.p. growth could provide valuable
insights and should be explored in future research. Second, we faced technical challenges
in validating the Lpg1152-BAP31 interaction during infection due to the relatively small
amount of Lpg1152 secreted by L.p. Third, we did not identify the specific residues in
Lpg1152 that interact with BAP31. Although our /n silico analysis indicated a potential
region of amino acids in the C terminus, we were unable to validate these findings
experimentally. Further investigation into these aspects could be a promising avenue for
future studies.

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be
fulfilled by the lead contact, Shaeri Mukherjee (Shaeri.Mukherjee@ucsf.edu).

Materials availability

All materials generated in this study are available from the lead contact.

Data and code availability

. No new datasets have been generated in this study that need deposition.
. This paper does not report an original code.
. Any additional information required to reanalyze the data reported in this paper

is available from the lead contact upon request.

STARXMETHODS

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell lines—HeLa, HeLa cells stably expressing the Fcy receptor I1b (HeLa Fcy cells) (a
kind gift from the lab of Dr. Craig Roy at Yale University), HEK293 Fcvy, and HelLa Fcy
cells expressing GFP-Rtn4 and RFP-Sec1f were cultured in Dulbecco’s Modified Eagle’s
Medium media (DMEM, GIBCO). U937 cells were cultured in RPMI -1640 (Corning)
media. DMEM and RPMI-1640 media were supplemented with 10% heat-inactivated

fetal bovine serum (FBS, VWR). U937 cells (a kind gift from Dr. Michael Bassik at
Stanford University) were differentiated into macrophage-like cells using 20 ng/ml phorbol
12-myristate 13 acetate (PMA, Sigma) for 72 h, and cells were replated in media without
PMA and allowed to recover for 72 h before Legionella pneumophila (L.p) infection.
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Cell line validation and mycoplasma testing—Studies have shown that 18-36% of
cell lines are incorrectly identified. UC Berkeley offers investigators short tandem repeat
finger-printing of human cell lines by our Genomics Shared Resource at a subsidized cost of
$60 per sample that includes reporting the best match. We test cell lines when they first enter
the laboratory except for a reliable cell line supplier (e.g., ATTC) when they are brought out
of the freezer and at 4-month intervals during the passage. Wherever possible, we attempt

to use panel cell lines and avoid basing wide-ranging conclusions on a small number of

cell lines. Contamination of cell cultures by mycoplasma remains a major problem in cell
culture. We routinely test all cell line cultures every month for mycoplasma contamination
by PCR as a service of our Genomics Shared Resource.

Bacterial strains and infection—/Lp01 WT and the isogenic D dotA strains are a

kind gift from Dr. Craig Roy (Yale University). Lp02ZWT and the isogenic pentuple and
individual genomic deletion cluster strains were kind gifts from Dr. Ralph Isberg (Tufts
University). All L.p. strains were grown on charcoal yeast extract (CYE) agar plates
supplemented with iron (FeNO3 0.135g/10mL) and cysteine (0.4g/10mL). Chloramphenicol
(10 mg/mL), IPTG (0.1mM), and thymidine (100 pug/mL) were added to CYE agar plates

as needed. For infection experiments, primary patches of L.p. were grown for 2 days at
37°C on CYE plates. Single colonies of bacteria were picked and grown as heavy patches
for 2 further days on CYE plates at 37°C. Heavy patches were then harvested, diluted in
AYE broth supplemented with the required chemicals (as appropriate), and grown overnight
at 37°C with shaking (220rpm) until the ODggg = ~3. HEK293 Fcy cells were infected at

a multiplicity of infection (MOI) of 50 or 5. For opsonization, L.p. bacteria were diluted

in complete media and mixed with a Legionella polyclonal antibody (Invitrogen, Cat #PA1—
7227) at 1:1,000 dilution. The mixtures were then incubated for 20 min at room temperature
in a rotary mixer. Immediately after the addition of the opsonized L.p. mixtures, cells were
centrifuged for 5 min at 1,000 rpm to facilitate spin-fection. Cells were then incubated at

37 °C for 60 min to allow bacterial uptake via the Fcry receptor. After 60 min, the cells
were washed with 1x PBS to remove extracellular bacteria and replenished with DMEM
supplemented with 10% FBS. Infected cells were then cultured at 37 °C until the time of
harvest.

METHOD DETAILS

Immunofluorescence—HelLa Fcy cells were seeded on 15mm glass coverslips in 12-
well plates and transfected with indicated expression plasmids. 24 h post-transfection, cells
were washed with PBS and infected with L.p. at MOI = 10. One hour post-infection, cells
were washed twice with PBS to remove unwanted extracellular bacteria. Following infection
for the indicated times, cells were washed twice with PBS, fixed in 4% paraformaldehyde in
PBS for 15 min at room temp. After fixation, extracellular bacteria were stained. Cells were
then permeabilized with 0.2% Triton X-100 in PBS, blocked in 2% bovine serum albumin
(BSA) in PBS, and incubated with the indicated primary and secondary antibodies diluted in
the blocking solution. Coverslips were mounted with ProLong Diamond Antifade Mountant
with DAPI (Thermo Fisher Scientific) to stain host and bacterial nucleic acid.
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FLIP-FRAP—HeLa Fcy cells stably expressing GFP-Rtn4 and RFP-Sec61p were infected
with Halo-tagged WT L.p. for the indicated times. FRAP and FLIP techniques were used
to photo bleach the SER marker Rtn4 (green) or the rER marker (red) Sec61p. For the

FLIP experiment, the cell’s marked region (dotted squares) was photobleached every 10

s for 120 s, and timelapse images were taken every 1 s. For FRAP, the highlighted cell
region was photobleached every 0.5 s for 40 s, and timelapse images were taken every 1-s
post-bleaching.

Proximity ligand assay (PLA)—Reagents of PLA were purchased from Sigma-Aldrich,
and the assay was conducted according to the manufacturer’s protocol.

CFU assay—U-937 cells were stimulated with PMA (20 ng/ml) for 72 h and seeded in
triplicates at 3x10° cells/well density. Post 72-h PMA incubation, cells were washed with
PBS and infected with WT, DdotA, D/pg1152, and D jpg1152:3X-FLAGLpg1152 strains of
L.pfor 1 h (Day 0), 24 h (Day 1), 48 h (Day 2), and 72 h (Day 3). One hour post-infection,
cells were washed with PBS containing gentamycin (100 mg/ml) to kill extracellular
bacteria. After washing the cells with PBS, DMEM media containing gentamycin (100
mg/ml) was added to wells for 45 min, and the cells were again washed three times with
PBS. Post PBS washing, media was added back to wells, and cells were allowed to proceed
for infection for the times mentioned earlier. Following infection, cells were lysed in 1 mL
H,0 and plated on CYE plates (with serial dilutions). Note: Only undiluted samples were
used for the AdotA strain of L.p. since these mutants are defective in growth.

Replicative vacuole assay—HeLa Fcy cells were transfected without or with SiRNA
against BAP31. At 72 h after transfection, cells were infected with wild-type L.p. for 8 h
and fixed, stained with anti-L.p. antibody for detection of extracellular L.p., permeabilized
with 0.2% Triton X-100, and restained with DAPI for detection of intracellular bacteria. The
number of intracellular L.p. in each vacuole was scored.

Immunoprecipitation—HEK293 Fcy cells were seeded in 6-well plates and transfected
with the indicated plasmid (3x-FLAG vector, 3x-FLAG-Rab4, 3x-FLAG-Rab5, 3x-FLAG-
Rab10, or 3x-FLAG-Lpg1152). Post 24 h, cells were washed with PBS and lysed in 300 pL
of cell lysis buffer (150mM KCI, 25 mM Hepes-KOH pH7.4, 1% Triton X-100, protease
inhibitor cocktail) on ice for 20 min. Lysates were spun down at 15,000 rpm for 10 min at
4°C, and detergent soluble supernatant fraction was collected and designated as cell lysate.
Cell lysates were incubated with anti-FLAG M2 affinity beads (Sigma-Aldrich) for 1 h at
4°C. After incubation, beads were washed three times with lysis buffer not containing the
inhibitor cocktail, and the bound proteins were eluted by adding 20 UL of Laemmeli buffer
and boiling for 5 min at 100°C.

Western blotting—Sample-loaded SDS-gels were transferred onto the PVDF membrane
(Merck-Millipore), and membranes were blocked in 5% milk or 2% BSA in TBS containing
0.1% Tween 20 (TBS-T) for 1 h at room temp. After blocking, membranes were incubated
with primary antibodies for 1 h at room temp or overnight at 4°C, washed with TBS-

T three times, and incubated with horseradish peroxidase (HRP)-conjugated secondary
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antibodies (Bio-Rad) for 1 h at room temp. The HRP signal was detected using an enhanced
chemiluminescence reagent (Merck-Millipore).

RNA interference—RNA duplexes used for targeting were Rab4 (5'-
AACCTACAATGCGCTTACTAA-3"), Rab10 (5’ -AAGAGTTGTACCTAAAGGAAA-3"),
BAP29 (5'-AACTAAAAAGGATTTTGAAAA-3"), and BAP31 (5'-
CAGCACTAAGCAAAAACTAGA-3"). RNA duplex used for targeting Stx18 was described
previously. The RNA duplexes were purchased from Japan Bioservice, Inc. Transfection of
the RNA duplexes was performed at a final concentration of 200 nM using Oligofectamine
(Thermo Fisher Scientific) according to the manufacturer’s protocol.

Subcellular fractionation—About 90% confluent HeLa Fcy cells (three 15 cm dishes)
were washed twice in PBS and then once in homogenization buffer (10 mM Hepes-KOH
(pH7.4), 0.25 M sucrose, 1 mM EDTA, and protease inhibitor cocktail). After washing,

cells were collected, suspended in 1 mL of homogenization buffer, and then homogenized
by passaging 15 times through a 26G needle. The homogenate was centrifuged at Z,000 x

g for 10 min, and the resulting post-nuclear supernatant (PNS) was layered onto a 0-28%
OptiPrep (Abbott Diagnostic Technologies) continuous gradients and centrifuged at 200,000
x gfor 6 h. After centrifugation, 24 fractions (170 pL each) were collected from the top to
bottom.

Isolation of the smooth and rough ER fractions—Homogenate preparation from
HelLa Fcy cells (from five 15 cm dishes) was prepared as described above. After preparation
of the PNS fraction, the PNS fraction was centrifuged at 10,000 x g for 10 min to remove
the mitochondrial fraction. Then, the supernatant was additionally centrifuged at 200,000

x gfor 1 h. The resulting pellet (total membrane fraction) was suspended in 1.5 mL
homogenization buffer. The sucrose concentration of suspension was adjusted to 1.17 M by
adding 2 M sucrose in homogenization buffer, and then 1.1 mL of suspension was overlaid
on gradients of 1.1 mL of 1.15 M sucrose, 1.4 mL of 0.86 M sucrose, and 1.1 mL of 0.25

M sucrose in homogenization buffer. The gradients were centrifuged at 200,000 % gfor 3 h,
and then the two fractions, the smooth ER fraction at the upper portion of 1.17 M sucrose
phase and the rough ER pellet were obtained. The membrane of the smooth ER fraction was
collected by centrifugation at 100,000 x g for 1 h, and the smooth ER pellet and the rough
ER pellet were resuspended in a homogenization buffer.

Amino acid sequence retrieval and structure prediction—Amino acid sequence
of Legionella pneumaophila subsp. pneumophila (strain Philadelphia 1/ATCC 33152/DSM
7513) protein Lpg1152, (Uniprot ID: Q5ZWD3) was retrieved from UniProtKB resource
(https://www.uniprot.org/). The sequence was submitted to the I-TASSER server (Yang

et al.%0) for a three-dimensional model prediction of the Lpg1152 protein. The models

are generated through a combinatorial process of threading, ab initio modeling, and
structure refinement. The local accuracy of the model was determined by ResQ (Yang

et al.>1) prediction in I-TASSER. In this prediction, support vector regression was used

for calculating the coverage of threading alignment, divergence of I-TASSER simulation
decoys, and determination of sequence-based secondary structure and solvent accessibility.
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The 3D model structure of human BAP31 (Uniprot ID: P51572) was predicted in
Swissmodel server (Waterhouse et al.52) based on a previously determined 3D model of
the same protein in Alphafold (Varadi et al.>3).

Analysis of structural domains in protein—Domains present in the 3D structures
of Lpg1152 and BAP31 were determined by the InterProScan database (Paysan-Lafosse et
al.>4). InterProScan allows submitted sequences to be scanned against InterPro’s member
database signatures such as CATH, CDD, HAMAP, MobiDB Lite, Panther, Pfam, PIRSF,
PRINTS, Prosite, SFLD, SMART, SUPERFAMILY and NCBIfam.

Clustering of modeled structures for significant conformational ensembles—
To discover significant conformational ensembles, both the 3D model structures of Lpg1152
and Bap31 were submitted in WebGro online tool (https://simlab.uams.edu/) for performing
a 50 ns molecular dynamics (MD) simulation. In WebGro, all the MD simulations were
performed using GROMOS96 43al force field (GROMOS96). The 3D models were solvated
in a cubic box containing the SPC water model (Miyamoto.>®). All protein atoms were
maintained at a distance equal to 1.0 nm from the box edges. For neutralizing the net

charge of the system, 0.15 M sodium chloride (NaCl) was added. The solvated and
neutralized systems were then subjected to energy minimization for 5000 steps by the
steepest descent integrator. After performing energy minimization, both the minimized
systems were equilibrated for 100 ps at 300 K temperature by position-restrained MD
simulation in order to maintain a constant pressure and temperature of systems and relax the
solvent. Following equilibration, both systems were then subjected to final MD simulations
for 50 ns each at 300 K temperatures.

For the clustering of significant conformational ensembles, principal component analysis
(PCA) of the two simulated systems was performed from the trajectories obtained from

the MD simulation. During PCA, covariance matrices of the positional fluctuations of

the protein’s Ca atoms, as well as quantitative characterization of protein dynamism

were analyzed. The covariance matrices were diagonalized by two eigenvectors, principal
component 1 (PC1) and principal component 2 (PC2). The covariance matrix provides
information about the correlated motions of the protein backbone throughout the simulation
trajectory. Using this covariance matrix, significant conformational ensembles throughout
the simulation trajectory were identified for Lpg1152 and BAP31 protein. Conformational
ensembles for Lpg1152 and BAP31 were identified throughout the MD simulation
trajectories for each of those proteins by merging the PC1 and PC2 eigenvalues. The average
3D structures from each of the set of conformational ensembles were extracted within the
identified time scale range for Lpg1152 and BAP31. The average structures were allowed
energy minimization using steepest descent integrator in the GROMACS 5.1.2 (Pall et al.>5)
and GROMOS96(GROMOS96). 43al force field was implemented on Intel Xeon Quad Core
W3530 2.8 8M 1366 Processor with LINUX.

Molecular docking between Lpg1152 and BAP31—The conformers of Lpg1152
and BAP31 obtained from the clustering of MD simulation trajectories were subjected
to molecular docking in HDOCK server (Yan et al.>?) (http://hdock.phys.hust.edu.cn/).
A set of docking has been performed in this server considering the combination of all
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the significant conformations obtained the clustering of MD simulation trajectories. The
server also calculated the docking score, confidence score and ligand RMSD as well for

all the docked complexes. The XMGrace (Vaught.®®) tool provided by GROMACS program
package was utilized to analyze the conformational ensembles obtained throughout MD
trajectories. PyMOL (https://www.pymol.org/) was used to analyze the structural features of
the modeled proteins, highlighting the protein-protein interface residues.

Recombinant protein purification—Protein-protein interaction studies were conducted
in vitro using purified recombinant proteins. Human BAP31 was cloned into the pGEX-6P-1
vector containing a GST tag, while LPG1152 was cloned into the pMAL-c5X vector with an
MBP tag. Briefly, GST-Bap31 and MBP-Lpg1152 were overexpressed in E. coli BL21(DE3)
strain until OD600 of 0.6 was achieved. Protein expression was induced by adding 1 mM
isopropyl-b-d-thiogalactoside (IPTG) at 37°C for 3 h and at 16°C for 10 h, respectively. Post
IPTG induction, the bacterial cultures were centrifuged at 6,000 rpm for 5 min at 4°C, and
the pellets were resuspended in bacterial lysis buffer (50 mM Tris pH 8, 100 mM NacCl, 1
mM EDTA, 200 pg/mL lysozyme, 2 uM DTT, 10 mg/mL DNase, and protease inhibitors)
for 60 min on ice. The samples were then sonicated on ice (30 s on, 30 s off, 30% amplitude,
for 5 min) and centrifuged at 15,0009 for 30 min at 4°C. GST alone or GST-Bap31 was
purified using glutathione sepharoseTM 4B beads (GE Healthcare), and MBP alone or
MBP-Lpg1152 was purified with amylose resin (New England BioLabs), following the
manufacturers’ protocols. Purified protein fractions were analyzed by SDS-PAGE, and only
fractions with high purity were selected for further experiments. For the protein-protein
interaction assay, 0.5 mM of each protein (either alone or in combination) was incubated
overnight at 4°C followed by incubation with amylose resin at 4°C for 1.5 h. Post incubation
with amylose resins, samples were washed three times with the wash buffer (PBS +0.1%
Tween 20) to remove unbound proteins. The eluted samples were run onto the SDS-PAGE
and subjected to western blotting using antibodies against MBP (Proteintech #66003-1-1g)
and GST tags (Proteintech #66001-2-1g). Furthermore, Coomassie Brilliant Blue staining
was performed to visualize the input lanes.

QUANTIFICATION AND STATISTICAL ANALYSIS

GraphPad Prism version 10 was used to draw all graphs and conduct all statistical analyses.
The statistical details of all experiments are described in the figure legends.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

Legionella forms a replicative vacuole (LCV) that is distinct from the host
rough ER

Host GTPases Rab 4 and Rab10 play crucial roles in LCV maturation
Legionella effector Lpg1152 binds to BAP31 to facilitate LCV maturation
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Figure 1. L.p. temporally associates with the SER and rER and later creates a unique ER niche
independent of the host ER network

(A) HelLa Fcy cells were infected with L.p. for the indicated times, stained with anti-Rtn4
(SER marker), Sec61p (rER marker) antibodies, and Hoechst (L.p.) for immunofluorescence
analysis. Results represent three independent experiments (100 vacuoles were scored in
each). Error bars represent mean + SD. Bar, 5 pm.

(B) HeLa Fcy cells stably expressing GFP-Rtn4 and RFP-Sec61p were infected with Halo-
tagged WT L.p. for 3 h for FLIP. The top panel represents GFP-Rtn4 before photobleaching,
and the bottom represents GFP-Rtn4 after photobleaching for 80 s. Bar, 10 pm.
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(C) The graph represents the relative fluorescence intensity of GFP-Rtn4 (green lines) and
RFP-Sec61p (red lines) in the ER and around LCV. Error bars represent mean + SD. The
purple and red boxes represent the area around LCV and bleach areas, respectively.

(D) HeLa Fcy cells stably expressing GFP-Rtn4 and RFP-Sec61f were infected with WT
L.p. for 6 h. The top panel represents RFP-Sec61p before photobleaching, and the bottom
represents RFP-Sec61p after photobleaching. The purple and red boxes represent the area
around the LCV and bleach areas, respectively. Bar, 10 um.

(E) The graph represents the relative fluorescence intensity of GFP-Rtn4 (green lines) and
RFP-Sec61p (red lines) in the ER and around LCV.

(F) HeLa Fcy cells stably expressing GFP-Rtn4 and RFP-Sec61p were infected for 6 h,
and RFP-Sec61p was photobleached for FRAP. The green box represents the total area of
bleach. The red and blue boxes represent the bleached area around the LCV and the ER,
respectively. White arrows represent the area around LCV. Bar, 10 um.

(G) The graph represents the relative fluorescence intensity of GFP-Rtn4 (green lines) and
RFP-Sec61p (red lines) in the ER and around LCV. Error bars represent mean = SD.
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Figure 2. Rab4 and Rab10 facilitate the transition of the LCV from an sER to an rER identity
(A) HelLa Fcy cells were subjected to subcellular fractionation, and immunoblot analysis

was done against the indicated proteins.

(B) Sucrose gradient fractionation was done to obtain the SER and rER fractions and
immunoblotted against indicated antibodies.

(C) HelLa Fcy cells expressing mRFP-Rab4 or mRFP-Rab10 were infected with L.p. for
the indicated times, stained with L.p. for immunofluorescence analysis, and the vacuoles
positive for mRFP-Rab4 or -Rab10 were quantified. Bar, 5 um. The purple box represents
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the magnified image. Results represent three independent experiments (100 vacuoles were
scored in each). Error bars represent mean + SD.

(D) HEK293 Fcy cells were transfected with either mock, Rab4, or Rab10 siRNA for 72 h,
and cell extracts were immunoblotted against the indicated antibodies.

(E and F) HeLa Fcy cells were silenced for Rab4 or Rab10 for 72 h, infected with L.p. for 4
and 8 h, and the vacuoles positive for Rtn4 or Sec61p were counted. Results represent three
independent experiments, and statistical significance was measured using one-way ANOVA
(100 vacuoles were scored in each experiment). Bars represent mean + SD.

(G) HelLa Fcy cells were silenced with Rab4 and Rab10 siRNA, and the ER morphology
was observed by immunofluorescence analysis. Bars, 5 um. Arrows indicate disruption of
the sER tubular network. Arrowheads indicate diffusion of rER to the cell periphery.

(H) Triplicate experiments (30 cells for each condition) from 3G were quantitated and are
shown as a histogram. Bars represent mean + SD.
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Figure 3. BAP31 binds to Rab4 and Rab10, while BAP29 interacts with Rab4
(A) The membranes of SER and rER fractions were collected by centrifugation and

subjected to immunoblotting against the indicated antibodies.

(B) HeLa Fcy cells expressing GFP vector and either 3x-FLAG-Rab4, -Rab5, -Rab10,

or -Rab35 were fixed, proximity ligation assay (PLA) was performed using the indicated
antibodies, and the number of PLA dots was quantified. Bar, 5 um. Green asterisks indicate
the cells expressing GFP, implicating the expression of 3x-FLAG constructs.
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(C) Results from 3B are representative of three independent experiments, and statistical
significance was achieved using one-way ANOVA (PLA dots in 25 cells expressing GFP
were scored in each experiment). Error bars represent mean £ SD. ****p < 0.0001.

(D and E) HEK293 Fcy cells were transfected with the indicated plasmids, and cell
extracts were subjected to immunoprecipitation assay using the anti-FLAG antibody and
immunoblotted against the indicated antibodies.

(F) Results from 3D and 3E are quantitated and shown as a histogram.
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Figure 4. BAP31 is required for the SER to rER transition and efficiently replicate Legionella
(A) HelLa Fcy cells were infected with L.p. for the indicated time, fixed, and stained with

anti-BAP31 antibody and Hoechst 33342. White boxes indicate the LCV.

(B) HeLa Fcy cells were transfected with either mock or BAP31 siRNA for 72 h and
immunoblotted against the indicated antibodies.

(C and D) Mock-treated or BAP31-silenced HeLa Fcy cells were infected with L.p. for the
indicated time, fixed, and stained with anti-Rtn4 or -Sec61p antibodies and DAPI, and the
vacuoles were quantified. Results are representative of three independent experiments (100
vacuoles were scored in each experiment). Bars represent mean + SD.

(E) HeLa Fcy cells were silenced with either mock or BAP31 for 72 h, followed by infection
with L.p. for 8 h. Post infection, cells were fixed and stained with anti-Rtn4 antibody and
Hoechst for immunofluorescence analysis. Bar, 5 um.

(F) HeLa Fcy cells were silenced with either mock or BAP31 for 72 h, followed by infection
with L.p. for 12 h at an MOI of 2. Post infection, cells were fixed and stained with

anti- Legionella antiserum for detection of extracellular bacteria, then permeabilized and
further stained with DAPI for detection of intracellular bacteria. Bar, 5 pm. The graph shows
the percentage of vacuoles containing a single bacterium, 1-10 bacteria, 11-30 bacteria, and
>31 bacteria in a single vacuole. Data are representative of three independent experiments
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(30 vacuoles were scored in each experiment). Results are shown as the mean + SD. ***p <
0.001.
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Figure 5. Lpg1152 brings BAP31 to LCVs and is required for optimal LCV maturation and
replication of Legionella

(A) Schematic representation of the chromosomal organization of genomic islands of L.p.
(B) HeLa Fcy cells were infected with the indicated genomic island deletion mutant

L.p. strains for 4 h and processed for immunofluorescence against BAP31 antibody. The
histogram represents the percentage of vacuoles positive for BAP31 post infection with
different L.p. strains.
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(C) HeLa Fcy cells were transfected with 3XxFLAG-Lpg1152 plasmid and processed for
immunofluorescence microscopy using FLAG (green) and BAP31 (red) antibodies. Nuclei
were stained with DAPI. Bar, 10pum.

(D and E) HEK293 Fcy cells were transfected with the indicated plasmids. Cell extracts
were subjected to immunoprecipitation assay post transfection with anti-FLAG antibody and
immunoblotted against the indicated antibodies.

(F) The docked model complex of Lpg1152 (deep salmon) and BAP31 (green).

(G) The electrostatic potential surface of Lpg1152 is shown bound with BAP31 (green).

(H) Interacting residues of Lpg1152 (orange, ball-stick) and BAP31 (lime, ball-stick) at the
protein-protein interface.

(1) HeLa Fcy cells were infected with the indicated L.p. strains. Histograms represent the
infection efficiency, i.e., the percentage of infected cells at MOI 10 1.5 h after infection (7=
200 per triplicate experiment).

(J) HeLa Fcry cells were infected with the indicated strains of L.p. for the indicated time
points. Following infection, LCV positive for BAP31 was scored using immunofluorescence
analysis.

(K) HeLa Fcy cells were infected with the indicated strain, and the Rtn4- and Sec61p-
positive vacuoles were scored using immunofluorescence. Graphs represent the percentage
recruitment of Rtn4 and Sec61p at the indicated time points post infection.

(L) HeLa Fcy cells were infected with the indicated L.p. strains, and the number of L.p. per
LCV was counted 8 h after infection (7= 30 per triplicate experiment).

(M) U937 cells were infected with the indicated L.p. strains for 1 h, and colony-forming
units (CFU) were counted at the indicated time after infection. Data represent three
independent experiments, and statistical significance was carried out with a Student’s t test.
Bar represents mean = SEM.
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(A) HelLa Fcy cells were silenced with mock, BAP31, or BAP29 siRNA for 72 h. Post
silencing, cells were fixed and stained with anti-Rtn4 and Sec61p antibodies and were
subjected to immunofluorescence imaging. Bar, 5 um. White arrows indicate Sec61p

localization to the cell periphery.

(B) HeLa Fcy cells were silenced with either mock or Stx-18 siRNA for 72 h. Post
silencing, cells were fixed and stained with anti-Rtn4 and anti-Sec61p antibodies. Bar, 5

um.

(C and D) HelLa Fcy cells were silenced for Stx18 alone or a combination of Stx18/BAP31
or Stx18/BAP29 siRNA. Following single or double silencing, cell extracts were prepared

and immunoblotted against the indicated antibodies.
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(E) HelLa Fcry cells were silenced for Stx18 alone, Stx18/BAP31, or Stx18/BAP29;
following single or double silencing, cells were fixed and stained with an anti-Rtn4 antibody
for immunofluorescence analysis. Bar, 5 um.
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REAGENTor RESOURCE SOURCE IDENTIFIER
Antibodies

Anti-FLAG rabbit polyclonal antibody Sigma Cat# F7425
Anti-FLAG mouse monoclonal antibody Sigma Cat# F3165
Anti-Rtn4 goat polyclonal antibody CiteAb Cat# sc-11027

Anti-Sec61p rabbit polyclonal antibody

Anti-GM130 mouse monoclonal antibody

Anti-GFP rabbit polyclonal antibody

Anti-CLIMP-63 mouse monoclonal antibody
Anti-CNX mouse monoclonal antibody

Anti-Rab4 rabbit polyclonal antibody

Anti-Rab10 rabbit polyclonal antibody

Anti-a-tubulin mouse monoclonal antibody
Anti-BAP29 rabbit polyclonal antibody

Anti-BAP31 rabbit polyclonal antibody

Anti-Stx18

Anti-EEA1 mouse monoclonal antibody

Anti- Legionella rabbit polyclonal antiserum
Anti-Legionellamouse polyclonal antiserum
Anti-Legionella rabbit polyclonal antiserum
Anti-Sec61p rabbit polyclonal antibody

Anti-Rtn4 rabbit polyclonal antibody

Alexa Flour 488-conjugated donkey anti-rabbit antibody
Alexa Flour 594-conjugated donkey anti-goat antibody
Alexa Fluor 488-conjugated goat anti-rabbit antibody
Alexa Fluor 594conjugated goat anti-rabbit antibody
Alexa Fluor 594conjugated goat anti-mouse antibody
Alexa Fluor 350conjugated donkey anti-mouse antibody
Anti-Flag M2 mouse monoclonal antibody

Alexa fluor 488-conjugated goat anti-rabbit 1gG antibody
Alexa fluor 633-conjugated goat anti-mouse antibody
Anti-GST Tag mouse monoclonal antibody

Anti-MBP Tag mouse monoclonal antibody

Proteintech

BD Biosciences

Thermo Fisher Scientific
Enzo

BD Biosciences

Cell signaling

Cell signaling

Sigma

Proteintech

Proteintech

Hatsuzawa et al.**

BD Biosciences

Arasaki et al.*>

Arasaki et al.*>
Invitrogen

Proteintech

Abcam

Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Sigma

Life Technologies

Life Technologies
Proteintech

Proteintech

Cat# 14846-1-AP
Cat# 610823
Cat# A-6455

Cat# ALX-804-604

Cat# 610524
Cat# 2167

Cat# 4262

Cat# T6074

Cat# 15796-1-AP
Cat# 11200-1-AP
N/A

Cat# 610457
N/A

N/A

Cat #PA1-7227
Cat# 15087-1-AP
Cati# ab47085
Cat# A21206
Cat# A11058
Cat# A11034
Cat# A11037
Cat# A11032
Cat# A10035
Cat# F1804

Cat# a11034
Cat# a21052
Cat# 66001-2-1g
Cat# 66003-1-1g

Bacterial and virus strains

Legionella pneumophila Philadelphia-1 WT (Lp01)

Legionella pneumophila Philadelphia-1 AicmV AdotA (AdotA)
Legionella pneumophila Philadelphia-1 Alpg1152Alpg1152)
Legionella pneumophila Philadelphia-1 Alpg1152:3xFLAG-Lpg1152

Legionella pneumophila Philadelphia-2 WT (Lp02)
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Zuckman et al.#’
This study

This study

O'Connor et al.3’

N/A
N/A
N/A
N/A
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REAGENTor RESOURCE

Legionella pneumophila Philadelphia-2 Apentuple (AP)

Legionella pneumophila Philadelphia-2 A2a,b
Legionella pneumophila Philadelphia-2 A3
Legionella pneumophila Philadelphia-2 A4
Legionella pneumophila Philadelphia-2 A6
Legionella pneumophila Philadelphia-2 A7

SOURCE

O'Connor et al.37
O'Connor et al.37
O'Connor et al.3’
O'Connor et al.¥’
O'Connor et al.37

O'Connor et al 3"

IDENTIFIER
N/A
N/A
N/A
N/A
N/A
N/A

Escherichia coli DH5a TOYOBO Cat# DNA-903
Escherichia coli BL21(DE3) New England BioLabs® Cat# C25271
Chemicals, peptides, and recombinant proteins

leupeptine Peptide Institute Cat# 4041
pepstatin A Peptide Institute Cat# 4397
aprotinin Roche Cat# 10236624001
SlowFade™ Diamond Antifade Mountant with DAPI Thermo Fisher Scientific Cat# S36964
LipofectAmine2000 Thermo Fisher Scientific Cat# 11668500
FLAG M2 agarose beads Sigma Cat# A2220

Glutathione Sepharose™ 4B beads
Amylose resin

3x-FLAG peptide

NucleoBond Xtra Midi

Hoechst 33342

Mirus TransIT-TKO Transfection reagent

IPTG (Isopropyl-p-D-thiogalactopyranoside)

GE Healthcare

New England BioLabs®
Sigma

Takara

Life Technologies
mirusbio

UBPBio

Cat# 17-0756-05
Cat# E8021S
Cat# F4799
Cat# U0410C
Cat# H3570
Cat# MIR 2150
Cat# P1010-25

Lysozyme Research Products Cat# 1.38100-1.0
International

PMSF (Phenylmethanesulfonyl fluoride) Sigma Cat# P7626

DL-Dithiothreitol Sigma Cat# D9779-5G

Recombinant GST-BAP31 This study N/A

Recombinant MBP-Lpg1152 This study N/A

Critical commercial assays

Duolink /n Situ Detection Reagents Red Sigma Cat# DUO92008-100RXN

Duolink /n SituPLA Probe Anti-Mouse MINUS Sigma Cat# DUO92004-100RXN

Duolink /n Situ PLA Probe Anti-Rabbit PLUS Sigma Cat# DU092002-100RXN

Duolink /n SituPLA Wash Buffers, Fluorescence Sigma Cat# DUO82049

Experimental models: Cell lines

Human: HEK293-FcyRiI
Human: HeLa-FcyRII
Human: U937 cells

Arasaki and Roy.*8
Arasaki et al.*>

Gift from Dr. Michael Bassik

Human: HeLa Fcy cells stably expressing GFP-Rtn4 and RFP-Sec61f  This study

N/A
N/A
N/A
N/A
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REAGENTor RESOURCE SOURCE IDENTIFIER
Oligonucleotides

Primer and siRNAs See Table S2 N/A
Recombinant DNA

Plasmids See Table S1 N/A

Software and algorithms

ImageJ
GraphPad Prism
LumiVision PRO 400 EX

GROMOS96 43a1 force field

GROMACS 5.1.2

Steepest descent integrator

Principal component analysis

HDOCK server
XMGrace

PyMOL
Endnote 20

Schneider et al.*
GraphPad

AISIN
GROMOS96

GROMACS

Debye, 1909

Greenacre et al.*

Huang Lab

Grace Development Team

Schrodinger

Endnote

https://imagej.nih.gov/ij/

https://www.graphpad.com/features

https://www.scienceopen.com/
document?
vid=772e5dd0-5e5a-4541-98b6-
d8f483bc2db8

https://link.springer.com/chapter/
10.1007/978-3-319-15976-8_1
https://zenodo.org/records/2397260

https://www.nature.com/articles/
s43586-022-00184-
wi:~:text=Principal%20component
%20analysis%20is%20a,variance
%200f%20all%20the%?20variables.

http://hdock.phys.hust.edu.cn/

https://plasma-gate.weizmann.ac.il/
Grace/

https://www.pymol.org/

https://endnote.com/
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