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Summary

Upon infection, Legionella pneumophila uses the
Dot/Icm type IV secretion system to translocate
effector proteins from the Legionella-containing
vacuole (LCV) into the host cell cytoplasm. The
effectors target a wide array of host cellular pro-
cesses that aid LCV biogenesis, including the
manipulation of membrane trafficking. In this
study, we used a hidden Markov model screen
to identify two novel, non-eukaryotic soluble
NSF attachment protein receptor (SNARE)
homologs: the bacterial Legionella SNARE effector
A (LseA) and viral SNARE homolog A proteins.
We characterized LseA as a Dot/Icm effector of
L. pneumophila, which has close homology to the
Qc-SNARE subfamily. The lseA gene was present
in multiple sequenced L. pneumophila strains
including Corby and was well distributed among
L. pneumophila clinical and environmental iso-
lates. Employing a variety of biochemical, cell bio-
logical and microbiological techniques, we found

that farnesylated LseA localized to membranes
associated with the Golgi complex in mammalian
cells and LseA interacted with a subset of Qa-, Qb-
and R-SNAREs in host cells. Our results suggested
that LseA acts as a SNARE protein and has the
potential to regulate or mediate membrane fusion
events in Golgi-associated pathways.

Introduction

The intracellular pathogen Legionella pneumophila is the
major etiological agent of Legionnaire’s disease, a poten-
tially fatal pneumonia. At the initiation of human infection,
L. pneumophila is inhaled from contaminated sources via
water droplets and is internalized in the lungs by resident
alveolar macrophages. The canonical endosomal/
lysosomal degradative route is avoided and instead the
bacteria create an endoplasmic reticulum (ER)–derived
organelle for intracellular replication, termed the
Legionella-containing vacuole (LCV; Newton et al., 2010).
Legionella-containing vacuole biogenesis depends on the
Dot/Icm type IV secretion system to translocate effector
proteins into the host cell that promote the formation and
maintenance of the LCV. The effector repertoire of
L. pneumophila exceeds 300 in number (Hubber and Roy,
2010), and while specific roles have been attributed to
relatively few of these effectors, it is clear that some
effector functions are host species specific and varying
degrees of functional redundancy exist; mutant deriva-
tives of L. pneumophila lacking individual effectors often
have no detectable defect in virulence or intracellular
growth (Newton et al., 2010).

It is well established that membrane trafficking path-
ways are targets of L. pneumophila effectors (Hubber and
Roy, 2010; Ge and Shao, 2011). Dot/Icm effectors target
key host cell trafficking components, including small
GTPases (Hardiman et al., 2012; Goody and Itzen, 2013),
lysosomal function (Xu et al., 2010) and the retromer
complex (Finsel et al., 2013). In contrast, very little is
known about interactions of Legionella effectors with host
proteins that directly facilitate membrane fusion events,
namely the soluble N-ethylmaleimide sensitive factor
(NSF) attachment protein receptor (SNARE) proteins
(Jahn and Scheller, 2006). SNAREs are central to traffick-
ing events in eukaryotic cells and assemble into ternary or
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quaternary complexes on apposing membranes, ulti-
mately driving membrane fusion. One SNARE motif from
each of the four Qa, Qb, Qc and R subclasses is recruited
to form fusogenic SNARE complexes. We hypothesized
that among the numerous uncharacterized Dot/Icm effec-
tors translocated by L. pneumophila may be proteins that
regulate host cell membrane fusion events by targeting
SNAREs.

In this study, we describe non-eukaryotic SNAREs;
among them, we identified a novel L. pneumophila Dot/
Icm effector, which contains eukaryotic-like Qc-SNARE
and CaaX prenylation motifs. This protein, Legionella
SNARE effector A (LseA), is farnesylated by host machin-
ery to localize in mammalian cells on Golgi-associated
membranes. LseA binds to a subset of Qa-, Qb- and
R-SNARE partners, suggesting it has likely regulatory or
possibly fusogenic roles in membrane trafficking.

Results

Identification of non-eukaryotic SNARE homologs

Our initial search was directed at identifying possible
SNARE homologs outside eukaryotes. For this, we
built a hidden Markov model (HMM) and searched both
eukaryotic and non-eukaryotic protein sequences. The
E-values of eukaryotic SNAREs ranged from 1e−3 to
3.5e−31. The top four bacterial sequences, with E-values of
2.5e−9, 5.6e−9, 4.5e−8 and 4.5e−8, were homologs from
L. pneumophila strains HL06041035 (CCD09746.1),
Lorraine (CCD06515.1), Corby (ABQ56040.1) and Alcoy
(ADG25747.1) respectively. We have termed these
homologs LseA. Surprisingly, the other non-eukaryotic
sequences with good statistical support belonged to
amoebic viruses: Acanthamoeba polyphaga mimivirus
(1.8e−5, YP_003987178) and A. castellanii mamavirus
(1.3e−4, AEQ60861). These viral proteins share 98.5%
sequence identity; we have collectively called them viral
SNARE homolog A (VshA).

Schematic diagrams of the LseA and VshA proteins are
shown in Fig. 1A. The most conspicuous feature of LseA
is the t-SNARE motif (SMART domain SM00397) that
comprises the majority of the protein. LseA is 97 residues
in length and 11.1 kDa in calculated molecular mass,
comparable in size to the human R-SNARE proteins
VAMP3 (100 residues, 11.3 kDa) and VAMP8 (100
residues, 11.4 kDa). Structural predictions suggest an
extended helical architecture for LseA, with a continuous
helix spanning residues 16–91. The LseA N terminus con-
tains no known functional domains but is highly charged
and polar. Unlike the majority of mammalian SNAREs,
LseA does not harbor a transmembrane domain but
instead features a C-terminal CaaX motif (CFLM). For
all subsequent analyses and experiments, we used

L. pneumophila Corby and recombinant LseA derived
from this strain. VshA has two SNARE motifs and no
predicted transmembrane domain but features a single
Cys residue and a highly positive-charged region imme-
diately downstream of the N-terminal SNARE motif
(Fig. 1A).

LseA and VshA group with mammalian Qc-
and Qb-SNAREs

LseA was confidently predicted to contain a Qc-SNARE
motif (E-value = 7.5e−13) by the HMM de novo SNARE
motif finder tool (http://bioinformatics.mpibpc.mpg.de/
snare/snareSubmitSequencePage.jsp), as implemented
by Kloepper et al. (2007). Similarly, The N- and C-terminal
SNARE motifs of VshA were predicted to be Qb- and
Qc- SNARE homologs respectively. This software did not
detect SNARE motifs in other bacterial proteins with
SNARE-like properties including IcmG, LegC2, LegC3
and LegC7 from L. pneumophila and IncA from
the Chlamydiaceae (Wesolowski and Paumet, 2010).
LseA thus stands out as a bacterial protein containing a
bona fide SNARE motif.

To investigate the SNARE homology of these proteins
further, we aligned the LseA and VshA SNARE motifs with
the complete set of human SNARE motifs (Supporting
Information Fig. S1). A dendrogram constructed from the
SNARE multiple alignment positioned LseA within the
Qc-SNARE clade (Fig. 1B). The N- and C-terminal VshA
SNARE motifs were positioned within the Qb- and
Qc-SNARE clades respectively. In this study, we focused
on characterization of the bacterial LseA protein only.

Closer examination of the LseA protein sequence
uncovered similarities between LseA and the syntaxin6
Qc-SNARE (Supporting Information Fig. S2A). Immedi-
ately upstream of the SNARE motif, a previously
unrecognized hexapeptide motif is strikingly conserved,
amid sequence of lower conservation. This motif,
QDEQL(D/E), is present in representative syntaxin6 pro-
teins from vertebrates, invertebrates, fungi and amoebae.
Some variation is noted at the fourth position; for instance,
a QDEELD motif is conserved in plant syntaxin6 proteins.
LseA shares the conserved QDEQLD motif, at the identi-
cal position relative to the SNARE motif at positions
16–20, as well as other well-conserved residues at posi-
tions 9, 40–41 and 44 (the zero-layer Gln) of the multiple
alignment (Supporting Information Fig. S2B). The LseA
sequence groups with fungal syntaxin6 orthologs in a
phylogenetic analysis based on sequences from the mul-
tiple alignment, and the LseA QDEQLD motif locus is
particularly well conserved in fungal syntaxin6 proteins,
including Cladophialophora spp. (Supporting Information
Fig. S2C and D). Syntaxin6 was also the top hit (PDB:
2NPS, chain D; 99.7% confidence) when the LseA
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Fig. 1. Non-eukaryotic proteins contain SNARE motifs.
A. Schematic overviews of LseA and VshA showing the SNARE motifs. Other salient residues are indicated.
B. Unrooted phylogenetic analysis (based on the multiple alignment, Supporting Information Fig. S1) showing the LseA and VshA C-terminal
SNARE motifs within the human Qc-SNARE clade and the VshA N-terminal SNARE motif within the human Qb-SNARE clade.
C. Structural modeling of LseA. Upper panel: modeled structure of LseA overlaid onto the syntaxin6 Qc-SNARE in the solved
syntaxin12:Vti1a:syntaxin6:VAMP4 SNARE complex. Potential salt bridges between LseA and each of the other SNAREs are indicated. Lower
panel: cross-sectional view of the SNARE complex zero layer, showing the LseA Gln interacting with the corresponding ionic residues of the
Qa-, Qb- and R-SNAREs.
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sequence was analyzed by the Phyre2 protein fold struc-
ture recognition server (Kelley and Sternberg, 2009).

To gain insight into the potential of LseA to interact
with endogenous mammalian SNARE assemblies, we
modeled the structure of the LseA SNARE motif based on
the known structure of the closely related syntaxin6
Qc-SNARE helix in complex with early endosomal
SNAREs syntaxin12 (also known as syntaxin13; Qa),
Vti1a (Qb) and VAMP4 (R) (PDB ID 2NPS) (Zwilling et al.,
2007; Fig. 1C). This modeling showed that all of the key
interactions within the hydrophobic layers of the coiled-
coil structure are conserved, as is the presence of the
necessary Gln side chain at the zero layer (Fig. 1C).
Modeling with the syntaxin7:Vti1b:syntaxin8:VAMP8
late endosomal SNARE complex (Antonin et al., 2002)
showed a similar degree of accommodation (not shown).
Note that the early endosomal SNARE complex is slightly
unusual in that the Vti1a Qb-SNARE possesses an Asp
side-chain at the zero layer rather than the typical Gln.
There are furthermore many charged residues on the
surface of the modeled LseA structure that are well posi-
tioned to make extensive surface salt bridges with both
the VAMP4 and Vti1a neighboring SNAREs within
this putative complex (Fig. 1C). Altogether, structural
modeling indicated that LseA would be able to interact
with endosomal SNARE proteins and in particular could
substitute for syntaxin6 and related Qc-SNAREs such as
syntaxin8 in these complexes.

Carriage of lseA and drrA/sidM among L. pneumophila
clinical and environmental isolates

We hypothesized that LseA influences LCV biogenesis by
forming SNARE complexes with host SNARE proteins.
The only other Dot/Icm effector known to influence
SNARE complex formation directly is DrrA/SidM, which
activates Rab1 and drives Sec22b association with
plasma membrane SNAREs (Arasaki et al., 2012). To
compare carriage of lseA and drrA/sidM, we searched
for lseA and drrA/sidM in available L. pneumophila
genome sequences and performed polymerase chain
reaction (PCR) screening of a collection of 70
L. pneumophila isolates of clinical and environmental
origin. The lseA gene was present and highly con-
served in multiple sequenced L. pneumophila strains:
Corby (LPC_2110), Alcoy (lpa_03441), Lorraine (LPO_
2553) and HL06041035 (LPV_2681; Ginevra et al.,
2008, Gloeckner et al., 2008, D’Auria et al., 2010,
Gomez-Valero et al., 2011). By PCR, lseA was detected in
36 of the 70 strains (51.4%) and drrA/sidM was present in
32 strains (45.7%), at a slightly lower prevalence (Fig. 2A
and Supporting Information Table S3). In general, there
was a tendency for strains that lacked drrA/sidM to harbor
lseA and conversely for strains that lacked lseA to harbor

drrA/sidM. Nine strains possessed both lseA and drrA/
sidM and 11 strains possessed neither.

LseA is a substrate of the L. pneumophila Dot/Icm type
IV secretion system

The L. pneumophila Dot/Icm type IV secretion system
injects multiple effectors into the host cell cytoplasm

Fig. 2. Prevalence of the lseA gene and translocation of the LseA
protein.
A. Venn diagram showing the prevalence of lseA and drrA/sidM in
70 clinical and environmental L. pneumophila isolates. The PCR
primers used are listed in Supporting Information Table S2, and
detailed isolate and prevalence data are shown in Supporting
Information Table S3.
B. LseA is translocated by the Dot/Icm type IV secretion system.
THP-1 macrophages were left uninfected or infected with
L. pneumophila Corby wild type or ΔdotA carrying the pXDC61
vector or expressing the indicated TEM-1 β-lactamase fusion
protein. The TEM-1-RalF protein served as a positive translocation
control. Cells were loaded with CCF2-AM dye following a 1 h
infection. Results are expressed as the relative blue/green
fluorescence ratio and are the mean + SD of three independent
experiments, each performed in triplicate.
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during infection. To test directly whether LseA is another
Dot/Icm-dependent effector, we generated a translational
fusion of the TEM-1 β-lactamase with the N terminus of
LseA (pTEM-1-lseA) and introduced this construct into
L. pneumophila strain Corby and ΔdotA (a Dot/Icm defec-
tive mutant) derivative. Infected cells were loaded with
CCF2-AM and translocation of the TEM-1 fusion was
determined by measuring the ratio of cleaved (460 nm) to
uncleaved (530 nm) CCF2-AM (de Felipe et al., 2008;
Fig. 2B). TEM-1-LseA was translocated at comparable
levels to the highly translocated positive control, TEM-1-
RalF. Translocation of TEM-1-LseA was not detected
during the Corby ΔdotA infection, indicating that LseA is a
Dot/Icm effector.

Mutant L. pneumophila Corby lacking lseA replicates
proficiently in host cells

As is the case for the majority of individual Dot/Icm effec-
tors (Newton et al., 2010), isogenic deletion of lseA had
no effect on intracellular replication of L. pneumophila in
either human THP-1 macrophages (Fig. 3A) or the
amoebic host A. castellanii (Fig. 3B). We next used a
fluorescence imaging approach to examine whether
loss of the lseA gene increased the susceptibility of
L. pneumophila to lysosomal attack. RAW 264.7 cells
were infected with L. pneumophila Corby wild type, ΔlseA
and ΔdotA strains and incubated with the cell-permeable
LysoTracker Red dye (to label acidic intracellular compart-
ments). Internalized bacteria were distinguished from
external bacteria by immunostaining with Legionella
monoclonal antibodies before and after permeabilization.
Under these conditions, labeling of lysosomes is removed
but the dye is retained in the cytoplasm of
internalized bacteria. Every internalized ΔdotA mutant
bacterium labeled positive for LysoTracker Red after 2.5 h
of infection (Fig. 3C and Supporting Information
Fig. S3A). There was no difference between the wild type
and ΔlseA mutant in this assay – only 2% of both the
internalized wild type and ΔlseA mutant bacteria con-
tained LysoTracker Red fluorescence (Fig. 3C and Sup-
porting Information Fig. S3B and C). These results are in
keeping with the observed lack of a survival defect of
ΔlseA L. pneumophila in human macrophages (Fig. 3A).
However, our finding that lseA is carried by a large pro-
portion of L. pneumophila strains is indicative of LseA
being advantageous during the infective process.

As Saccharomyces cerevisiae has proved to be a valu-
able model for testing the functions and membrane
topologies of L. pneumophila effectors (de Felipe et al.,
2008), we expressed LseA in S. cerevisiae with an
N-terminal 2HA tag. The effect of LseA or LseAC94S

expression on the yeast was tested by a serial dilution
growth experiment. Unlike some other Dot/Icm effectors

that influence membrane trafficking (Shohdy et al., 2005),
no growth defect of the cells was observed (Fig. 3D).

Localization of LseA during infection

To investigate the subcellular localization of translocated
LseA during L. pneumophila infection, we performed
localization experiments with bacterially translocated,
4HA-tagged LseA. We performed infections of RAW
264.7 macrophages with L. pneumophila Corby ΔlseA
(pICC562-lseA), followed by anti-HA immunofluorescence
microscopy, but consistently did not see any immuno-
fluorescent signal in the host cells with this strategy.

Our next approach involved detection of translocated
4HA-LseA in infected RAW 264.7 cells by anti-HA cryo-
immunogold transmission electron microscopy. In order to
denote secretory pathway compartments, sections were
co-immunolabeled for lysozyme, an abundant con-
stitutive, soluble secretory product of macrophages.
Lysozyme labeling was seen internally in the lumens of
the ER and Golgi cisternae, in vesicles and occasionally
in the LCVs (Fig. 4A, B, D, E, arrowheads). HA-LseA
labeling was seen inside L. pneumophila in LCVs (Fig. 4A
and B, arrows). In the host cell, HA-LseA labeling was
notably associated with membranes, generally on
the cytoplasmic leaflet. Specifically, it was found on
non-clathrin-coated vesicles associated with the Golgi
complex (Fig. 4C–E, arrows), and occasionally on flat-
tened vesicles closely apposed to the LCV membranes
(Fig. 4B, arrows). This labeling demonstrated transloca-
tion of LseA into the host cell and its localization to a
subset of host, Golgi-associated membranes.

We then used resin transmission electron microscopy
to compare the ultrastructure of L. pneumophila Corby
wild type and ΔlseA mutant LCVs in infected RAW 264.7
macrophages. We saw no difference in general LCV mor-
phology, recruitment of host vesicles to L. pneumophila
Corby wild type and ΔlseA LCVs, or mitochondrial asso-
ciation, at multiple time points from 15 min to 4 h. Repre-
sentative electron micrographs are shown in Supporting
Information Fig. S4. We thus conclude that LseA is not
required for LCV formation or sequestration.

Ectopically expressed LseA localizes to Golgi
membranes in mammalian cells

The presence of the CaaX motif in the LseA protein sug-
gested possible membrane localization. To examine this,
we expressed an EGFP-LseA fusion protein by transient
transfection of HeLa cells. EGFP-LseA exhibited both
juxtanuclear and cytoplasmic localization; the juxtanu-
clear staining co-localized with GM130, a Golgi cisternal
marker (Fig. 5A). This Golgi staining pattern was
conserved in transfected mouse macrophages (Fig. 5B)
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and resembled translocated LseA results (see Fig. 4).
Specific fluorescent labeling of LseA on other intra-
cellular membranes was not found. Since numerous
L. pneumophila effectors are known to localize to the
cytosolic face of the LCV (Hicks and Galan, 2013), we
tested whether this was also the case for LseA. We saw
no evidence of EGFP-LseA recruitment to LCVs upon
infection of transfected RAW 264.7 cells with
L. pneumophila strains, at multiple infection time points
(data not shown).

Next, we constructed a CaaX-deficient variant of
EGFP-LseA by mutation of the Cys residue at position
94 to Ser, yielding EGFP-LseAC94S. The EGFP-LseAC94S

mutant had a diffuse distribution in the cytoplasm and
nucleus but lacked discernable Golgi localization
(Fig. 5B). Thus, the CaaX motif facilitated Golgi mem-
brane localization in mammalian cells. To characterize the
Golgi localization of LseA further, we constructed another
EGFP-LseA mutant, adding a second Cys residue flank-
ing the CaaX motif, yielding EGFP-LseAS93C (with a C
terminus of CCFLM). We hypothesized that (as well as the
Cys of the CaaX motif) the additional Cys residue would
be lipidated by the host, resulting in a doubly lipidated,
more hydrophobic LseA protein, exhibiting stronger
membrane association and a reduced presence in the
cytoplasm. This is indeed what was observed upon trans-
fection of mammalian cells with this construct (Fig. 5B).

Farnesylation of the LseA CaaX motif by host
cell machinery

In eukaryotic cells, proteins containing functional,
C-terminal CaaX motifs can be prenylated at the Cys
residue with either a farnesyl (C15) or a geranylgeranyl
(C20) lipid moiety. The two a residues of the CaaX motif
are typically, but not necessarily, aliphatic, and the X
residue is the main determinant of prenylation specificity.
Generally, when X is Ser, Gln, Met, Cys or Ala the protein
will be farnesylated, while a Leu at this position will result
in geranylgeranylation (Zhang and Casey, 1996). The
CFLM motif of LseA would therefore be expected to be a
substrate of farnesyltransferase. To test this, we used
specific prenylation inhibitors in HeLa cells transiently
transfected with EGFP-LseA. The prenyl synthesis inhibi-
tor mevastatin served as a positive control and dimethyl
sulfoxide (DMSO) alone as a negative control. In EGFP-
LseA-transfected cells, Golgi membrane localization was
abolished after mevastatin and farnesylation inhibitor
(FTI-277) treatments, but not after geranylgeranylation
inhibitor (GGTI-2147) treatment (Fig. 5C). Equivalent
results were achieved with FTI-2628 and GGTI-286
treatments (data not shown). The mevastatin and
FTI-277 treatments mimic the localization of the CaaX-
deficient EGFP-LseAC94S mutant (Fig. 5B). Thus, LseA

Fig. 3. Loss of LseA does not affect L. pneumophila replication
efficiency in host cells.
Replication of L. pneumophila Corby wild type (carrying pMIP),
ΔlseA (carrying pMIP), ΔlseA (carrying pMIP-lseA) and ΔdotA
(negative control) within (A) THP-1 macrophages and (B)
A. castellanii. Results are expressed as the log10 CFU ml−1 of viable
bacteria present in the extracellular media (and associated with
cells for THP-1) at specific time points after infection, mean ± SD of
at least three independent experiments from duplicate wells.
C. RAW 264.7 cells were infected with the L. pneumophila strains
indicated at an MOI of 50 for 2.5 h in the presence of LysoTracker
Red. Results are expressed as the percentage of internalized
L. pneumophila with LysoTracker Red labeling. n = 50 internalized
L. pneumophila cells.
D. Expression of LseA or LseAC94S does not induce a growth defect
in S. cerevisiae. S. cerevisiae strain YPH499 was transformed with
empty vectors, lseA or lseAC94S fusions and spotted in serial
dilutions onto SD-URA agar and grown for 3 days at 30°C.
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is a substrate of host farnesyltransferase but not
geranylgeranyltransferase.

Immunoblot analysis of membrane and cytosol frac-
tions, extracted from transfected HeLa cells, correlated
well with the microscopy results (Fig. 5D). As expected,
the anchorless LseAC94S mutant was more abundant in the
cytosol than wild type LseA but also maintained a pres-
ence at membranes, presumably owing to protein–protein
interactions with resident, membrane-bound SNAREs.
Conversely, the more hydrophobic LseAS93C mutant exhib-
ited lower cytosolic but higher membrane localization than
the wild type (Fig. 5D).

LseA does not inhibit traffic through the Golgi apparatus
in macrophages

The ER–Golgi axis is a crucial component of the secretory
pathway. Because of the localization of LseA to these
membranes in mammalian cells, we examined whether
host cell secretory pathway function was hijacked or com-
promised by LseA. The precursor for the inflammatory
cytokine tumor necrosis factor (TNF) is trafficked and
secreted in activated macrophages via a multi-step
pathway that is SNARE dependent. TNF precursors can
be immunolabeled in the Golgi complex, as can the pre-
cleaved form of TNF, delivered to the cell surface (Shurety
et al., 2000). TNF precursors were readily stained in the
Golgi complex of lipopolysaccharide (LPS)-activated
control or EGFP-LseA-transfected macrophages (Sup-
porting Information Fig. S5A). This showed that ER–Golgi
traffic was not blocked by LseA. Immunostaining of
unpermeabilized cells showed equivalent labeling of TNF

on the cell surface (Supporting Information Fig. S5A),
indicating that traffic through the Golgi and post-Golgi
steps were also not impeded by recombinant LseA. This
traffic was also not inhibited by the soluble EGFP-
LseAC94S derivative (Supporting Information Fig. S5B).
From this, we predict that LseA would not be likely to
divert or block the host secretory pathway in infected
cells. In turn, this would ensure continued cell function
and survival.

LseA does not inhibit retrograde traffic

The association of LseA with Golgi vesicles and its homol-
ogy to syntaxin6 also prompted us to test its effect on
retrograde transport from endosomes to the Golgi.
Ectopic expression of LseA did not perturb or change the
distributions of mannose 6-phosphate receptors moving
between the TGN and late endosomes or of retromer
subunits Vps35 or SNX1 that mediate this traffic
(Seaman, 2012; Supporting Information Fig. S5C and D).
We thus conclude that LseA is unlikely to disrupt retro-
grade traffic in mammalian cells, including the retromer-
mediated pathway, which can be recruited to the LCV
(Finsel et al., 2013).

LseA does not alter the morphology or acidification
of lysosomes

We also tested the effect of LseA overexpression specifi-
cally on the function of lysosomes – the end point of the
canonical endocytic pathway. Control RAW 264.7 cells
treated with the V-ATPase inhibitor, bafilomycin A1, lacked

Fig. 4. Bacterially delivered LseA localizes
with Golgi-associated membranes.
A–E. RAW 264.7 macrophages were infected
for 1 h with L. pneumophila Corby ΔlseA,
induced to express 4HA-tagged LseA.
Ultrathin cryosections were double-labeled
sequentially with HA and lysozyme rabbit
antibodies, then with 5 nm or 10 nm protein
A-gold conjugates (arrows and arrowheads,
respectively) and analyzed by cryo-electron
microscopy. G , Golgi; HA, haemagglutinin
tag; L, L. pneumophila; LCV,
Legionella-containing vacuole, LZM,
lysozyme; M, mitochondrion. Scale
bars = 250 nm. These images are
representative of three separate co-labeling
experiments.

L. pneumophila SNARE mimic 773

© 2014 John Wiley & Sons Ltd, Cellular Microbiology, 17, 767–784



lysosomal acidification, as detected by the total absence
of LysoTracker Red labeling (Supporting Information
Fig. S5E). Cells expressing EGFP-LseA, in the absence
of bafilomycin A1, had no apparent morphological change
or acidification deficiency (Supporting Information
Fig. S5F).

LseA interacts with host SNARE proteins

As a SNARE domain–containing protein, LseA has the
potential to interact with host SNAREs. To test this, we
transfected RAW 264.7 cells with pEGFP-C1-lseA and
performed anti-GFP immunoprecipitations followed by

Fig. 5. Ectopically expressed LseA is farnesylated and localizes to the Golgi in mammalian cells.
A. Fluorescence micrographs of HeLa cells transiently transfected with pEGFP-C1-lseA, exhibiting Golgi, as well as cytoplasmic, localization.
Red indicates labeling with GM130 antibody and the nucleus is stained blue (DAPI).
B. Fluorescence micrographs of RAW 264.7 macrophages transiently transfected with pEGFP-C1-lseA, pEGFP-C1-lseAC94S and
pEGFP-C1-lseAS93C, showing the contrasting effects of the C-terminal mutations on LseA expression.
C. HeLa cells expressing EGFP-LseA were treated with mevastatin (5 μM), FTI-277 (2 μM) or GGTI-2147 (2 μM) for 16 h.
D. HeLa cells were transiently transfected with pEGFP-C1, pEGFP-C1-lseA, pEGFP-C1-lseAC94S and pEGFP-C1-lseAS93C and subjected to
membrane/cytosol fractionation by ultracentrifugation. Fractions were analyzed by immunoblotting with GFP and γ-adaptin antibodies. Shown
are representative blots from three independent experiments and quantifications thereof, based on densitometry analysis.
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Western blotting to identify LseA binding partners. As a
Qc-SNARE mimic, LseAshowed interactions that would be
expected for an endogenous Qc-SNARE. That is, EGFP-
LseA precipitated members of the Qa-, Qb- and R-SNARE
subgroups, but not Qc- and Qbc-SNAREs (Fig. 6A). Even
in the presence of the NSF inhibitor, N-ethylmaleimide
(NEM), LseA did not coprecipitate α-SNAP. EGFP-LseA
also did not pull down the non-SNARE Golgi membrane
proteins GM130 and Rab6. From these experiments, we
conclude that LseA is able to bind promiscuously to multi-
ple members of SNARE complexes associated with more
than one known SNARE complex.

Given that immunoprecipitation may pull down protein
complexes as well as direct binding partners of LseA, we
used the yeast two-hybrid system to test whether the
interactions between LseA and a selection of host Q- and
R-SNAREs were direct. As shown in Fig. 6B, direct inter-
actions were detected between LseA and each of the
mammalian SNAREs tested. As such, our data suggested
that LseA would have the potential to participate in or
block multiple SNARE-dependent membrane fusion
events.

To examine this notion further, we tested whether LseA
can participate in high-molecular-mass complexes. Gel

Fig. 6. LseA is present in large cellular complexes and binds directly to endogenous SNARE proteins.
A. Lysates from RAW 264.7 cells transiently expressing EGFP or EGFP-LseA were precipitated with GFP-nanobody beads and analyzed by
immunoblotting with antibodies to GFP, α-SNAP, GM130, Rab6 and a range of SNAREs. EGFP-LseA coprecipitated Qa-, Qb- and
R-SNAREs.
B. Yeast two-hybrid analysis of protein–protein interactions in S. cerevisiae PJ69-4A. Results are expressed as the mean + SEM
β-galactosidase activity from at least three independent experiments performed in triplicate.
C. Lysates of HEK 293 cells transiently expressing EGFP or EGFP-LseA were separated by gel filtration chromatography using a Superose 6
column. Shown are alternate fractions immunoblotted with GFP antibody. EGFP-LseA, but not EGFP alone, was detected in
large-molecular-mass complexes.

L. pneumophila SNARE mimic 775

© 2014 John Wiley & Sons Ltd, Cellular Microbiology, 17, 767–784



filtration of transfected, Triton X-100–extracted HEK 293
cell lysates and subsequent Western blotting of the elution
fractions showed that while a significant amount of EGFP-
LseA (37 kDa) was monomeric (or possibly in small binary
complexes), most EGFP-LseA appeared in large com-
plexes (Fig. 6C). Monomeric unfused EGFP control
(25 kDa) eluted in the expected fractions and NEM treat-
ment did not affect the EGFP-LseA elution profile (not
shown).

Discussion

Trafficking proteins, including Rab GTPases, are
common targets for intracellular bacterial effectors.
Accordingly, an increasing number of Rab-interacting
L. pneumophila proteins have been described: DrrA/
SidM, SidD, LidA, LepB, AnkX, Lem3 and VipD, many of
which target Rab1. These interactions have been exten-
sively reviewed (Hardiman et al., 2012; Neunuebel and
Machner, 2012a; Goody and Itzen, 2013; Sherwood and
Roy, 2013). Membrane fusion proteins such as SNAREs
also provide ideal targets for bacterial intervention, but
very few bacterial proteins are known to interact directly
with members of the SNARE protein family. Until now,
the only Dot/Icm effector known to bind directly to
SNAREs is the multifunctional DrrA/SidM, which binds to
plasma membrane syntaxins via its C-terminal P4M
domain that also has phosphoinositide-binding capability
(Arasaki et al., 2012).

In this study, we report the discovery and characteriza-
tion of an L. pneumophila effector, LseA, which consti-
tutes the first described SNARE effector for this species.
LseA also has more features consistent with members of
the mammalian SNARE family than other non-eukaryotic
SNAREs. The inclusion protein A (IncA) of Chlamydia and
Chlamydophila spp. represents the only other functionally
confirmed bacterial SNARE mimic known (Delevoye
et al., 2008), although its sequence homology to mamma-
lian SNAREs is relatively low and it was not identified in
our database searches. The possible existence of
L. pneumophila SNARE mimics has been speculated
before (Chen et al., 2004; Hubber and Roy, 2010),
although there have been no experimentally confirmed
candidates. The IcmG protein (also known as DotF) con-
tains a coiled-coil domain suggested to resemble SNARE
proteins, and a limited IcmG-mediated inhibitory effect
was observed when assessed in an in vitro liposome-
fusion assay (Paumet et al., 2009). However, a closer
analysis of the proposed SNARE motif of IcmG revealed
that this sequence (residues 146–205) is not predicted to
form a continuous helix (not shown), which is a fundamen-
tal characteristic of genuine SNARE motifs, casting doubt
on the genuine SNARE-like status of this protein. Notably,
IcmG is a key component of the Dot/Icm machinery itself,

rather than being a translocated effector (Vincent et al.,
2006). The L. pneumophila LegC3 effector has also been
referred to as SNARE-like because of its putative coiled-
coil domain structure (Paumet et al., 2009). LegC3 has
been mostly characterized in the yeast system, where it
can inhibit homotypic vacuole fusion (Bennett et al.,
2013). In the amoebic Dictyostelium discoideum host,
GFP-LegC3 also localizes to late endocytic structures that
may not be able to fuse with lysosomes, but in mamma-
lian cells the localization of LegC3 is less clear (de Felipe
et al., 2008; Bennett et al., 2013). LegC2/YlfB and LegC7/
YlfA are two further Icm/Dot-dependent transmembrane
proteins with predicted coiled-coil domains (Campodonico
et al., 2005), which have been considered SNARE-like
(Wesolowski and Paumet, 2010). LegC2 and LegC7 both
inhibit yeast growth but are not required for intracellular
bacterial growth in mammalian cells and do not appar-
ently disrupt host trafficking when ectopically expressed
(Campodonico et al., 2005; de Felipe et al., 2008). Lastly,
the LepA and LepB effectors, identified as having weak
homology to SNAREs, are not required for Legionella
replication in mammalian cells but are required for the
release of Legionella from infected amoebae, to continue
the infectious cycle (Chen et al., 2004).

We also unexpectedly detected SNARE homologs in
Acanthamoeba giant viruses: mimivirus and mamavirus.
VshA and mammalian SNAP23 are strikingly similar in
size (23.4 kDa), have N-terminal Qb-SNARE and
C-terminal Qc-SNARE motifs and lack transmembrane
domains. However, while mammalian SNAP23 contains
multiple palmitoylated Cys residues downstream of the
Qb-SNARE motif that are important for membrane
anchoring, VshA contains a single Cys followed by a
stretch including 13 positively charged residues but no
Asp or Glu residues, as a potential membrane-anchoring
domain. We conclude that while a number of proteins
have previously been suggested to possess SNARE-like
properties, the high degree of homology of LseA and
VshA to mammalian SNAREs makes these arguably the
clearest examples of non-eukaryotic SNARE-like proteins
identified to date.

Of the 36 SNAREs in the human proteome, 29 are
integral proteins with classical transmembrane domains.
The remaining SNAREs associate with membranes by
other mechanisms, such as palmitoylation for syntaxin11,
syntaxin19 (also known as syntaxin9), SNAP23 and
SNAP25 (Vogel and Roche, 1999; Wang et al., 2006;
Offenhaeuser et al., 2011). Ykt6 has a unique feature that
allows for parallels to be drawn with LseA. Technically an
R-SNARE, Ykt6 has only been conclusively shown to
serve as a t-SNARE in two distinct Golgi SNARE com-
plexes (Zhang and Hong, 2001; Xu et al., 2002; Hong,
2005). Ykt6, like LseA, is prenylated with a farnesyl group
at its CaaX motif (CAIM in human, CIIM in yeast;
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Fukasawa et al., 2004). LseA hereby joins Ykt6 as the
only known prenylated SNAREs. Immediately upstream
of the Ykt6 prenylated Cys is another Cys which is
palmitoylated, yielding a doubly lipidated protein with
enhanced hydrophobicity which, when locked into a non-
autoinhibitory conformation, primarily localizes to Golgi
membranes (Fukasawa et al., 2004). A mutant Ykt6 that
lacks the palmitoylated Cys (C terminus of SCAIM, cf.
SCFLM for LseA) localizes to the Golgi but also the cyto-
plasm, mirroring the cellular distribution of wild type
EGFP-LseA (see Fig. 5A and B). Additionally, a Ykt6
SSAIM mutant, like the LseAC94S mutant (see Fig. 5B), is
cytoplasmic (Fukasawa et al., 2004). Of note, the corre-
sponding singly lipidated Ykt6 mutant is lethal in yeast
(Fukasawa et al., 2004). There are precedents for
prenylated bacterial proteins, especially found in intracel-
lular pathogens including L. pneumophila, Salmonella
enterica, Coxiella burnetii and Mycobacterium tuberculo-
sis (Ivanov et al., 2010; Price et al., 2010a,b; Al-Quadan
et al., 2011). Of these, AnkB is the prototypical
L. pneumophila prenylated effector (Al-Quadan et al.,
2011).

Our bioinformatic analyses clearly showed that LseA is
a Qc-SNARE, most closely related to syntaxin6. We draw
particular attention to a hexapeptide sequence motif
(QDEQL[D/E]) uniquely conserved among syntaxin6
orthologues. While the function of this syntaxin6 motif is
unknown, its presence in LseA points to an evolutionary
relationship between these proteins. The clustering of
LseA with fungal syntaxin6 orthologues introduces the
hypothesis that in L. pneumophila, LseA, at least in part,
might have been acquired from a fungal origin.

Syntaxin6 is a key regulator of TGN-based membrane
fusion events (Varlamov et al., 2004). As a syntaxin6
mimic, we showed by immunoprecipitation that LseA can
interact with known syntaxin6-interacting partners,
including Vti1a, Vti1b and VAMP4 (Mallard et al., 2002;
Murray et al., 2005; Brandhorst et al., 2006). Notably,
LseA did not bind to other Qc- or Qbc-SNAREs. Neither
GM130 nor Rab6 were detected in the immuno-
precipitates, indicating that LseA did not pull down Golgi
membranes. α-SNAP is an adaptor for the SNARE
complex–disassembling NSF ATPase, and it binds to cis-
SNARE complexes following membrane fusion. The lack
of α-SNAP binding suggests that, while LseA can be
found in large complexes, it likely does not have a
fusogenic role. This finding parallels our previous obser-
vations that the Qa-SNARE syntaxin11 does not incor-
porate into traditional quaternary SNARE complexes, yet
still associates in high-molecular-mass complexes, in
macrophages (Offenhaeuser et al., 2011). Perhaps
because of its multi-faceted role at a key hub,
the TGN, syntaxin6 is emerging as a common target of
intracellular pathogens: syntaxin6 is selectively recruited

to chlamydial inclusions (Moore et al., 2011) and
Salmonella-containing vacuoles (Madan et al., 2012).

We explored SNARE-mediated anterograde and retro-
grade trafficking pathways in mammalian cells that con-
verge on the Golgi and TGN, but there was no apparent
change associated with LseA expression. Several
sequential, SNARE-mediated fusion events are followed
in the delivery of newly synthesized cytokines from the
ER to the cell surface (Stow et al., 2006); LseA did not
demonstrably inhibit this process. LseA did not perturb
secretory traffic leaving the TGN, based on assessment
of the cargo, TNF. We also tested retromer transport
pathways, which can connect with the LCV (Finsel et al.,
2013), but LseA did not affect this transport. Nor did LseA
have a direct effect on lysosomes. It is possible that LseA
mediates or regulates trafficking of a specific cargo or
traffic in another mammalian host pathway. LseA could
also function as a regulatory (Offenhaeuser et al., 2011)
or inhibitory (Varlamov et al., 2004) SNARE in mamma-
lian or non-mammalian hosts, and this remains to be
investigated.

As with all SNARE proteins, any function of LseA in the
host cell will be dictated by its membrane localization.
While we were unable to detect membrane-localized,
translocated LseA at the fluorescence level in Legionella-
infected macrophages, with the increased sensitivity of
immuno-EM, we detected translocated, membrane-bound
LseA on vesicles associated with the Golgi complex. We
were also able to clearly localize transfected EGFP-LseA
on mammalian Golgi membranes at the fluorescence
level. Thus, the localization of LseA positions it to interact
with Golgi-associated SNAREs and to participate in many
trafficking pathways converging on the Golgi complex.

Isogenic deletion of lseA had no detectable effect on
the fitness of L. pneumophila Corby during infection of
macrophages and amoebae, as is often the case for
isogenic Dot/Icm effector mutants. For instance, while
drrA/sidM-deficient L. pneumophila mutants no longer
recruit Rab1 to the LCV, no intracellular growth defects
are apparent (Machner and Isberg, 2006; Murata et al.,
2006; Brombacher et al., 2009; Neunuebel et al., 2012b).
A similar scenario is true for RalF, which recruits the Arf1
GTPase to the LCV (Nagai et al., 2002). These data
emphasize the notion of widespread redundancy for
L. pneumophila effectors.

The observed segregation of lseA and drrA/sidM in our
L. pneumophila strain collection might suggest that LseA
and DrrA/SidM have overlapping and redundant functions
in LCV biogenesis. LseA is notably absent from the well-
characterized Philadelphia strain. We recently reported a
novel L. pneumophila mitochondrial carrier protein mimic,
LncP, that like LseA, is present in a large proportion of
strains but not Philadelphia (Dolezal et al., 2012).
Because of the acknowledged heterogeneity of genetic
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content of L. pneumophila strains (D’Auria et al., 2010,
Gomez-Valero et al., 2011), we emphasize the value in
continuing to supplement research of the well-studied
L. pneumophila Philadelphia strain with other sequenced
strains.

We have presented here the identification of a novel
bacterial SNARE mimic and the unexpected discovery of
a putative viral SNARE homolog. We showed that
L. pneumophila deploys its own SNARE protein, LseA,
during infection. We found that LseA binds to host
SNAREs and Golgi-associated membranes. Further work
is needed to pinpoint specific SNARE-dependent pro-
cesses manipulated by LseA, and also to identify and
characterize novel L. pneumophila effectors that manipu-
late host SNAREs. We envision that further genome
sequencing will unveil more non-eukaryotic proteins that
act as SNARE mimics or target SNARE function.

Experimental procedures

Bacterial strains and culture conditions

Legionella pneumophila strain Corby and derivatives were grown
on buffered charcoal-yeast extract (BCYE) agar or in ACES
(N-[2-acetamido]-2-aminoethanesulfonic acid)-buffered yeast
extract broth at 37°C. Escherichia coli strains were cultured aero-
bically in lysogeny broth (LB) or on LB agar. When required,
antibiotics were used at the following final concentrations: kana-
mycin at 50 μg ml−1 for E. coli; chloramphenicol at 6 μg ml−1 for
L. pneumophila. Strains and plasmids used in this study are
listed in Supporting Information Table S1.

Mammalian cell culture and transfections

Murine RAW 264.7 macrophages and human monocytic THP-1
cells were cultured in RPMI 1640 medium (Lonza) supplemented
with 10% heat-inactivated FCS (Thermo Trace) and 2 mM
L-glutamine (Life Technologies) at 37°C with 5% CO2, as previ-
ously described (Shurety et al., 2000). HeLa and HEK 293 cells
were cultured in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% heat-inactivated FCS (Thermo Trace)
and 2 mM L-glutamine (Life Technologies) at 37°C with 5% CO2.
A. castellanii ATCC 50739 was grown in PYG 712 medium (2%
[w/v] tryptone, 0.1% [w/v] yeast extract, 0.1% [w/v] trisodium
citrate, 0.1 M glucose, 0.4 mM CaCl2, 2.5 mM KH2PO4, 4 mM
MgSO4, 2.5 mM Na2HPO4, 0.05 mM ferric pyrophosphate,
pH 6.9) at 25°C. RAW 264.7, HeLa and HEK 293 cells at > 50%
confluency were transiently transfected using Lipofectamine
2000 (Life Technologies) and were typically incubated for 6 h for
protein expression, including 2–3 h 100 ng ml−1 LPS treatment
for macrophages.

Antibodies and other reagents

Antibodies to Sec22b, VAMP4 and VAMP7 were purchased from
Abcam; syntaxin5, syntaxin7, syntaxin8, syntaxin11, syntaxin18,
SNAP23 and VAMP3 antibodies were from Synaptic Systems;
syntaxin6, Vti1a and Vti1b antibodies were from BD Biosciences;

and SNAP29 and α-SNAP antibodies were from Sigma-Aldrich
and Genetex respectively. Syntaxin4 and VAMP8 antibodies
were kind gifts from David James (Garvan Institute, Sydney,
Australia) and Wanjin Hong (Institute of Molecular and Cell
Biology, Singapore) respectively. Rabbit GFP antibody, horserad-
ish peroxidase–conjugated goat anti-mouse and anti-rabbit anti-
bodies, LysoTracker Red DND-99, Alexa Fluor–conjugated
secondary antibodies and DAPI were purchased from Life Tech-
nologies; rabbit HA epitope antibody from Sigma-Aldrich; rabbit
lysozyme antibody from Dako; rabbit TNF antibody from
Calbiochem; mouse GM130, rat TNF, mouse γ-adaptin and
mouse SNX1 antibodies from BD Biosciences; mouse CI-M6PR
antibody from Abcam; goat Vps35 antibody from Imgenex;
mouse Legionella antibody from Thermo Fisher Scientific; rabbit
Rab6 antibody from Santa Cruz Biotechnology and mouse
β-lactamase antibody from QED Bioscience. Lipopolysaccharide,
purified from Salmonella enterica serotype Minnesota Re 595,
was purchased from Sigma-Aldrich. FTI-277 and GGTI-2147
were purchased from Calbiochem. Mevastatin and bafilomycin
A1 were purchased from Sigma-Aldrich, TAPI from Santa Cruz
Biotechnology and IPTG from Astral Scientific. Protein A–gold
conjugates were obtained from J. Slot, University of Utrecht,
Utrecht, the Netherlands.

Genetic manipulations

The lseA gene was amplified from L. pneumophila Corby
genomic DNA with the primers lseA(EGFP)F and lseA(EGFP)R (Sup-
porting Information Table S2), and cloned into the BamHI/EcoRI
sites of pEGFP-C1 (Clontech) harboring a modified multi-cloning
site, yielding pEGFP-C1-lseA. To introduce the C94S mutation,
the entire pEGFP-C1-lseA construct was amplified using primers
lseA(C94S)F and lseA(C94S)R (Supporting Information Table S2). The
purified PCR product was digested with DpnI and cloned into
E. coli by standard cloning techniques. The point mutation
was confirmed by sequencing. The S93C mutation
was introduced by amplification of the lseA insert of pEGFP-
C1-lseA with lseA(EGFP)F and a reverse primer containing a
single-nucleotide mismatch, lseA(S93C)R (Supporting Information
Table S2), followed by cloning by standard techniques. To
prepare the 4HA-lseA construct, lseA was amplified with primers
lseAF and lseAR (Supporting Information Table S2) and cloned
into pICC562. Constructs were introduced into L. pneumophila
strains by natural transformation, as described previously
(Newton et al., 2006). Unmarked deletions within lseA and dotA
were generated in L. pneumophila Corby by use of the allelic
exchange vector pSR47S, as previously described (Merriam
et al., 1997). Primers used are as follows: lseA(Δ1), lseA(Δ2),
lseA(Δ3), lseA(Δ4), dotA(Δ1), dotA(Δ2), dotA(Δ3) and dotA(Δ4) (Supporting
Information Table S2).

Yeast culture, molecular cloning and assays

For the yeast growth assay, lseA was amplified with primers
lseA(pCM189)F and lseA(pCM189)R (Supporting Information Table S2)
and cloned into the pCM189 plasmid using PstI/BamHI restriction
sites, yielding pCM189-lseA, and lseAC94S was cloned into the
pUG36 vector. Saccharomyces cerevisiae strain YPH499 was
transformed with the resultant plasmids by the lithium-acetate
method and was grown on YPD medium or selective medium
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without uracil (SD-URA). For the yeast two-hybrid and
β-galactosidase assay, full-length lseA, syntaxin7, VAMP4,
VAMP8 and vti1b cDNAs were amplified using the primers
lseA(Y2H)F and lseA(Y2H)R, syntaxin7(Y2H)F and syntaxin7(Y2H)R,
VAMP4(Y2H)F and VAMP4(Y2H)R, VAMP8(Y2H)F and VAMP8(Y2H)R and
vti1b(Y2H)F and vti1b(Y2H)R, respectively (Supporting Information
Table S2). The resultant lseA fragment was cloned into pGADT7,
and the syntaxin7, VAMP4, VAMP8 and vti1b fragments into
pGBKT7. Cotransformations and β-galactosidase assays
were performed according to the manufacturer’s instructions
(Clontech PT3024-1 manual). Briefly, pGADT7-lseA with
pGBKT7 alone or pGBKT7-syntaxin7, pGBKT7-VAMP4,
pGBKT7-VAMP8 or pGBKT7-vti1b, when necessary, were intro-
duced into S. cerevisiae strain PJ69-4A using the lithium-acetate
method. Cotransformations were plated onto either quadruple
dropout plates (Trp−, Leu−, Ade−, His−) to select for interactions or
double dropout plates (Trp−, Leu−). Transformants selected on
either Trp−, Leu− or Trp−, Leu−, Ade−, His− plates were grown to an
optical density (OD600nm) of 0.6 before lysis and assay for the level
of β-galactosidase activity using ortho-Nitrophenyl-β-galactoside
(ONPG) as a substrate. Data are from at least three biological
replicates performed in triplicate.

Sequence and phylogenetic analyses

The SNARE HMM was constructed from SNARE domains col-
lected from the Pfam database (http://pfam.sanger.ac.uk/family/
PF05739/) using HMMer3 (Eddy, 2011) as previously described
(Likic et al., 2010). The model was used to search the NR
protein database (non-redundant GenBank CDS transla-
tions + PDB + SwissProt + PIR + PRF). The returned sequences
were manually checked for non-eukaryotic hits. For phylogenetic
analysis, human and bacterial SNARE and SNARE-like motifs
were aligned with ClustalO (Sievers et al., 2011), and neighbor-
joining phylogenetic tree construction and editing were performed
with MEGA5 (Tamura et al., 2011) and Jalview (Waterhouse
et al., 2009) software respectively.

Structural modeling of LseA

The structure of the LseA SNARE domain was modeled using the
structure of the closely related syntaxin6 Qc-SNARE helix as a
template, from the published structure of the early endosomal
SNARE complex with Vti1a, syntaxin12/13 and VAMP4 (PDB ID
2NPS; Zwilling et al., 2007). The structure was built manually
using the program Coot (Emsley and Cowtan, 2004), based on
sequence alignment. Where side chains were conserved
between LseA and syntaxin6, they were left in the rotamer con-
formation found in the syntaxin6 crystal structure. Where side
chains differed, the conformational rotamer of the modeled LseA
residue was adjusted manually to fit the surrounding structure.
Structural images were made using the program CCP4mg
(McNicholas et al., 2011).

Translocation assay

Full-length lseA and ralF were amplified using the primers lseAF

and lseAR and ralF(TEM-1)F and ralF(TEM-1)R respectively (Supporting
Information Table S2). The resultant fragments were cloned into
pXDC61. The plasmids pXDC61, pTEM-1-ralF and pTEM-1-lseA

were introduced separately into L. pneumophila Corby wild type
and ΔdotA strains by electroporation. Legionella pneumophila
strains used in the translocation assay were grown overnight in
ACES broth containing chloramphenicol at the appropriate con-
centration and 1 mM IPTG to induce expression of the TEM-1
fusion constructs. Cultures were standardized to the lowest
optical density at 600 nm and the pellets resuspended in
2 × SDS-PAGE sample buffer. Samples were transferred for
immunoblot analysis and a β-lactamase antibody was used to
determine the expression of the TEM-1 fusion constructs. The
TEM-1 translocation assay was used to evaluate the ability of
specific proteins to be translocated into the cytoplasm of the
host cell as described previously (de Felipe et al., 2008), with
the following minor modifications: THP-1 cells were seeded
into black, clear-bottom, 96-well plates at a density of
8 × 104 cells well−1, 48–72 h prior to infection. To induce differen-
tiation into adherent, macrophage-like cells, THP-1 cells were
pretreated with 100 nM phorbol 12-myristate 13-acetate (PMA)
during seeding. Legionella pneumophila strains were grown as
described above for testing TEM-1 fusion constructs. Thirty-two
microliters of bacteria, resuspended in complete RPMI medium at
1 × 108 cells ml−1, were used to infect THP-1 cells at a multiplicity
of infection (MOI) of 40. To initiate bacterial cell contact, the plate
was centrifuged (600 × g, 10 min) and subsequently incubated at
37°C, with 5% CO2 for 1 h. Cell monolayers were loaded with the
fluorescent substrate by adding 20 μl of 6 × CCF2-AM solution
(LiveBLAzer FRET-B/G loading kit, Life Technologies) containing
2.5 mM probenecid (Sigma) and incubated at RT in the dark for
105 min. Fluorescence was quantified using a FLUOStar Omega
BMG Labtech plate reader with Omega Software version 1.2
(BMG Labtech, Offenburg, Germany) with excitation at 410 nm
and emission detected with 450 nm (blue fluorescence)
and 520 nm (green fluorescence) filters. Translocation was
expressed as an emission ratio of 450/520 nm and presented as
mean values + SEM of at least three experiments performed in
triplicate.

PCR screening

Genomic DNA was extracted from 70 clinical and environmental
L. pneumophila isolates using the Zymogen quick gDNA miniprep
kit, as per the manufacturer’s specifications. Isolates were
obtained from the Microbiological Diagnostic Unit at the Univer-
sity of Melbourne, as described previously (Newton et al., 2006),
The Victorian Infectious Diseases Reference Laboratory and the
collection of Stacey Yong, Taylor’s University College, Malaysia.
Polymerase chain reaction screening using standard conditions
was performed using primers designed to amplify the entire lseA
gene (lseA(PCR)F and lseA(PCR)R) and a 600 bp sequence of the
drrA/sidM gene (drrA/sidM(PCR)F and drrA/sidM(PCR)R; Supporting
Information Table S2). The results were analyzed by agarose gel
electrophoresis.

Survival assays

Full-length lseA was amplified using primers lseA(pMIP)F and
lseA(pMIP)R (Supporting Information Table S2) and cloned into
pMIP, yielding pMIP-lseA. The pMIP and pMIP-lseA plasmids
were introduced separately into L. pneumophila Corby wild type
and ΔlseA strains by electroporation. Infection of THP-1 cells with
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L. pneumophila was performed as described previously (Sansom
et al., 2007). Briefly, 48–72 h prior to infection, THP-1 cells were
seeded into 24-well tissue culture plates (Sarstedt) at a density
of 5 × 105 cells well−1. To induce differentiation into adherent,
macrophage-like cells, THP-1 cells were pre-treated with 100 nM
PMA during seeding. Stationary-phase L. pneumophila strains
were resuspended in complete RPMI medium and THP-1 cells
were infected at an MOI of five. After incubation at 37°C, with 5%
CO2 for 2 h, cells were treated with 100 μg ml−1 gentamicin (Life
Technologies) for 1 h at 37°C, with 5% CO2 to kill extracellular
bacteria. Infected macrophages were subsequently washed
three times with PBS before incubation in complete RPMI
medium. At 3, 24, 48 and 72 h time points, cellular supernatants
from duplicate wells for each strain were collected before THP-1
cells were lysed with 0.05% digitonin (Sigma-Aldrich) in PBS. Cell
lysate and cellular supernatant were pooled and viable bacteria
were enumerated by plating onto BCYE agar. Results are
expressed as the mean ± SEM log10 CFU of at least three inde-
pendent experiments.

Acanthamoeba castellanii ATCC 50739 was grown in PYG 712
medium at 25°C in 75 cm2 tissue culture flasks (Sarstedt) for 72 h
before harvesting for L. pneumophila infection. Acanthamoeba
castellanii cells were seeded into 24-well tissue culture
plates (Sarstedt) in PYG 712 medium at a density of
2.5 × 105 cells well−1 immediately prior to infection with
L. pneumophila. Stationary-phase L. pneumophila strains were
suspended in PBS, added at an MOI of 0.01 to the amoebae and
the co-cultures were incubated at 37°C with 5% CO2. At specific
time points, samples from duplicate wells for each strain were
plated onto BCYE agar and viable counts of L. pneumophila were
performed. As the PYG 712 medium does not support the growth
or survival of L. pneumophila, the enumerated bacterial numbers
represent bacteria that have replicated or persisted within the
amoebae. Results are expressed as the mean ± SEM log10 CFU
of at least three independent experiments.

Transmission electron microscopy

For cryo-electron microscopy, L. pneumophila Corby ΔlseA
harboring the plasmid pICC562-lseA was grown to stationary
phase in ACES broth containing 1 mM IPTG and used to infect
RAW 264.7 macrophages at an MOI of 100, in complete RPMI
medium with 1 mM IPTG, at 37°C, for 1 h. Immunolabeling of
Legionella-infected cells was performed as previously described
(Manderson et al., 2007). Briefly, cells were fixed in PFA and
embedded in warm gelatin. Thin sections were cut using a
Reichert FCS cryo microtome at −120°C and immunolabeled by
placing the sections on sequential drops of glycine, BSA, primary
antibody (rabbit anti-HA, rabbit anti-lysozyme) and then protein
A–gold (5 nm, 10 nm) conjugates. For resin electron microscopy,
L. pneumophila Corby wild type and ΔlseA strains were grown for
3 days on BCYE plates at 37°C, then used to infect RAW 264.7
macrophages at an MOI of 75 and incubated for various time
points at 37°C. Infected cells were processed for resin electron
microscopy as previously described (Leonard et al., 2003).
Briefly, cells fixed in glutaraldehyde were postfixed in reduced
osmium and dehydrated through ethanols, then embedded
in LX-112 resin. Thin sections were cut on a Reichert
ultramicrotome. All sections were viewed on a JEOL 1011 trans-
mission electron microscope at 80 kV. Images were captured
using iTEM image software.

Fluorescent imaging

Cells grown on coverslips were fixed with 4% paraformaldehyde
(PFA) for 20 min, permeabilized with 0.1% Triton X-100 in PBS
for 5 min, blocked with 2% BSA in PBS and immunostained with
primary and secondary antibodies and DAPI, as indicated.
Coverslips were mounted with ProLong Gold or Diamond anti-
fade reagent (Life Technologies) prior to imaging. Microscopy
images were taken either with a Personal DeltaVision Olympus
IX71 inverted widefield deconvolution microscope equipped with
an Olympus Plan-Apochromat 60×/1.42 oil DIC objective, a 120
W xenon arc lamp and a Roper CoolSNAP HQ2 monochrome
camera or a Nikon Ti-E inverted deconvolution microscope
equipped with a Nikon Plan-Apochromat 60×/1.4 oil DIC objec-
tive, a Lumencor Spectra 7 LED light source and a Hamamatsu
4 Mp monochrome sCMOS camera. Nikon microscope images
were deconvolved with AutoQuant software using 10 cycles of
adaptive blind deconvolution. All fluorescent image analysis was
performed using ImageJ (v1.46j; http://rsbweb.nih.gov/ij/) and
Adobe Photoshop CS6 software.

Prenylation inhibitor assay

HeLa cells were transiently transfected with pEGFP-C1-lseA and
subjected to prenylation inhibitor or control treatments. Cell treat-
ments were done 6 h post-transfection, for 16 h in complete
DMEM medium, at the following concentrations: 0.05% DMSO;
5 μM mevastatin, 2 μM FTI-277 and 2 μM GGTI-2147. Images
were taken with a Nikon Ti-E deconvolution microscope.

Protein analyses and immunoblotting

For immunoprecipitations, RAW 264.7 cells transiently
transfected with pEGFP-C1 or pEGFP-C1-lseA were harvested
and lysed with lysis buffer (10 mM Tris pH 7.4, 150 mM NaCl,
1 mM EDTA, 1% Triton X-100, 1 mM DTT, 1 mM PMSF and
cOmplete Protease Inhibitor cocktail [Roche]) and by repeated
passages though a 27 G needle. EGFP-LseA and bound proteins
were co-immunoprecipitated with GFP-nanobody beads, as
described previously (Follett et al., 2014) and subjected to SDS-
PAGE and immunoblotting. Membrane and cytosol fractions
from transiently transfected HeLa cells were prepared by
ultracentrifugation, as described previously (Wylie et al., 1999).
The fractions were analyzed by SDS-PAGE and immunoblotting
with GFP and γ-adaptin antibodies. Quantification of Western
blots was performed using densitometry, and data are shown as
relative intensities. For gel filtration, HEK 293 cells transiently
transfected with pEGFP-C1 or pEGFP-C1-lseA were lysed with
lysis buffer (20 mM HEPES pH 7.6, 300 mM NaCl, 1% Triton
X-100, 1 mM DTT, 1 mM PMSF and cOmplete Protease Inhibitor
cocktail [Roche]). The cleared lysates were subjected to gel
filtration with a Superose 6 FPLC column (Pharmacia), equili-
brated with running buffer containing 20 mM HEPES pH 7.6,
300 mM NaCl. Samples (0.25 ml) were run at 0.5 ml min−1. One
milliliter fractions were collected after 6.3 ml and analyzed
by SDS-PAGE and immunoblotting with GFP antibodies. For
immunoblotting, protein samples were run on 12% SDS-
PAGE gels, transferred onto PVDF membrane (Immobilon-FL,
Millipore), blocked with skim milk and probed with relevant
antibodies. Detection was achieved with the enhanced
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chemiluminescence method, using the SuperSignal West Pico
Chemiluminescent Substrate (Thermo Scientific).

TNF and retrograde marker localization assays

After 4 h of EGFP-C1-lseA or EGFP-C1-lseAC94S transfections,
RAW 264.7 cells were treated with 100 ng ml−1 LPS (to induce
TNF synthesis and secretion) and 2 mM of the TACE inhibitor
TAPI (to block surface TNF cleavage), for 2 h. Fixed cells were
immunostained before and after permeabilization with rabbit and
rat TNF antibodies as described previously (Stanley et al., 2014).
Images were captured by DeltaVision deconvolution microscopy.
For retrograde marker localization, HeLa cells transiently
expressing EGFP-LseA were fixed and immunolabeled using
combinations of CI-M6PR, Vps35 and SNX1 antibodies. Images
represent a 1 AU single slice captured using a Zeiss LSM 510
META upright scanning-laser confocal microscope at 63 ×
magnification.

LysoTracker imaging assays

RAW 264.7 cells transiently expressing EGFP-LseA were incu-
bated in RPMI medium containing 500 nM LysoTracker Red
DND-99, in the presence or absence of 100 nM bafilomycin A1,
for 2 h. Following fixation, images were captured by DeltaVision
deconvolution microscopy. RAW 264.7 cells were infected with
L. pneumophila, at an MOI of 50, for 30 min. The cells were
washed and incubated in RPMI medium containing 500 nM
LysoTracker Red DND-99 for 2 h. Fixed cells were immuno-
stained before and after permeabilization with mouse Legionella
antibodies – to distinguish internalized from non-internalized
bacteria – and DAPI. Images were captured by DeltaVision
deconvolution microscopy.
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Fig. S1. Multiple sequence alignment of the LseA and VshA
SNARE motifs and the 40 human SNARE motifs. Heptad repeat
layer residues are in bold. Zero-layer residues are colored red.
UniProtKB/Swiss-Prot numbers for the proteins included in the
SNARE motif alignment are as follows: Bet1: O15155; GS15:
Q9NYM9; GS27: O14653; GS28: O95249; Sec20: Q12981;
Sec22b: O75396; Slt1: Q9NZ43; SNAP23: O00161; SNAP25:
P60880; SNAP29: O95721; SNAP47: Q5SQN1; syntaxin1:
Q16623; syntaxin2: P32856; syntaxin3: Q13277; syntaxin4:
Q12846; syntaxin5: Q13190; syntaxin6: O43752; syntaxin7:
O15400; syntaxin8: Q9UNK0; syntaxin10: O60499; syntaxin11:
O75558; syntaxin12: Q86Y82; syntaxin16: O14662; syntaxin17:
P56962; syntaxin18: Q9P2W9; syntaxin19: Q8N4C7; VAMP1:
P23763; VAMP2: P63027; VAMP3: Q15836; VAMP4: O75379;
VAMP5: O95183; VAMP7: P51809; VAMP8: Q9BV40; Vti1a:
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Q96AJ9; Vti1b: Q9UEU0; Ykt6: O15498; LseA: A5IF90; VshA:
Q5UR18.
Fig. S2. LseA is phylogenetically related to fungal syntaxin6
orthologs. A. Multiple alignment of a 72-residue fragment of
syntaxin6, including the entire SNARE motif, from 25 organisms
representing vertebrates, invertebrates, plants, fungi and
amoebae. Sequence conservation can be seen at and around
the zero layer and at a hexapeptide motif immediately N-terminal
to the SNARE motif. Jalview was used to color-code the align-
ment by percentage identity. SNARE motifs are underlined in
green. GenBank accession numbers and sequence positions for
the proteins used in the syntaxin6 ortholog analysis are as
follows: human: NP_005810.1 (154–225); mouse: NP_067408.1
(154–225); chicken: NP_001006531.1 (153–224); cow:
NP_001075900.1 (154–225); zebrafish: NP_001017879.1 (155–
226); dog: XP_005622446.1 (154–225); king cobra: ETE66943.1
(179–250); green anole: XP_003219900.1 (153–224); frog:
NP_001039240.1 (153–224); turtle: XP_006126998.1 (156–
227); fruit fly: NP_995815.1 (125–196); ant: EGI58583.1 (91–
162); bee: XP_003692363.1 (539–610); louse: XP_002430475.1
(162–233); black cottonwood: XP_006377433.1 (145–216);
rice: NP_001045485.1 (133–204); maize: NP_001141746.1
(131–202); soybean: XP_003551880.1 (145–216); orange:
XP_006475038.1 (145–216); cucumber: XP_004145007.1 (145–
216); R. irregularis: ESA10383.1 (152–223); E. dispar:
XP_001736965.1 (26–97); C. psammophila: EXJ70033.1 (166–
237); A. niger: XP_001393802.2 (145–216); D. discoideum:
XP_638599.1 (154–225); LseA: 15–86. B. Alignment of the con-
sensus sequence from the syntaxin6 multiple alignment with the
corresponding LseA sequence. The conserved QDEQLD motif is
underlined red. C. Alignment of the fungal C. psammophila
syntaxin6 fragment sequence with the corresponding LseA
sequence. An extended conserved region, including the
QDEQLD motif, is underlined red. D. Unrooted phylogram of the
sequences from the syntaxin6 multiple alignment and the corre-
sponding LseA sequence. LseA is positioned within the fungal

syntaxin6 ortholog clade. Distance is measured in substitutions
per site.
Fig. S3. Loss of LseA does not affect acidification of
L. pneumophila during macrophage infection. A–C. RAW 264.7
cells were infected with L. pneumophila Corby wild type and
derivative strains as indicated, in the presence of LysoTracker
Red. External Legionella were immunolabeled (shown in blue)
before permeabilization, followed by labeling of total Legionella
(green) and nuclei (DAPI, shown in gray).
Fig. S4. LseA is not required for recruitment of ER-derived vesi-
cles to LCVs. RAW 264.7 macrophages were infected with
L. pneumophila Corby wild type (A, C) or ΔlseA (B, D) for 4 h.
Ultrathin sections were analyzed by resin electron microscopy.
No defect in host vesicle recruitment (A, B) or mitochondrial
association (C, D) were detected. Arrows indicate flattened, LCV-
associated, host vesicles. L, L. pneumophila; M, mitochondrion.
Scale bars = 250 μm.
Fig. S5. Expression of EGFP-LseA does not disrupt anterograde
transport of the inflammatory cytokine TNF in macrophages,
localization of endogenous CI-M6PR and the retromer complex
or lysosomal acidification. LPS-activated, TAPI-treated RAW
264.7 macrophages, transiently expressing EGFP-LseA (A) or
EGFP-LseAC94S (B), were immunolabeled with rabbit and rat TNF
antibodies – before and after permeabilization – to label surface-
bound and intracellular TNF respectively. HeLa cells transiently
expressing EGFP-LseA were immunolabeled using CI-M6PR
and Vps35 (C) or SNX1 and Vps35 (D) antibodies. RAW 264.7
cells transiently expressing EGFP-LseA, in the presence (E) or
absence (F) of the V-ATPase inhibitor bafilomycin A1, were incu-
bated with LysoTracker Red to label lysosomes. All samples
were fixed and subjected to fluorescence microscopy. Scale
bars = 10 μm.
Table S1. Strains and plasmids used in this study.
Table S2. Primers used in this study.
Table S3. Prevalence of lseA and sidM/drrA among different
isolates of L. pneumophila.
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