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Abstract
Biogenesis of a specialized organelle that supports intracellular replication of Legionella
pneumophila involves the fusion of secretory vesicles exiting the endoplasmic reticulum (ER)
with phagosomes containing this bacterial pathogen. Here, we investigated host plasma membrane
SNARE proteins to determine whether they play a role in trafficking of vacuoles containing L.
pneumophila. Depletion of plasma membrane syntaxins by RNA interference resulted in delayed
acquisition of the resident ER protein calnexin and enhanced retention of Rab1 on phagosomes
containing virulent L. pneumophila, suggesting that these SNARE proteins are involved in
vacuole biogenesis. Plasma membrane-localized SNARE proteins syntaxin 2, syntaxin 3,
syntaxin4 and SNAP23 localized to vacuoles containing L. pneumophila. The ER-localized
SNARE protein Sec22b was found to interact with plasma membrane SNAREs on vacuoles
containing virulent L. pneumophila, but not on vacuoles containing avirulent mutants of L.
pneumophila. The addition of α-SNAP and N-ethylmaleimide-sensitive factor (NSF) to the plasma
membrane SNARE complexes formed by virulent L. pneumophila resulted in the dissociation of
Sec22b, indicating functional pairing between these SNAREs. Thus, L. pneumophila stimulates
the non-canonical pairing of plasma membrane t-SNAREs with the v-SNARE Sec22b to promote
fusion of the phagosome with ER-derived vesicles. The mechanism by which L. pneumophila
promotes pairing of plasma membrane syntaxins and Sec22b could provide unique insight into
how the secretory vesicles could provide an additional membrane reserve subverted during
phagosome maturation.
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Many intracellular pathogens have the capacity to manipulate the transport and fusion of the
membrane-bound vacuoles in which they reside (1). Modulating vacuole transport is critical
for pathogen survival and replication within a eukaryotic host cell. To understand how
bacteria can influence transport of the vacuoles they occupy, we have been investigating
biogenesis of vacuoles containing Legionella pneumophila. After being internalized by a
phagocytic host cell, vacuoles containing L. pneumophila have the ability to intercept early
secretory vesicles transiting between the endoplasmic reticulum (ER) and Golgi (2–5).
These early secretory vesicles fuse with vacuoles containing L. pneumophila and convert a
vacuole derived from the plasma membrane into a compartment into a specialized organelle
that has similarities to an ER-Golgi intermediate compartment (6–8).
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The processes by which L. pneumophila promotes the association and fusion of ER-derived
vesicles with the vacuole require a bacterial secretion system called Dot/Icm (7,8), which is
a device that delivers bacterial effector proteins into the host cytosol (9). Mutant L.
pneumophila with a defective Dot/Icm system resides in a more conventional phagosome
that fuses with early and late endosomes (10). Effector proteins translocated into host cells
by the Dot/Icm system include an Arfguanine nucleotide exchange factor (GEF) called RalF
(11), a Rab1 GEF called DrrA (also known as SidM) (12,13)and a Rab1 GTPase-activating
protein (GAP) called LepB (14). The ability of these bacterial effector proteins to target
specific host factors that regulate transport and fusion of early secretory organelles
highlights the sophisticated strategies this pathogen has evolved for manipulating membrane
transport proteins in the host secretory pathway.

Soluble N-ethylmaleimide-sensitive factor (NSF) attachment protein receptor (SNARE)
proteins are critical components of the membrane fusion machinery (15). Intracellular
membrane fusion events between donor compartment-derived vesicles and acceptor
membranes are mediated by the interaction of a v-SNARE on the vesicle membrane with t-
SNARE complex on the opposing membrane of the target organelle (16–19). In SNARE-
mediated membrane fusion events, the v-SNARE provides a helix that pairs with three
helices provided by the t-SNARE complex, which generates a four-helix bundle called a
trans-SNARE complex. Formation of a trans-SNARE complex facilitates membrane fusion
by bringing the two opposing membranes in close proximity (20,21). After membrane
fusion, the cis-SNARE complex is disassembled, which facilitates the recycling of the t-
SNARE complex to donor membranes. SNARE disassembly is catalyzed by soluble N-
ethylmaleimide-sensitive factor attachment protein (α-SNAP) and NSF (22,23).

ER-derived vesicles display a v-SNARE called Sec22b that forms a complex with the Golgi-
localized t-SNARE complex consisting of the proteins membrin, rBet1 and syntaxin 5
(Stx5), which promote membrane fusion (24,25). Vacuoles containing wild-type L.
pneumophila acquire Sec22b, but vacuoles containing L. pneumophila mutants with a
defective Dot/Icm secretion system do not acquire Sec22b (4,5). These results are consistent
with the Dot/Icm system promoting the recruitment and fusion of ER-derived vesicles with
vacuoles containing L. pneumophila. It was also observed that vacuoles containing wild-
type L. pneumophila that acquire Sec22b do not contain detectable amounts of the cognate t-
SNARE consisting of the proteins rBet1, Stx5 and membrin (4,5), raising the question of
whether a t-SNARE is present on vacuoles containing L. pneumophila that can be
recognized by Sec22b.

Biochemical studies using purified SNARE proteins from Saccharomyces cerevisiae found
that the plasma membrane t-SNARE consisting of the proteins Sso1 and Sec9c could
promote fusion of vesicles containing the ER-localized v-SNARE Sec22 (18). It has been
suggested that mammalian macrophages possess a membrane fusion pathway that allows
phagosomes containing latex bead particles or microbes to acquire membranes derived from
the ER (26). However, fusion of ER-derived vesicles with conventional phagosomes has
been difficult to study, suggesting this pathway might be tightly controlled. Here, we
provide evidence in support of this hypothesis by showing that L. pneumophila infection
stimulates an endogenous pathway that promotes the fusion of ER-derived vesicles with
phagosomes by enhancing interactions between Sec22b and plasma membrane-localized t-
SNAREs.
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Results
Plasma membrane syntaxins are involved in biogenesis of Legionella pneumophila-
containing vacuoles

To determine whether host plasma membrane SNAREs might be involved in the biogenesis
of the L. pneumophila-containing vacuole, RNA interference (RNAi) was used to deplete
syntaxin 2 (Stx2), syntaxin 3 (Stx3) and syntaxin 4 (Stx4), which comprise the non-neuronal
syntaxins localized to the plasma membrane in mammalian cells (27). To facilitate these
RNAi studies, we established a HEK293 cell line that produces the FcγRII protein, enabling
these cells to efficiently internalize immunoglobulin G (IgG)-opsonized L. pneumophila
(Figure S1). Silencing by RNAi reduced the levels of syntaxins when the cells were treated
singularly and in combination (Figure 1A). Immunofluorescence micrographs showed a
drop in the staining intensity of plasma membrane syntaxins after RNAi treatment, whereas
the staining intensity of the plasma membrane-localized FcγRII protein expressed in these
cells was not affected (Figure 1B).

Vacuoles containing L. pneumophila mature into organelles that support bacterial replication
through a biphasic process. After uptake, vacuoles containing L. pneumophila first interact
with secretory vesicles derived from the ER, which correlates with the acquisition of Rab1
and the transmembrane protein Sec22b (4,5). After fusion with ER-derived vesicles,
vacuoles containing L. pneumophila interact with the ER network and acquire resident ER
proteins such as calnexin and glucose 6-phosphatase, which correlates with Rab1 cycling off
the vacuole at this stage (5,7,8). To determine whether plasma membrane syntaxins were
involved in maturation of vacuoles containing L. pneumophila, the kinetics of Rab1, Sec22b
and calnexin association with vacuoles was assessed after syntaxin production was silenced
by RNAi.

No significant difference in the percent of vacuoles staining positive for Sec22b, Rab1 and
calnexin was observed at 1 and 4 h after infection by L. pneumophila when control cells
were compared with cells in which a single plasma membrane-localized syntaxin had been
silenced (Figure 1C, D). Thus, elimination of a single plasma membrane syntaxin did not
abrogate trafficking of L. pneumophila to a measurable degree. When all three syntaxins
were silenced, however, the kinetics of Sec22b and calnexin recruitment to vacuoles
containing L. pneumophila was slower and Rab1 did not cycle off vacuoles as quickly as in
control cells (Figure 1C, D). Silencing of Sec22b by RNAi resulted in a similar phenotype
(Figure S2), consistent with plasma membrane syntaxins functioning in association with
Sec22b during L. pneumophila infection. Importantly, a defect in the intracellular replication
of L. pneumophila was observed in cells where the three plasma membrane-localized
syntaxins were silenced, and this defect was similar to that observed in cells where Sec22b
was silenced (Figure 1E). These data suggest that formation of the vacuole in which L.
pneumophila replicates involves fusion events mediated by plasma membrane-localized
syntaxins contained on the early vacuole and Sec22b on the ER-derived vesicles recruited to
the vacuole after infection.

Plasma membrane t-SNAREs are present on vacuoles containing Legionella pneumophila
To further investigate the role of plasma membrane t-SNAREs in the biogenesis of vacuoles
containing L. pneumophila, we examined the localization of endogenous t-SNARE proteins
during infection. In non-neuronal cells, a plasma membrane t-SNARE complex typically
consists of a transmembrane syntaxin protein associated with the peripheral membrane
protein SNAP23. To create the four-helix trans-SNARE complex that promotes vesicle
fusion with target membranes, the syntaxin protein contributes one helix, SNAP23
contributes two helices and the v-SNARE contributes one helix (15). As shown in Figure
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2A, endogenous Stx2, Stx3, Stx4 and SNAP23 were all present on vacuoles containing L.
pneumophila in the macrophage-like cell line RAW264.7. Consistent with the early
phagosome containing L. pneumophila being derived from the plasma membrane, there was
no difference observed in the localization of these SNARE proteins on vacuoles containing
wild-type L. pneumophila compared with a type IV secretion system-deficient dotA mutant
of L. pneumophila that is unable to modulate trafficking of the vacuole (Figure 2B, C). To
determine whether localization of plasma membrane t-SNAREs was a property specific for
macrophage-like cells, we examined localization of these SNAREs after uptake of
opsonized L. pneumophila into HEK293 cells stably producing the FcγRII protein. Similar
to what was observed in RAW 264.7 macrophage-like cells, endogenous t-SNARE proteins
produced by the HEK293-FcγRII cells were present on vacuoles containing L. pneumophila
(Figure 3). Thus, the L. pneumophila Dot/Icm system does not exclude the localization of
plasma membrane-localized t-SNARE complexes during phagosome formation and these t-
SNARE molecules are present on vacuoles containing L. pneumophila in both professional
phagocytes and cells that are normally non-phagocytic.

The Dot/Icm system modulates v-SNARE recruitment to vacuoles containing Legionella
pneumophila

Plasma membrane t-SNAREs play a role in the fusion of intracellular vesicles with the
plasma membrane and also in the fusion of plasma membrane-derived vesicles with
endosomes (28,29). It has previously been shown that VAMP7 (TI-VAMP) is a v-SNARE
localized to late endosomes. VAMP7 can pair with t-SNAREs consisting of a plasma
membrane syntaxin and SNAP23 and this association promotes fusion of late endosomes
with target membranes (30,31). Importantly, VAMP7 is involved in the fusion of
phagosomes with late endosomes (30). HEK293-FcγRII cells stably producing a 3x-FLAG-
tagged VAMP7 protein were used to assess whether plasma membrane-localized t-SNAREs
on vacuoles containing L. pneumophila generate a functional trans-SNARE complex with
vesicles displaying the v-SNARE VAMP7. For comparative analysis, these experiments
were done in parallel with HEK293-FcγRII cells stably producing a 3x-FLAG-tagged
version of the v-SNARE protein Sec22b.

Staining by immunofluorescence indicated that the two cell lines expressed 3x-FLAG-
Sec22b and 3x-FLAG-VAMP7 at similar levels. In addition, FcγRII expression in the two
cell lines was not affected during selection of cells stably producing the 3x-FLAG-tagged v-
SNARE proteins (Figure 4A). When these cells were infected for 1 h with wild-type L.
pneumophila, the majority of vacuoles stained positive for 3x-FLAG-Sec22b, whereas 3x-
FLAG-VAMP7 staining was not observed on most vacuoles containing wild-type L.
pneumophila (Figure 4B; left three columns). Cells were then infected with a dotA mutant to
determine whether the absence of 3x-FLAG-VAMP7 staining on the vacuoles could be the
result of L. pneumophila actively modulating SNARE interactions. On vacuoles containing
dotA mutant L. pneumophila an opposite trend was observed, with the majority of vacuoles
staining positive for 3x-FLAG-VAMP7 and very few vacuoles staining positive for 3x-
FLAG-Sec22b (Figure 4B; right three columns). Similar results were obtained following
infection of RAW264.7 macrophage-like cells and examining the localization of Sec22b and
VAMP7 expressed endogenously (Figure 5). These results suggest that L. pneumophila Dot/
Icm system modulates trafficking in part by altering the preferred utilization of VAMP7 as a
v-SNARE for interactions with t-SNAREs on the plasma membrane-derived vacuole.

The Dot/Icm system stimulates functional interactions between Sec22b and plasma
membrane-localized syntaxins

Although the immunofluorescence localization studies were consistent with L. pneumophila
altering v-SNARE utilization, whether Sec22b was functioning as a v-SNARE in
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combination with a plasma membrane-localized t-SNARE remained to be determined. To
address this question, we investigated whether L. pneumophila infection stimulated the
formation of a SNAREpin assembly consisting of Sec22b paired with a plasma membrane-
associated t-SNARE complex. Protein complexes were precipitated from HEK293-FcγRII
cells stably producing 3x-FLAG-Sec22b after infection with wild-type or dotA mutant L.
pneumophila. As expected, an interaction between 3x-FLAG-Sec22b and Stx5 was detected
in cells regardless of infection conditions (Figure 6A). There was no detectable
immunoprecipitation of calnexin, which indicates that the precipitates are free of non-
interacting components of the ER vesicles containing 3x-FLAG-Sec22b (Figure 6A). When
the 3x-FLAG-Sec22b complexes were probed for components of the plasma membrane-
localized t-SNARE complexes, infection by wild-type L. pneumophila was found to enhance
complex formation between Sec22b and plasma membrane syntaxins (Figure 6A). Infection
by dotA mutant L. pneumophila did not enhance interactions between 3x-FLAG-Sec22b and
plasma membrane syntaxins (Figure 6A). An interaction between Sec22b and endosomal
Stx7 was not detected in cells infected with wild-type L. pneumophila or the dotA mutant
(Figure 6A). In two independent experiments where immunoprecipitation of syntaxin
proteins with Sec22b was measured by densitometry, it was determined that infection by
wild-type L. pneumophila significantly enhanced the association of plasma membrane
syntaxins and Sec22b (Figure S3). In addition, it was found that the association between
plasma membrane syntaxins and Sec22b increased proportionally with an increase in the
multiplicity of infection (MOI) by wild-type L. pneumophila (Figure S4). Consistent with
the hypothesis that SNAP23 functions in association with syntaxins to create a t-SNARE
complex, coprecipitation of SNAP23 with Sec22b was observed in L. pneumophila-infected
cells. An association between SNAP23and Sec22b was also detected in uninfected cells,
which was expected based on previous studies showing that Sec22b forms a SNARE
complex with ER-localized Stx18 and SNAP23 (32).

To determine whether the complex formed between 3x-FLAG-Sec22b and plasma
membrane-localized syntaxins represents a functional SNAREpin assembly, we asked
whether this complex was disassembled upon the addition of recombinant His6-tagged NSF
and α-SNAP purified from Escherichia coli (Figure 6B). Stx5 was dissociated from 3x-
FLAG-Sec22bupon incubation of cell lysates with recombinant NSF and α-SNAP,
validating that these recombinant proteins were active (Figure 6C; lane 3). Importantly,
plasma membrane syntaxins were dissociated from 3x-FLAG-Sec22b when extracts from
cells infected with wild-type L. pneumophila were incubated with recombinant NSF and α-
SNAP (Figure 6C; lane 3).

N-ethylmaleimide (NEM) treatment was used to inactivate the NSF protein before
incubation with cell lysates to validate that the SNARE dissociation observed was mediated
specifically by NSF (33). NEM-treated NSF was unable to dissociate plasma membrane-
localized syntaxins and actually enhanced these interactions (Figure 6D; cf. lanes 2 and 4).
This result was not unexpected because α-SNAP has been shown to bind and stabilize a
functional SNARE complex prior to disassembly by NSF. As shown in the enlarged region
of lane 4 of the Stx4 blot in Figure 6D, a doublet consisting of Stx4 and α-SNAP was
detected in the sample treated with NEM. This cross-reactivity resulted from the polyclonal
anti-Stx4 antibody being generated against a recombinant His-tagged Stx4 derivative, which
is why the anti-Stx4 antibody recognized both proteins. The association of α-SNAP with a
3x-FLAG-Sec22b complex in the NEM-treated samples was confirmed by stripping the blot
and reprobing with a monoclonal anti-His antibody (Figure 6D; lane 4′). These observations
confirm that the L. pneumophila Dot/Icm system modulates SNARE usage and stimulates
functional interactions between the v-SNARE Sec22b and plasma membrane-localized t-
SNAREs.
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Discussion
Bacterial pathogens are known to exploit eukaryotic proteins to promote their uptake and
replication inside of host cells. Because of their ability to strongly stimulate specific host
pathways, pathogens are valuable tools for uncovering normal cellular processes that are
difficult to investigate, usually because the regulatory processes that govern critical
biochemical activities are not understood. In this study, we showed that L. pneumophila
promotes functional associations between host plasma membrane syntaxin proteins and the
SNARE protein Sec22b localized to ER-derived vesicles. These data indicate that one of the
pathways used by this pathogen to remodel the vacuole in which it resides involves the
subversion of the host SNARE machinery.

These data could provide mechanistic insight into a pathway described previously that
involves the direct fusion of ER-derived membranes with phagosomes (26,34). This process
has been called ER-mediated phagocytosis, although it may occur primarily after a
phagosome has been formed. It has been suggested that fusion of ER-derived vesicles with
phagosomes could facilitate membrane exchange to protect the integrity of the cell by
preventing the rapid depletion of lipid and protein molecules that comprise the plasma
membrane. The importance of ER-mediated phagocytosis has been questioned, however,
based on the inability of several groups using independent methods to validate that ER-
derived membranes contribute significantly to phagosome biogenesis (35,36). The
sensitivity of different visualization techniques employed by these independent groups may
explain different conclusions concerning the significance of the association of the ER with
phagosomes. Most likely, what these data indicate is that ER fusion with phagosomes is a
tightly regulated process that is not stimulated to an appreciable level in most standard
assays that examine the uptake and trafficking of inert particles or organisms that reside
initially in canonical early phagosomes, which would explain these seemingly contradictory
results obtained by independent groups.

Our data indicate that L. pneumophila activates a vesicular transport pathway that recruits
ER-derived membranes to the phagosome. We show that this pathway involves the
utilization of host plasma membrane syntaxins and SNAP23 as components of a t-SNARE
complex that associates with Sec22b on the membrane of ER-derived vesicles. Consistent
with data indicating fusion of ER-derived vesicles with phagosomes is normally difficult to
observe, we found no evidence of plasma membrane syntaxins being associated with Sec22b
when cells were infected with mutant L. pneumophila deficient in the Dot/Icm secretion
system, indicating that during normal endocytic maturation plasma membrane syntaxins
function in association with endosomal v-SNAREs, such as VAMP7. By contrast, wild-type
L. pneumophila stimulated the association of Sec22b with plasma membrane syntaxins.

The association of Sec22b with plasma membrane syntaxins had not been observed before in
a biological system, however, the pioneering work on biochemical interactions between
yeast SNAREs that were sufficient to promote membrane fusion suggested such interactions
were possible (18). The yeast homolog Sec22p was shown to form a functional trans-
SNARE complex with the plasma membrane syntaxin Sso1 and the SNAP23 homolog
Sec9c in an in vitro liposome fusion assay (18). Initially, it was suggested that the
interaction between Sec22b and Sso1/Sec9c would not occur in a cellular context, because
in the canonical secretory pathway ER-derived vesicles are restricted from associating with
the plasma membrane. However, the finding that ER components can be detected on
phagosomes suggested that interactions between the ER and plasma membrane SNAREs
may not be restricted. It was also shown that inhibition of Sec22b function had a detrimental
effect on the phagocytic capacity of macrophages, suggesting that Sec22b may play an
important role in this cellular process (37). Thus, both biochemical and cellular studies
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suggest that an endogenous pathway could promote the fusion of ER-derived vesicles with
phagosomes containing plasma membrane-localized SNAREs. Accordingly, our data
suggest that L. pneumophila may have evolved mechanisms to subvert an endogenous
pathway to facilitate fusion of ER-derived vesicles with the vacuole in which it resides.

These data suggest that Sec22b is a multifunctional v-SNARE that is involved in several
different membrane fusion pathways. Understanding how cells regulate the association of
Sec22b with other SNAREs should provide important insight into how processes that
involve fusion of ER-derived vesicles with phagosomes are regulated. Our data indicate that
L. pneumophila directs the pairing of Sec22b with plasma membrane-localized syntaxins by
a process that requires a functional Dot/Icm secretion system. This implies that there are
substrates translocated by the Dot/Icm system that can stimulate the pathway directing the
association of plasma membrane syntaxins and Sec22b. There are more than 150 different
proteins translocated into eukaryotic cells by the Dot/Icm system (9). Functional redundancy
among this large repertoire of effectors provides the organism with multiple means to
subvert ER-derived vesicles. At present, we have not identified a strain deficient in an L.
pneumophila effector that has lost the ability to direct the association of plasma membrane
syntaxins with Sec22b (data not shown). A recent study has suggested that the L.
pneumophila protein IcmG/DotF might play a possible role in modulating SNARE
interactions; however, there is no evidence currently that IcmG/DotF is delivered across the
vacuole membrane into the cytosol during infection and assessing the role of IcmG/DotF
during infection is further complicated by the fact that this protein is an important
component of the Dot/Icm secretion apparatus (38). This might indicate that there are
several effectors with a biochemical activity that is sufficient to stimulate the association of
Sec22b with plasma membrane syntaxins. Alternatively, there could be more than one
mechanism by which L. pneumophila is able to stimulate this pathway, and each alone is
sufficient. Thus, future studies aimed at the identification of L. pneumophila effectors that
can promote interactions between Sec22b and plasma membrane syntaxins should reveal
important regulatory processes that govern the usage of Sec22b as a v-SNARE molecule.

Materials and Methods
Rabbit polyclonal antibodies to Stx2, Stx4 and Stx7 were purchased from Synaptic Systems.
Rabbit polyclonal antibodies to SNAP23 and calnexin were obtained from Abcam and
Stress Gen, respectively. A goat polyclonal antibody to Stx3 and a rabbit polyclonal
antibody to Stx5 and Rab1b were purchased from Santa Cruz. Monoclonal antibody to
VAMP7 was obtained from Novus Biologicals. Monoclonal antibodies to FLAG and His
were purchased from Sigma-Aldrich. A rabbit polyclonal antibody to Sec22b and rabbit
polyclonal and mouse polyclonal antibodies to L. pneumophila were generated for this
study.

Bacterial strains and cell culture
Growth of L. pneumophila strains (wild-type; Lp01 and dotA mutant CR58) and host cell
infection conditions have been described previously (11,39,40). RAW 264.7 macrophages
and HEK293 cells were maintained in RPMI-1640 medium (GIBCO BRL) supplemented
with 10% FBS and DMEM supplemented with 10% FBS, respectively. Mammalian cells
were cultured at 37°C in 5% CO2.

Stable cell lines
To construct an expression vector that produces FcγRII, cDNA was amplified by
polymerase chain reaction (PCR) from a plasmid described previously (41). The FcγRII
cDNA was inserted into the HindIII/EcoRV sites of pcDNA 3.1/Hygro (Clontech). Plasmid
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DNA was tranfected into HEK293 cells and the cells expressing FcγRII (293 FcγRII cells)
were selected by culturing in DMEM supplemented with 10% FBS in the presence of 200
μg/mL Hygromycin (Sigma-Aldrich).

cDNAs of mouse Sec22b and rat VAMP7 were generated by PCR from myc-Sec22b (24)
and YFP-VAMP7 (31), respectively. The cDNAs were inserted into the 3x-FLAG sequence-
inserted pcDNA 4TO (14). To establish the 293 FcγRII cells that stably express 3x-FLAG-
Sec22b and -VAMP7, 293 FcγRII cells were transfected with 3x-FLAG-Sec22b or -
VAMP7. Drug-resistant clones were selected by culturing them in DMEM supplemented
with 10% FBS and 200 μg/mL Hygromycin in the presence of 400 μg/mL Zeocin
(Invitrogen).

Immunofluorescence microscopy
Legionella pneumophila infection of mammalian cells was described previously (11,39,40).
To examine Legionella containing vacuole (LCV) localization of endogenous plasma
membrane t-SNARE molecules in RAW 264.7 macrophages, cells were infected with
dsRed-expressing wild-type L. pneumophila or dotA mutant at an MOI of one for 1 h. Cells
were fixed for 5 min in ice-cold methanol, and blocked with 2% BSA in PBS. Samples were
stained with antibodies to Stx2, Stx3, Stx4 or SNAP23 and Alexa-488-labeled secondary
antibody (Invitrogen). To examine LCV localization of endogenous Sec22b and VAMP7 in
RAW 264.7 macrophages, cells were infected as described earlier. After infection, cells
were fixed in 4% paraformaldehyde (PFA) in PBS for 15 min at room temperature. Samples
were stained with rabbit or mouse anti-L. pneumophila antibodies to detect the extracellular
bacteria before permeabilization. After staining extracellular bacteria, cells were
permeabilized with ice-cold methanol, blocked and stained with antibodies to Sec22b or
VAMP7, and Alexa-488 anti-rabbit or mouse IgG secondary Abs to detect Sec22b or
VAMP7, and Alexa-350 anti-rabbit or anti-mouse IgG secondary antibodies to identify the
extracellular bacteria. To examine endogenous plasma membrane t-SNARE molecules and
Sec22b in HEK293-FcγRII cells and 3x-FLAG-Sec22b and 3x-FLAG VAMP7 in HEK293-
FcγRII stable cell lines, L. pneumophila was opsonized with rabbit or mouse anti-L.
pneumophila antibodies (1:1000), and cells were infected at an MOI of one for 1 h. The
same fixation and staining procedure used for staining of Sec22b/VAMP7 in RAW 264.7
macrophages was used to detect the target proteins and extra/intracellular bacteria.

Preparation of lysates from Legionella pneumophila-infected cells
To prepare lysates from L. pneumophila-infected HEK293-FcγRII 3x-FLAG-Sec22b cells
for immunoprecipitation, the cells were plated in 6-well tissue culture dishes at a density of
1 × 106 cells/well. After an overnight incubation, cells were infected without or with wild-
type L. pneumophila or dotA mutant that were opsonized with rabbit anti-L. pneumophila
antibody (1:1000 dilution) at an MOI of 20. After 1 h of infection, cells were collected by
centrifugation at 1000 ×g for 10 min. Cell pellets were washed once in PBS and resuspended
in lysis buffer [150 mm KCl,20 mm HEPES KOH (pH 7.2), 2 mm
ethylenediaminetetraacetic acid (EDTA), 0.5 mg/mL leupeptin, 2 mm pepstatin A, 1 mm
phenylmethylsulfonyl fluoride, 1 mm dithiothreitol and 1% Triton-X-100]. The lysates were
centrifuged in a microcentrifuge at 10,000 × g for10 min. All collection and preparation
steps were conducted at 4°C.

Purification of His6-NSF and α-SNAP
Full-length cDNA encoding human NSF and α-SNAP were amplified by PCR from plasmid
DNA (Open Biosystems) and inserted into the pQE-30 vector. Escherichia coli XLI-Blue
cells transformed with vectors producing the indicated proteins were grown at 37°C in Luria
broth broth containing appropriate antibiotic to an optical density (OD ) > 0.5.
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Isopropylthiogalactopyranoside was added to the medium at final concentration of 0.5 mm
and samples were incubated for 3 h at 37°C. The cells were harvested by centrifugation, and
the His-tagged proteins were purified as described previously (19,42). Purified proteins were
stored at −70°C until use.

RNA interference
RNA duplexes targeting Stx2, Stx3, Stx4 and Sec22b were purchased from Dharmacon as
siRNAplusSmart Pools. The transfection of RNA duplexes into HEK293-FcγRII cells was
conducted using Lipofectamine 2000 (Invitrogen) according to manufacturer’s directions.
The final concentration of RNA duplexes was 50 nm. Knockdown efficiency was
determined 72 h post-transfection by immunoblot, immunofluorescence and infection
experiments. For infection studies, mock-or siRNA-treated cells were infected with
opsonized L. pneumophila, then processes as described above for the stable cell lines.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Dynamics of Sec22b, calnexin and Rab1b recruitment to vacuoles containing L.
pneumophila after silencing of plasma membrane syntaxins. A) Cell lysates were obtained
from HEK293-FcγRII cells transfected for 72 h with the siRNA indicated (top), and
immunoblot analysis was used to measure the levels of the proteins indicated (left).
Calnexin levels were used to assess equal protein loading. B) HEK293-FcγRII cells were
treated with the indicated siRNA or mock treated as indicated in the upper left corner of
each image panel. Cells were fixed and stained with antibodies specific for the proteins
indicated on the left of each row. FcγRII staining was conducted to determine if the triple
syntaxin knockdown (Stx2/3/4 KD) affected the localization of this plasma membrane
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protein. Scale bar = 5 μm. C and D) HEK293-FcγRII cells were transfected with siRNA
targeting the indicated syntaxins (Stx2, Stx3, Stx4, Stx2/3/4) or treated with control siRNA
(mock) as indicated at the bottom of the graph. Cells were fixed either 1 (C) or 4 h (D) after
infection with wild-type L. pneumophila, and stained with antibodies to either Sec22b,
calnexin or Rab1b as indicated in each panel. Colocalization of Sec22b, calnexin and Rab1b
was assessed by fluorescence microscopy and the data are presented as the percent of
vacuoles that were positive for each marker. Data are the mean ± SEM of three independent
experiments in which 100 vacuoles were scored [*p < 0.02 and **p < 0.04 (C), *p < 0.002
and **p < 0.001 (D), as compared with mock-treated]. E) HEK293-FcγRII cells were
transfected with an siRNA pool to silence the production of the plasma membrane-localized
syntaxins (Stx2/3/4; black bars) or treated with control siRNA (mock; white bars) as
indicated. Cells were fixed 8 h after infection with wild-type L. pneumophila. Intracellular
replication of L. pneumophila was assessed by counting the number of bacteria residing in a
single vacuole in the infected cells. The data are presented as the percent of vacuoles in
mock-transfected cells (white bars) and Stx2/3/4 siRNA-transfected cells (black bars) that
contained 1–3 bacteria, 4–6 bacteria or >7 bacteria. Data are the mean ± SEM of three
independent experiments in which 100–120 vacuoles were scored (*p < 0.009 and **p <
0.02, as compared with mock-treated).
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Figure 2.
Localization of endogenous plasma membrane SNAREs to vacuoles containing L.
pneumophila in RAW 264.7 cells. A and B) RAW 264.7 macrophage-like cells were
infected with dsRed-expressing wild-type L. pneumophila (A) or the dotA mutant (B). At 1
h after infection, the cells were fixed and stained with antibodies specific for the proteins
listed on the left (Stx2, Stx3, Stx4 or SNAP23). The insert contains a magnified image of the
vacuole from each panel. Bar = 1 μm. C) Localization of the SNAREs indicated at the
bottom of the graph (Stx2, Stx3, Stx4, SNAP23) was assessed for vacuoles containing either
wild-type L. pneumophila (gray bars) or a dotA mutant (black bars) at 1 h after infection.
Values are the mean ± SEM of three independent experiments in which 70 vacuoles were
scored.
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Figure 3.
Localization of endogenous plasma membrane SNAREs to vacuoles containing L.
pneumophila in HEK293-FcγRII cells. A and B) HEK293-FcγRII cells were infected with
dsRed-expressing wild-type L. pneumophila (A) or the dotA mutant (B). At 1 h after
infection, the cells were fixed and stained with antibodies specific for the protein listed on
the left (Stx2, Stx3, Stx4, SNAP23 or Sec22b). The insert contains a magnified image of the
vacuole from each panel. Bar = 1 μm. C) Localization of the protein indicated at the bottom
of the graph (Stx2, Stx3, Stx4, SNAP23, Sec22b) was assessed for vacuoles containing
either wild-type L. pneumophila (gray bars) or a dotA mutant (black bars) at 1 h after
infection. Values are the mean ± SEM of three independent experiments in which 70
vacuoles were scored.
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Figure 4.
Differential localization of FLAG-tagged VAMP7 and Sec22b to vacuoles containing L.
pneumophila in HEK293-FcγRII cells. A) Fluorescence micrographs of stable HEK293-
FcγRII cell lines producing either 3x-FLAG-Sec22b (top panels) or 3x-FLAG-VAMP7
(bottom panels). Cells were stained with an antibody specific for FLAG (left panels) or an
antibody specific for FcγRII (right panels). A higher magnification of a representative cell
stained with the anti-FLAG antibody is shown in the insert. Bar = 5 μm. B) Fluorescence
micrographs of stable HEK293-FcγRII cell lines producing either 3x-FLAG-Sec22b (top
panels) or 3x-FLAG-VAMP7 (bottom panels) with either wild-type L. pneumophila (left
series) or a dotA mutant (right series) at 1 h after infection. Anti-FLAG staining is shown in
green and the L. pneumophila staining is shown in red in the merged panels. The insert
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contains a magnified image of the vacuole from each panel. Bar = 1 μm. C) Localization of
3x-FLAG-Sec22b and 3x-FLAG-VAMP7 was assessed for vacuoles containing either wild-
type L. pneumophila (gray bars) or a dotA mutant (black bars) at 1 h after infection. Values
are the mean ± SEM of three independent experiments in which 100 vacuoles were scored.
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Figure 5.
Differential localization of endogenous VAMP7 and Sec22b to vacuoles containing L.
pneumophila in RAW 264.7 cells. A and B) Fluorescence micrographs of RAW 264.7
macrophage-like cells stained with an antibody specific for Sec22b (top panels) or VAMP7
(bottom panels) with either wild-type L. pneumophila (A) or a dotA mutant (B) at 1 h after
infection. The insert contains a magnified image of the vacuole from each panel. Bar = 1
μm. C) Localization of Sec22b and VAMP7 was assessed for vacuoles containing either
wild-type L. pneumophila (gray bars) or a dotA mutant (black bars) at 1 h after infection.
Values are the mean ± SEM of three independent experiments in which 100 vacuoles were
scored.
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Figure 6.
Sec22b forms a complex with plasma membrane t-SNAREs upon infection with wild-type
L. pneumophila. A) HEK293-FcγRII 3x-FLAG-Sec22b cells were infected without (lanes 1
and 4) or with wild-type L. pneumophila (lanes 2 and 5) or dotA mutant (lanes 3 and 6).
Sec22b was immunoprecipitated with anti-FLAG M2 beads from lysates prepared 1 h after
infection. A portion of the cell lysate (5.4% of total; left lanes) and the immunoprecipitated
proteins (IP with anti-FLAG M2 beads; right lanes) were separated by SDS PAGE and the
amounts of the indicated proteins (Stx5, Stx2, Stx3, Stx4, SNAP23, calnexin, FLAG-
Sec22b) were determined by immunoblot analysis. B) Recombinant His6-NSF and His6-α-
SNAP were separated by SDS PAGE and stained with coomasie blue. Indicated on the left
are the positions of weight markers. C) HEK293-FcγRII 3x-FLAG-Sec22b cells were
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infected with wild-type L. pneumophila. Sec22b was immunoprecipitated with anti-FLAG
M2 beads from lysates prepared 1 h after infection. As indicated in the bottom legend, cell
lysates were treated with 0.5 mm ATP and 8 mm MgCl2 (lane 2) or 0.5 mm ATP, 8 mm
MgCl2, 10 μg/mL His6-NSF and 5 μg/mL His6-α-SNAP (lane 3) at 16°C for 1 h prior to
immunoprecipitation. A portion of the cell lysate (2.4% of total; lane 1) and the
immunoprecipitated proteins (IP with anti-FLAG M2 beads; lanes 2 and 3) were separated
by SDS PAGE and the amounts of the indicated proteins (Stx5, Stx2, Stx3, Stx4, SNAP23,
FLAG-Sec22b) were determined by immunoblot analysis. D) HEK293-FcγRII 3x-FLAG-
Sec22b cells were infected with wild-type L. pneumophila. Sec22b was immunoprecipitated
with anti-FLAG M2 beads from lysates prepared 1h after infection. As indicated in the
bottom legend, cell lysates were treated with 0.5 mm ATP and 8 mm MgCl2(lanes 2 and
2′ ), 0.5 mm ATP, 8 mm MgCl2, 10 μg/mL His6-NSF and 5 μg/mL His6-α-SNAP (lanes 3
and 3′) or 0.5 mm ATP, 8 mm MgCl2, 10 μg/mL NEM-pretreated His6-NSF and 5 μg/mL
His6-α-SNAP (lanes 4 and 4′) at 16°C for 1 h. After incubation, the samples were
immunoprecipitated with anti-FLAG M2 beads. A portion of the cell lysate (2.4% of total;
lanes 1 and 1′) and the immunoprecipitated proteins (IP with anti-FLAG M2 beads) were
separated by SDS PAGE and the amounts of the indicated proteins (Stx2, Stx3, Stx4,
SNAP23, FLAG-Sec22b) were determined by immunoblot analysis in lanes 1–4. Asterisk
and magnification of the Stx4 band in lane 4 shows the presence of His6-α-SNAP, which
was detected by the anti-Stx4 antibody. An anti-His immunoblot shown on the right (lanes 1′
– 4′) confirms His6-α-SNAP was immunoprecipitated with FLAG-Sec22b in the NEM-
treated NSF-containing sample (lane 4′).
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