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The Dot/Icm type IV secretion system (T4SS) of Legionella pneumophila is crucial for the pathogen to survive in protozoa and
cause human disease. Although more than 275 effector proteins are delivered into the host cell by the T4SS, the function of the
majority is unknown. Here we have characterized the Dot/Icm effector LtpD. During infection, LtpD localized to the cytoplasmic
face of the membrane of the Legionella-containing vacuole (LCV). In A549 lung epithelial cells, ectopically expressed LtpD local-
ized to large vesicular structures that contained markers of endosomal compartments. Systematic analysis of LtpD fragments
identified an internal 17-kDa fragment, LtpD471-626, which was essential for targeting ectopically expressed LtpD to vesicular
structures and for the association of translocated LtpD with the LCV. LtpD471-626 bound directly to phosphatidylinositol 3-phos-
phate [PtdIns(3)P] in vitro and colocalized with the PtdIns(3)P markers FYVE and SetA in cotransfected cells. LtpD was also
found to bind the host cell enzyme inositol (myo)-1 (or 4)-monophosphatase 1, an important phosphatase involved in phospho-
inositide production. Analysis of the role of LtpD in infection showed that LtpD is involved in bacterial replication in THP-1
macrophages, the larvae of Galleria mellonella, and mouse lungs. Together, these data suggest that LtpD is a novel phosphoi-
nositide-binding L. pneumophila effector that has a role in intracellular bacterial replication.

Legionella pneumophila is found ubiquitously in freshwater res-
ervoirs, where it replicates within free-living protozoa (1). Fol-

lowing the inhalation of contaminated aerosols, L. pneumophila
can infect alveolar macrophages, resulting in a severe life-threat-
ening pneumonia named Legionnaires’ disease (2). L. pneumo-
phila replicates in professional phagocytes by subverting the
phagolysosomal pathway and avoiding killing (3). Instead, it es-
tablishes the specialized Legionella-containing vacuole (LCV),
which acquires components of the early secretory pathway (4).
Gradual fusion of the LCV with vesicles derived from the endo-
plasmic reticulum (ER) generates an intracellular niche that ultra-
structurally resembles the rough ER and supports bacterial repli-
cation (5).

L. pneumophila encodes a Dot (defective in organelle traffick-
ing)/Icm (intracellular multiplication) type IV secretion system
(T4SS) which is indispensable for the establishment of the LCV (6,
7). The T4SS is a multiprotein complex able to translocate at least
300 effector proteins directly into host cells (8). T4SS effectors
have been shown to modulate many aspects of cellular signaling,
including apoptosis, host cell stress responses, immune signaling,
and endosomal and secretory vesicular traffic (9). For example,
the effector SidK inhibits the vacuolar H�-ATPase to prevent
acidification of the LCV (10), while several effectors, including
RalF, SidM, SidD, AnkX, Lem3, and LidA, target small GTPases
involved in vesicle recruitment and fusion (11). In addition, it is
becoming increasingly apparent that L. pneumophila effectors ex-
ploit host cell lipids, in particular phosphatidylinositol (PtdIns)-
phosphates (PtdInsPs), during the formation of the LCV. PtdIns
consists of a phosphatidic acid membrane anchor that is con-
nected via a phosphodiester bond to myo-D-inositol. Positions 3,
4, and 5 of the inositol ring can be phosphorylated, resulting in
PtdInsPs with different biophysical properties and protein inter-
action profiles. This diversity makes them versatile signaling mol-

ecules and, by preferential enrichment of a PtdInsP species, gives
identity to organelle membranes, e.g., phosphatidylinositol
3-phosphate [PtdIns(3)P] is localized to early endosomes,
whereas phosphatidylinositol 4-phosphate [PtdIns(4)P] is found
on the Golgi apparatus (12). A limiting step in the formation of
PtdInsPs is the production of inositol via dephosphorylation of
inositol monophosphate by the conserved enzyme inositol
(myo)-1 (or 4)-monophosphatase 1 (IMPA1) (13, 14). Inhibition
of IMPA1 has pleiotropic effects on cellular function, including
modulation of second messenger signaling (14), autophagy (15),
and cell death (16).

L. pneumophila actively regulates PtdInsP levels on the LCV by
recruiting host cell PtdInsP-converting enzymes or by direct con-
version of PtdIns through the enzymatic activity of bacterial effec-
tors. For example, SidF is a phosphatidylinositol polyphosphate
3-phosphatase that removes the D3 phosphate from phosphati-
dylinositol 3,4-phosphate [PtdIns(3,4)P2] and PtdIns(3,4,5)P3

(17). L. pneumophila also recruits the inositol polyphosphate-5-
phosphatase OCRL1 to the LCV, which dephosphorylates
PtdIns(4,5)P2, yielding PtdIns(4)P (18). The accumulation of
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PtdIns(4)P on the LCV serves as a membrane anchor for SidC and
SidM (19, 20), whereas LidA, SetA, and LpnE are localized to the
LCV membrane and bind PtdIns(3)P in vitro (18, 21, 22), suggest-
ing that the LCV membrane also contains PtdIns(3)P. The aim of
the present study was to investigate the effector LtpD (23), which
we found to bind both PtdIns(3)P and IMPA1.

MATERIALS AND METHODS
Bacterial and yeast strains and growth conditions. Bacterial strains are
listed in Table 1. Legionella pneumophila strains were grown in ACES
[N-(2-acetamido)-2-aminoethanesulfonic acid]-buffered yeast extract
broth (AYE) or on charcoal-buffered yeast extract agar plates (CYE) as
previously described (24). Escherichia coli strains were cultured in Luria-
Bertani broth or on agar. Antibiotics were added to media at the following
final concentrations for L. pneumophila (or E. coli): kanamycin, 25 �g/ml
(100 �g/ml); chloramphenicol, 6 �g/ml (30 �g/ml); and ampicillin, 100
�g/ml (100 �g/ml). Saccharomyces cerevisiae strains AH109 and Gold
were cultured at 30°C according to the manufacturer’s instructions
(Clontech laboratories, Inc.).

Cell culture. The alveolar epithelial cell line A549 and the cervical
epithelial HeLa cell line were maintained in Dulbecco modified Eagle
medium (DMEM) supplemented with 10% fetal bovine serum (FBS) and
GlutaMAX (Invitrogen). The human monocytic cell line THP-1 was
maintained in RPMI 1640 medium, supplemented with 10% FBS and
GlutaMAX (Invitrogen). All cell lines were obtained from the American
Tissue Culture Collection and subjected to minimal passaging. THP-1
cells were seeded into 24-well tissue culture plates at a density of 5 � 105

cells/well and differentiated into macrophage-like adherent cells with 10
ng of phorbol 12-myristate 13-acetate/ml for 48 to 72 h. Transfection of
HeLa or A549 cells with mammalian expression plasmids was performed
using GeneJuice (Novagen) according to the manufacturer’s instructions.

Plasmid and strain construction. Plasmids were constructed accord-
ing to standard molecular biology techniques using the primers and re-
striction enzymes described in Table S1 in the supplemental material. An
ltpD deletion mutant of L. pneumophila was constructed by replacing the
ltpD gene with the kanamycin resistance cassette from pSB315 (25). De-
letion mutants were selected on CYE agar with kanamycin and confirmed
by PCR and sequencing. For the construction of LtpD�472-626 and
LtpD�472-556, the 5= and 3= fragments were amplified separately, ligated
together, and inserted into the plasmids. Plasmids were transformed into
L. pneumophila by electroporation as described previously (26).

Infection of eukaryotic cells. Infections with L. pneumophila were
done at multiplicity of infection (MOI) of 5 for THP-1 cells or 100 for
A549 cells as described previously (23). To synchronize infection, plates
were centrifuged for 10 min at 500 � g. To analyze the role of IMPA1 in
infection, the cells were treated with the IMPA1 inhibitors L-690,330 (10
mM) or the more cell-permeable analogue L-690,488 (10 to 100 �M)
(Tocris Biosciences).

Immunofluorescence microscopy. Cells on coverslips were washed,
fixed with 4% paraformaldehyde for 20 min, and quenched with 50 mM
ammonium chloride for 10 min. The cells were permeabilized with 0.1%
Triton X-100 in phosphate-buffered saline (PBS) and then blocked with
blocking buffer (2% [wt/vol] bovine serum albumin [BSA] in PBS). Sam-
ples were then incubated for 1 h with the primary antibody in blocking
buffer, washed three times in PBS, and incubated for a further 1 h with
secondary antibodies before mounting using ProLong Gold antifade re-
agent (Invitrogen). The following primary antibodies were used: mouse
anti-hemagglutinin (anti-HA) conjugated to TRITC (tetramethyl rhoda-
mine isothiocyanate; catalog no. H9037; Sigma), mouse anti-Myc conju-
gated to fluorescein isothiocyanate (F2047-100; Sigma), mouse anti-Myc
(05-724; Millipore), rabbit anti-Legionella lipopolysaccharide (LPS; PA1-
7227; Affinity Bioreagents), mouse anti-EEA1 (catalog no. 610457; BD
Transduction Laboratories), mouse anti-LAMP2 (catalog no. 555803; BD
Pharmingen), mouse anti-FLAG (F1804; Sigma). The secondary antibod-
ies used were donkey anti-rabbit IgG-Alexa Fluor 488 (Jackson Immu-
noresearch), donkey anti-rabbit IgG-Rhodamine Red-X (RRX; Jackson
Immunoresearch), rabbit anti-mouse IgG-RRX (Jackson Immunore-
search), and rabbit anti-mouse IgG-Alexa Fluor 488 (Jackson Immunore-
search). To visualize DNA, 5 �g of DAPI (4=,6=-diamidino-2-phenylin-
dole)/ml was used. Samples were analyzed using either an Axio M1 Imager
or an Axio Z1 Imager microscope, and images were processed using
AxioVision software (Carl Zeiss) and Photoshop (Adobe).

Protein purification. Production of GST fusion proteins in E. coli
BL21(DE3) was induced at a cell optical density at 600 nm of 0.6 by adding
0.5 mM IPTG (isopropyl-�-D-thiogalactopyranoside) for 5 to 6 h at 37°C.
Bacterial lysates were prepared using an EmulsiFlex B15 cell disruptor
(Avestin). Fusion proteins were purified from the soluble fraction on
glutathione-Sepharose beads (Amersham Biosciences) according to the
manufacturer’s instructions and eluted using 10 mM reduced glutathione
(in PBS). His-IMPA1 was purified as previously described (27). The pu-
rity of the proteins was analyzed by SDS-PAGE, and all proteins were
stored in 50 mM Tris-HCl (pH 8).

Protein-lipid overlay assay. To test the direct binding of glutathione
S-transferase (GST)–LtpD472-626 fusion protein to lipids, experiments
were carried out with commercially available membrane lipid strips and
PIP arrays (Echelon Biosciences), using GST-tagged PH domains of
PLC-�1 (PIP2 Grip; Echelon Biosciences) and GST alone as controls. After
blocking, the strips were incubated with purified GST-LtpD472-626 or con-
trols overnight in 2% fatty-acid-free BSA (Millipore) in Tris-buffered
saline with 0.1% Tween 20, washed, and incubated with the primary anti-
GST antibody (Abcam) and the secondary peroxidase-conjugated goat
anti-mouse antibody (Jackson Immunoresearch). Membranes were then
revealed using EZ-ECL (Geneflow) and a Fuji Las3000 imager.

Intracellular replication assays. THP-1 cells were infected with L.
pneumophila wild type (WT) or the �dotA, �ltpD, or �ltpD(p4HA-LtpD)
strain. A549 cells were seeded 24 h before infection in 24-well plates at 5 �
105 cells/well and were infected at an MOI of 40. The infection was allowed
to proceed for 1 h, media were removed, and the cells were incubated with
gentamicin (100 �g/ml) for 1 h. Cells were then washed twice and incu-
bated in RPMI 1640 or DMEM supplemented with 6 �g of chloramphen-
icol/ml and 1 mM IPTG. At 0, 5, 18, 24, 48, and 72 h postinfection (p.i.),
the cells were lysed with digitonin (10 �g/ml), and the intra- and extra-
cellular fractions were pooled and plated onto CYE with 6 �g of chloram-
phenicol/ml to determine the total CFU. The results are the mean � the
standard deviation of at least three separate experiments.

Y2H assay. All yeast work was performed according to the Clontech
protocol handbook. A yeast two-hybrid (Y2H) screen was performed us-
ing LtpD as a bait in the S. cerevisiae Gold strain with the Matchmaker
HeLa cDNA library (Clontech Laboratories, Inc.), and clones containing
interaction partners were selected on high-stringency quadruple-dropout
media (QDO) lacking leucine, tryptophan, histidine, and adenine in the
presence of Aureobasidin A and X-�-Gal (Clontech Laboratories, Inc.).
Single clones from QDO screening plates were restreaked onto fresh QDO

TABLE 1 Bacterial strains used in this study

Strain Serogroup or genotypea
Source or
reference

L. pneumophila
130b (ATCC BAA-74) O1; clinical isolate 29
130b �dotA mutant dotA gene disrupted with a Kanr cassette 23
130b �ltpD (ICC1064)

mutant
lptD gene replaced with a Kanr cassette This study

E. coli
BL21(DE3) F	 ompT hsdSB (rB

	 mB
	) gal dcm Novagen

Top10 F	 mcrA �(mrr-hsdRMS-mcrBC)

80lacZ�M15 nupG recA1 araD139
�(ara-leu)7697 rpsL (Strr) endA1 �	

Invitrogen

a Strr, streptomycin resistance; Kanr, kanamycin resistance.
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for a second round of selection. After repeated QDO selection, the cDNA
fragments contained in the prey plasmids were identified by sequencing.
For direct Y2H assays, the impa1 gene was amplified from IMPA1 cDNA
(Open Biosystems), inserted into pGADT7, and directly transformed into
the yeast strain AH109 with pGBT9-LtpD or pGBT9 empty vector as a
negative control. Successful transformation with bait and prey plasmids
was selected by plating on double-dropout media (DDO) lacking leucine
and tryptophan. Bait-prey interactions were assessed by streaking the
transformed clones from DDO onto QDO selection medium.

Coimmunoprecipitation. HeLa cells were transfected using Gene-
Juice (Novagen) according to the manufacturer’s instructions, incubated
for 48 h, lysed in radioimmunoprecipitation assay buffer, and then cen-
trifuged at 13,000 rpm for 1 h at 4°C. Cleared lysate was incubated with
agarose beads directly conjugated to anti-Myc antibody (Sigma) for 1 h at
4°C on a rotor, washed once with 0.1% Tween-PBS (PBST), and then
washed three times with PBS. Proteins bound to the beads were eluted,
separated by SDS-PAGE, transferred to polyvinylidene difluoride mem-
brane (GE Healthcare), blocked for 1 h in 2% fat-free milk-PBST, and
incubated overnight with anti-Myc (1:2,500) or anti-FLAG (1:1,000) an-
tibodies. Membranes were washed three times with PBST and incubated
with peroxidase-conjugated goat anti-mouse secondary antibody (Jack-
son Immunoresearch) for 1 h. Blots were revealed using EZ-ECL (Gene-
flow) and a Fuji Las3000 imager.

IMPA1 activity assay. IMPA1 activity in vitro was measured using a
malachite green assay kit (Cambridge Biosciences). The assay was per-
formed at 37°C for 30 min in assay buffer (50 mM Tris-HCl [pH 8.0]) with
0.7 mM myo-inositol monophosphate, 1 mM EGTA, 2 mM MgCl2, and
0.5 �g of purified His-IMPA1/ml with or without 0.5 �g of purified GST-
LtpD/ml and a 1 mM concentration of IMPA1 inhibitor L-690,330
(Tocris Bioscience). The reaction was quenched by the addition of 5 �l of
MG acidic solution (Cambridge Biosciences) and incubated for 10 min at
room temperature, and then 25 �l of MG blue solution added to visualize
released phosphate, followed by incubation for a further 20 min at room
temperature. Quantification was carried out by measuring the absorbance
at 690 nm and comparing to a phosphate standard curve. The assay was
performed in triplicate, and results are means of three separate experi-
ments � the standard deviations.

Infection of G. mellonella. Infection of larvae and bacterial growth
assays in G. mellonella were performed as described previously (28). G.
mellonella larvae were infected with 107 L. pneumophila in a 1:1 WT/�ltpD
mutant or WT/�ltpD(p4HA-LtpD) mutant ratio. At 24 h p.i., hemo-
lymph was extracted as described above, and serial dilutions were plated
onto CYE agar with spectinomycin and with or without kanamycin. Col-
onies were counted to determine the numbers of viable bacteria and the
ratios of WT to mutant bacteria colonizing the larvae.

Infection of A/J mice. Mouse procedures were approved by the Uni-
versity of Melbourne Animals Ethics Committee. The comparative viru-
lence of L. pneumophila 130b and the lptD mutant and complemented
strain were examined as described previously (29).

RESULTS
LtpD localizes to the cytoplasmic side of the LCV membrane
during infection. In order to determine the localization of LtpD
(Lpw03701) during infection, A549 lung epithelial cells were in-
fected with WT and �dotA mutant L. pneumophila 130b strains
expressing LtpD fused to four N-terminal HA tags. At 5 h p.i., the
cells were fixed and stained using anti-HA and anti-Legionella an-
tibodies. LtpD was exclusively observed surrounding the WT, but
not �dotA bacteria (Fig. 1A). The same localization was observed
during infection of the human macrophage cell line THP-1 (data
not shown).

The LtpD staining is reminiscent of proteins localized on the
membrane of the LCV. In order to confirm this and to determine
whether LtpD (which is not predicted to be a transmembrane

protein) was localized to the outer or inner leaflet of the LCV,
infected cells were fixed and subjected to permeabilization with
either digitonin, which does not disrupt the endoplasmic reticu-
lum (ER), and thus presumably the ER-like LCV, or Triton X-100,
which permeabilizes both plasma and ER membranes. As ex-
pected, antibodies raised against Legionella LPS did not stain bac-
teria in LCVs, which were visualized with the DNA stain DAPI,
when the cells were permeabilized with digitonin (Fig. 1B). In
contrast, LtpD staining surrounding the bacteria was visible in
cells permeabilized by both methods, suggesting that 4HA-LtpD is
localized on the outer leaflet of the LCV.

LtpD associates with vesicles. Bioinformatic sequence analy-
sis revealed that LtpD might have evolved by fusion of two L.
pneumophila proteins; the N terminus of LtpD, LtpD1-469, shares
33% sequence identity with LtpK (Lpw27671), a conserved, un-
characterized effector among L. pneumophila strains, whereas the
C terminus, LtpD472-679, shares 64% sequence identity with the C
terminus of Lpp0356, an uncharacterized ankyrin repeat-contain-
ing protein found only in the L. pneumophila strain Paris (30).

In order to examine the subcellular localization of Myc-tagged
LtpD and to determine the role of the two domains (Fig. 2A), LtpD
or both domains of LtpD individually were ectopically expressed
in HeLa cells, which yielded higher transfection efficiencies com-
pared to A549 cells. Myc-LtpD mostly localized to large perinu-
clear vesicular structures and to some smaller vesicles throughout
the cell (Fig. 2B). Although Myc-LtpD1-469 displayed a diffuse cy-
tosolic localization, Myc-LtpD472-679 showed a vesicular localiza-

FIG 1 4HA-LtpD localizes to the cytoplasmic surfaces of the LCVs. A549 cells
were infected for 5 h with the L. pneumophila 130b WT or �dotA mutant
expressing 4HA-LtpD, fixed, permeabilized, and immunostained with anti-L.
pneumophila (green) and anti-HA (red) antibodies. DNA was visualized with
DAPI (blue). (A) After permeabilization with Triton X-100, 4HA-LtpD stain-
ing was visible around the WT but not around the �dotA bacteria in a manner
that suggests the association of 4HA-LtpD with the LCV. (B) After selective
permeabilization of membranes with digitonin, 4HA-LtpD staining was de-
tected surrounding the intracellular bacteria, whereas these bacteria were not
accessible for anti-L. pneumophila immunostaining. This indicates that 4HA-
LtpD is localized on the cytoplasmic surfaces of the LCVs. Images are repre-
sentative of at least three independent experiments. Scale bars, 10 �m.
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tion. Notably, the Myc-LtpD472-679 vesicular structures seemed
distinct from the full-length protein with smaller, more diffusely
distributed vesicles, suggesting that the N-terminal region may
contribute to formation of the large vesicular structures.

In order to map the vesicular-binding domain further, addi-
tional truncations of LtpD (Fig. 2A) were made according to the
predicted secondary structure. Visualization of these LtpD frag-
ments (Fig. 2C) resulted in the identification of an internal 17-kDa
fragment, LtpD472-626, which showed vesicular localization fol-
lowing transfection. The smaller fragments Myc-LtpD472-556 and
Myc-LtpD556-679, which contained only parts of the 17-kDa re-
gion, showed diffuse cytosolic distribution. This defines Myc-
LtpD472-626 as the minimal fragment of LtpD able to associate with
vesicles. To validate this conclusion, an internal deletion of this
domain in LtpD (Myc-LtpD�472-626) was created. Myc-LtpD�472-626

did not localize to membranes upon transfection (Fig. 2C), dem-
onstrating that LtpD472-626 is both necessary and sufficient for
membrane localization during ectopic expression.

LtpD472-626 is sufficient for LtpD recruitment to the LCV dur-
ing infection. We next analyzed whether LtpD472-626 is also im-
portant in the localization of LtpD to the LCV. To achieve this,
A549 cells were infected for 5 or 24 h with WT L. pneumophila
expressing 4HA-LtpD, 4HA-LtpD472-679 or 4HA-LtpD�472-626.
LtpD and LtpD472-679 localized to the LCV at both time points (see
Fig. S1 in the supplemental material and data not shown).
LtpD�472-626 could not be detected at 5 h p.i. (data not shown),
which could be due to less efficient translocation or an insufficient
local concentration for detection. However, at 24 h p.i. when cells
contained large numbers of bacteria, a diffuse cytosolic and nu-
clear staining of LtpD�472-626 was observed (see Fig. S1 in the sup-
plemental material). This demonstrates that LtpD472-626 is re-
quired for the association of LtpD with the LCV.

In order to determine whether LtpD472-626 was sufficient for
the recruitment of LtpD to the LCV, A549 cells were transfected
with selected Myc-LtpD truncation or deletion derivatives; 24 h
later, the cells were infected with WT or �dotA bacteria for 5 h.
Cells transfected with full-length Myc-LtpD and infected with
WT, but not the �dotA mutant, showed recruitment of Myc-LtpD
to the bacteria. Similarly, recruitment to WT L. pneumophila was
also observed when cells were transfected with LtpD472-679 and
LtpD472-626 but not in cells expressing LtpD�472-626 (see Fig. S2 in
the supplemental material). Taken together, these data suggest
that LtpD472-626 is necessary and sufficient for the localization of
LtpD to the LCV containing WT L. pneumophila. However, selec-
tive recruitment to L. pneumophila WT, but not the �dotA mu-
tant, suggests that Dot/Icm T4SS-dependent LCV remodeling is
required for LtpD localization.

GST-LtpD472-626 binds phosphatidylinositol 3-phosphate
[PtdIns(3)P]. To determine whether LtpD associates with the
LCV by binding a membrane lipid anchor, we purified LtpD472-626

fused to GST and performed a protein-lipid overlay assay using a
PIP array, including serial dilutions of all seven phosphoinositides
spotted on a membrane. Under these conditions, GST-LtpD472-626

was primarily seen bound to PtdIns(3)P and, with lower affinity,
PtdIns(4)P (Fig. 3A). The positive control PLC-�1 PH domain
fused to GST bound strongly to PtdIns(4,5)P2, whereas GST alone
did not bind to any lipid.

To analyze if LtpD472– 626 and LtpD bind to PtdIns(3)P on cel-
lular membranes, HeLa cells were cotransfected with full-length
LtpD or LtpD472-679 and the PtdIns(3)P-reporter proteins
2�FYVE-green fluorescent protein (GFP) and HA-SetAPIP3.
FYVE is a eukaryotic PtdIns(3)P-binding domain and a well-es-
tablished marker of PtdIns(3)P in cellular membranes (31).
SetAPIP3 corresponds to the PtdIns(3)P-binding domain of the L.

FIG 2 LtpD consists of two domains and associates via a 17-kDa internal region, LtpD472-626, with vesicles. LtpD or selected fragments of LtpD were ectopically
expressed in HeLa cells. Cells were then stained with anti-Myc antibody (green) and DAPI DNA stain (blue). (A) Schematic overview of the LtpD fragments
investigated in the present study. (B) Myc-LtpD localizes to large, vesicular structures around the nucleus. Analysis of fragments corresponding to the N- and
C-terminal domains of LtpD shows that LtpD472-679 is sufficient to mediate association with vesicles. (C) Systematic analysis of fragments of the C-terminal
domain of LtpD revealed that an internal domain, LtpD472-626, is required and sufficient for localization of LtpD to vesicles. Scale bars, 10 �m.
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pneumophila effector SetA (22). We used the PtdIns(4)P-binding
domain of the effector SidC, SidCPIP4, as an additional control (19,
20). Myc-LtpD or Myc-LtpD472-626 (data not shown) colocalized
with FYVE and SetAPIP3, but not SidCPIP4, in vesicular structures
(Fig. 3B), supporting the conclusion that LtpD binds to
PtdIns(3)P in cellular membranes.

Although the presence of PtdIns(4)P on the LCV membrane is
well established (19, 20), it is less clear whether PtdIns(3)P is also
present. In order to address this, we expressed the SetAPIP3 re-
porter fused to 4HA tags in L. pneumophila. 4HA-SetAPIP3 was
translocated into A549 cells and found surrounding the bacteria
similarly to 4HA-LtpD (Fig. 3C), suggesting that that PtdIns(3)P
is also present in the LCV membrane.

Ectopically expressed LtpD colocalizes with markers of the
endocytic pathway. Since LtpD is associated with vesicular struc-
tures, we analyzed whether it colocalized with markers of various
cellular compartments by cotransfection (Fig. 4A) or by antibody
straining (Fig. 4B) of HeLa cells. Myc-LtpD did not (or only to
very small extent) coincidentally colocalize with or redistribute
markers of the ER (calnexin), Golgi (GM130), ER/Golgi (Rab1-
GFP), peroxisomes (catalase), or mitochondria (MitoTracker)
(Fig. 4A and see Fig. S3 in the supplemental material). In contrast,
Myc-LtpD redistributed and colocalized, in large perinuclear ve-
sicular structures, with markers (arrows) of the endocytic pathway
including early endosomes (Rab5-GFP and EEA1), early/recycling
endosomes (Rab4-GFP), late endosomes (Rab7-GFP), and lyso-

somes (LAMP2). Despite the strong phenotype upon ectopic ex-
pression, we observed no differential recruitment or localization
of Rab5, Rab7, or LAMP2 to the LCV of L. pneumophila overex-
pressing LtpD (data not shown). These results suggest that LtpD
can modulate endocytic vesicle traffic; however, this effect may be
masked by the action of other effectors during infection.

LtpD binds the host protein inositol (myo)-1 (or 4)-mono-
phosphatase-1. To gain insight into the function of LtpD we set
out to identify its host cell binding partners. A yeast two-hybrid
(Y2H) screen using LtpD fused to the GAL4 DNA-binding do-
main as bait and a HeLa cDNA library of prey proteins fused to the
GAL4 activation domain was performed. After repeated screening
of the isolate clone on a selective QDO medium, DNA sequencing
of the contained prey plasmids revealed 8 different cDNA inserts
(see Table S2 in the supplemental material), including a fragment
(residues 218 to 278) of the enzyme IMPA1 as a potential binding
partner. Because of its importance in eukaryotic inositol signaling
and because IMPA1 has previously been found in a proteomic
screen of the LCV (32), we focused on this hit for further investi-
gation. Direct Y2H experiments confirmed the interaction be-
tween LtpD and full-length IMPA1 (Fig. 5A) since only yeast con-
taining both proteins could grow on QDO selective media. This
revealed that LtpD472-679 was sufficient to reconstitute growth on
selective media, showing that the interaction with IMPA1 occurs
through the C-terminal domain of LtpD (Fig. 5B).

To confirm the interaction of IMPA1 with LtpD, we tested

FIG 3 GST-LtpD472-626 binds to PtdIns(3)P in vitro and localizes to PtdIns(3)P-containing membranes. (A) Protein-lipid overlay. Purified GST-LtpD472-626,
GST, or a GST fusion of the PH domain of PLC-�1 was incubated with membranes on which serial dilutions of various PtdIns species were spotted, as indicated.
Protein binding to lipids was detected using an anti-GST antibody. LtpD472-626-GST bound preferentially to PtdIns(3)P and, to a smaller extent, to PtdIns(4)P.
The PH domain of PLC-�1 was used as a positive control and bound strongly to PtdIns(3,4)P2. The results are representative of three separate experiments. (B)
Upon cotransfection of HeLa cells, Myc-LtpD colocalized with 2�FYVE-GFP and 4HA-SetAPIP3, reporters for PtdIns(3)P, but not HA-SidCPIP4, a marker for
PtdIns(4)P. Scale bars, 10 �m. (C) Upon infection of A549 cells with either L. pneumophila 4HA-4LtpD or 4HA-SetAPIP3, 4HA-SetAPIP3 localizes to the LCV,
indicating the presence of PtdIns(3)P in the LCV membrane. Scale bars, 5 �m.
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whether Myc-LtpD and FLAG-IMPA1 coimmunoprecipitated
from cotransfected HeLa cells. FLAG-IMPA1 was specifically co-
immunoprecipitated with Myc-LtpD (Fig. 5C). Furthermore,
confirming the results from the Y2H, Myc-LtpD471-679 was suffi-
cient to coimmunoprecipitate FLAG-IMPA1 (Fig. 5D). Analysis
of the localization of IMPA1 in infected A549 cells by immuno-
staining showed strong IMPA1 staining throughout the cytoplasm
but no enrichment of IMPA1 on the LCVs of WT and �ltpD
strains or on L. pneumophila overexpressing LtpD (data not
shown), suggesting the IMPA1 is recruited transiently or at a low
level to the LCV, an effect that could be masked by the strong
cytoplasmic staining.

IMPA1 is an enzyme which dephosphorylates myo-inositol
monophosphate to generate inositol. We analyzed the impact of
LtpD binding on its phosphatase activity by performing a mala-
chite green phosphate release assay with recombinant proteins
(see Fig. S4 in the supplemental material and the supplemental
methods); however, the addition of GST-LtpD did not affect the
activity of IMPA1, indicating that LtpD does not modulate the
activity under these conditions or that additional factors might be

required. The use of pharmacological inhibitors (L-690,488) or
small interfering RNA (siRNA) to abolish IMPA1 activity resulted
in significant death of macrophage-like THP-1 cells (data not
shown), which made it impossible to investigate the specific role
of IMPA1 for L. pneumophila intracellular replication.

Taken together, our data suggest that LtpD binds IMPA1. This
interaction does not seem to directly modulate IMPA1 activity but
may facilitate the interaction of IMPA1 with other effectors or
host cell proteins.

LtpD enhances the replication of L. pneumophila in THP-1
cells. In order to determine the role of LtpD during infection, we
constructed a gene deletion mutant (�ltpD) in the L. pneumo-
phila 130b strain and compared the intracellular growth of the
WT and mutant strains after infection of THP-1 cells. No dif-
ference was recorded between the WT and �ltpD strains in
terms of bacterial internalization (data not shown) or replica-
tion during the first 18 h p.i. However, after 24 h of infection,
the �ltpD strain had a subtle but significant growth defect com-
pared to the WT strain (Fig. 6, P � 0.0021 at 48 h p.i., unpaired
Student t test). This growth defect could be complemented by

FIG 4 Myc-LtpD colocalizes with and redistributes marker proteins of the endocytic pathway. HeLa cells were transfected with Myc-LtpD and either cotrans-
fected (A) or specifically immunostained (B) for markers of the endocytic pathway. (A) Myc-LtpD colocalized with (arrows) and redistributed the endocytic
markers Rab5-GFP, Rab4-GFP, and Rab7-GFP but not the ER/Golgi marker Rab1-GFP. (B) Myc-LtpD also colocalized with EEA1 and LAMP2. Images are
representative of at least three separate experiments. Scale bars, 10 �m.
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the addition of 4HA-LtpD on a plasmid, confirming that the
defect was due to the absence of LtpD.

LtpD enhances bacterial survival in in vivo infection models.
We next investigated the role of LtpD in two in vivo infection
models. We recently showed that L. pneumophila virulence in the
Galleria mellonella model is Dot/Icm T4SS-dependent (28, 33,
34). Ten G. mellonella larvae were infected with 107 CFU of bac-
teria, and larval survival was monitored over 72 h p.i. There was no
significant difference in larval mortality between the WT and
�ltpD strains over the course of the infection (Fig. 7A).

We then quantified bacterial replication over time by plating
the hemolymph extracted at 0, 5, 18, and 24 h p.i. Although the
�dotA strain was cleared, no difference in bacterial CFU was de-
tected between WT and �ltpD strains until 18 h p.i. (Fig. 7B).
Importantly, a small but significant (P  0.005) difference be-
tween the WT and �ltpD strains was observed at 24 h p.i, which
could be complemented by expressing 4HA-LtpD from a plasmid.

We next performed mixed infections aimed at establishing the
competitive index (CI) of the mutant. After infecting larvae with a
1:1 ratio of WT to �ltpD or �ltpD(p4HA-LtpD) bacteria, hemo-
lymph was extracted at 24 h p.i., and the CFU of both strains were
determined by plating. At 24 h p.i., WT L. pneumophila signifi-

cantly (P � 0.01) outcompeted the �ltpD strain, whereas comple-
mentation with the plasmid p4HA-LtpD restored the fitness of the
�ltpD strain (Fig. 7C).

Finally, we examined the competitive fitness of the �ltpD mu-
tant in a mixed intranasal infection of susceptible A/J mice. De-
termination of bacterial CFU after 72 h showed a mean CI of 0.372
for the �ltpD mutant versus the WT and a mean CI of 1.219 for the
�ltpD(p4HA-LtpD) strain versus a WT strain infection (Fig. 7D),
mirroring the results found in G. mellonella and indicating that
LtpD is required for optimal survival of L. pneumophila in the
mouse lung.

DISCUSSION

In this study we report that LtpD localizes to the cytoplasmic face
of the LCV membrane, making it accessible for interaction with
cytosolic proteins or incoming vesicles. Localization studies of
ectopically expressed LtpD enabled us to map the region required
for vesicle association to a 17-kDa internal region, LtpD472-626. We
further demonstrated the requirement of this region for localiza-
tion on the LCV during infection; LtpD lacking the 17-kDa region
was not retained on the LCV, but found diffuse in the cytosol.
Protein-lipid overlay assays showed that LtpD472-626 bound
PtdIns(3)P and, with lower affinity, PtdIns(4)P.

Exploitation of host cell lipids by pathogens is emerging as a
process critical for microbial infection (35). LtpD is the fourth L.
pneumophila effector shown to bind preferentially to PtdIns(3)P;
SetA and LpnE show high binding specificity for this phosphoino-
sitide, whereas LidA also binds PtdIns(4)P with slightly lower af-
finity (18, 21, 22). SidM, which interacts preferentially with
PtdIns(4)P and also binds to PtdIns(3)P in vitro (20). Since
LtpD472-679, which contains the PtdIns(3)P-binding domain, has
64% identity to the C terminus of the L. pneumophila Paris protein
Lpp0356, this protein might also bind to PtdIns(3)P. It is note-
worthy that although LtpD is not conserved across L. pneumophila
isolates, the strain-to-strain variation of the T4SS effector pool is
high. Alternatively, SetA, LpnE, and LidA are conserved among

FIG 5 LtpD interacts with the host cell enzyme inositol (myo)-1 (or 4)-mono-
phosphatase 1 (IMPA1). (A) AH109 yeast cotransformed with pGBT9_LtpD
and pGADT7_IMPA1 grew on both double-dropout (DDO) and quadruple-
dropout (QDO) selective media, whereas cotransformation of either
pGBT9_LtpD or pGADT7_IMPA1 with the empty pGADT7 or pGBT9 vector,
respectively, was unable to allow yeast growth on QDO medium. This demon-
strates interaction of LtpD with IMPA1. (B) Cotransformation of AH109 with
pGADT7_IMPA1 and pGBT9_LtpD1-471 or pGBT9_LtpD472-679 showed that
LtpD472-679 is necessary and sufficient for the interaction between LtpD and
IMPA1. (C and D) Coimmunoprecipitation experiments indicate LtpD/
IMPA1 interaction through LtpD472-679. HeLa cells were cotransfected with
Myc-LtpD (full length), Myc-LtpD1-469, or Myc-LtpD472-679 and IMPA1-
FLAG. IMPA1-FLAG could be coimmunoprecipitated with Myc-LtpD and
Myc-LtpD472-679 but not with Myc-LtpD1-469.

FIG 6 LtpD enhances the replication of L. pneumophila 130b in THP-1 mac-
rophages. (A) THP-1 macrophages were infected with the L. pneumophila WT,
�dotA strain, �ltpD strain, or �ltpD strain expressing 4HA-LtpD (�ltpD/
p4HA-LtpD), and bacterial CFU at set time points were quantified by plating.
The �dotA strain did not replicate. From 24 h p.i., the �ltpD strain showed a
small but significant growth defect compared to the WT strain. This growth
defect could be complemented by the addition of p4HA-LtpD. The results are
means of at least three separate experiments � the standard deviations. Signif-
icance was calculated by using an unpaired Student t test.
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sequenced isolates (36), indicating that exploitation of PtdIns(3)P
provides an evolutionary advantage.

Since the PtdInsP-binding specificities of LtpD472-626 in vitro
might deviate from the full-length protein inside the cell, we per-
formed cotransfections with PtdInsP reporter proteins. LtpD co-
localized with the PtdIns(3)P reporters 2�FYVE-GFP and
SetAPIP3, but not the PtdIns(4)-binding domain of the effector
SidC. This supports the conclusion that LtpD specifically binds
and is targeted to PtdIns(3)P-containing membranes.

In eukaryotic cells, PtdIns(3)P is found exclusively on early
endosomes (37). It has been previously shown that early endo-
somal proteins are excluded from the LCV (38), whereas L. pneu-
mophila specifically upregulates the level of PtdIns(4)P (17, 18).
We confirm here that the translocated SetAPIP3 reporter localizes
to the LCV similarly to LtpD, suggesting that PtdIns(3)P is avail-
able as membrane anchor on the LCV.

Host or L. pneumophila PtdInsP-metabolizing enzymes that
directly influence the PtdIns(3)P level on the LCV have not yet
been identified. In preliminary experiments addressing this ques-
tion, we observed that localization of SetAPIP3 and LtpD appears to
be insensitive to treatment with the phosphoinositide 3-kinase
inhibitor wortmannin (unpublished results). Our experiments
demonstrated that ectopically expressed full-length LtpD could be
selectively recruited to WT L. pneumophila. This indicates that
other Dot/Icm T4SS effectors are required to remodel and possi-

bly regulate PtdIns(3)P levels in the LCV membrane. Recently, the
conserved effectors SidP, which is a phosphatidylinositol 3-phos-
phatase hydrolyzing PtdIns(3)P and PtdIns(3,5)P2 in vitro, and
SidF, a phosphatidylinositol polyphosphate 3-phosphatase with
specificity for PtdIns(3,4)P2 and PtdIns(3,4,5)P3,were described
(17, 39). It is tempting to speculate that L. pneumophila also en-
codes phosphoinositide 3-kinases to optimally adjust PtdIns(3)P
levels on the LCV when required during the infection cycle. Anal-
ysis of effector mutants and quantification of PtdIns(3)P levels of
LCVs are needed to clarify the mechanisms underlying PtdIns(3)P
exploitation by L. pneumophila.

Upon ectopic expression, we found that LtpD colocalizes and
redistributes a number of endosomal proteins. EEA1 and Rab5 are
usually found on early endosomes, which are enriched in
PtdIns(3)P, possibly explaining the colocalization of LtpD with
these markers. However, LtpD also seems to induce a redistribu-
tion of early endosomes to large perinuclear structures, which
contain markers typically found in late endosomes or lysosomes.
Endocytic vesicle traffic is a dynamic process, which is tightly reg-
ulated by a network of protein-protein and protein-lipid interac-
tions (40). Our data suggest that LtpD could interfere with endo-
somal vesicle trafficking. L. pneumophila is commonly assumed to
avoid the endocytic pathway; however, selective recruitment of
markers such as Rab7 to the LCV shows that interactions may
occur (32, 41). Since we could not detect differential recruitment

FIG 7 LtpD has a role in in vivo infection models. Ten G. mellonella larvae were infected with 107 L. pneumophila 130b (the WT, �dotA strain, �ltpD strain, or
�ltpD strain expressing 4HA-LtpD). (A) The �ltpD strain did not affect larval mortality under these conditions. (B) The hemolymph of infected larvae was
extracted at 0, 5, 18, and 24 h p.i., and the CFU were quantified. The �ltpD strain replicated at the same level as the WT over the first 18 h but displayed at 24 h
p.i. a significant drop in CFU (P � 0.004, unpaired Student t test), which could be complemented by the addition of 4HA-LtpD on a plasmid. The results in panels
A and B are means of at least three separate experiments � the standard deviations. (C) Larvae were injected with the WT and either the �ltpD or �ltpD
(p4HA-LtpD) strain in a 1:1 ratio, and the ratio of WT to each mutant was calculated at 24 h p.i. The WT significantly (P � 0.01, unpaired Student t test)
outcompeted the �ltpD strain. Each point represents a separate experiment (from the pooled hemolymph of three larvae), while the bars show the means � the
standard deviations. (D) Pulmonary infections of A/J mice with L. pneumophila 130b WT and either the mutant �ltpD strain or the �ltpD(p4HA-LtpD) strain
in a 1:1 ratio were introduced into the lungs of A/J mice by intratracheal inoculation. At 72 h p.i., the ratio of the WT to the �ltpD strain in infected lungs was
determined. The �ltpD strain was outcompeted (CI � 0.372) by the WT in the mouse lung, and this effect could be complemented. The data are representative
of actual values obtained per mouse, and a solid bar represents the mean value (P � 0.017, unpaired Student t test).
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of endosomal markers to LCVs of L. pneumophila overproducing
or lacking LtpD (unpublished results), the effects of LtpD are most
likely balanced by other T4SS effectors. The effector Lpw27671
and the N-terminal domains of two other uncharacterized pro-
teins, Lpp0303 in L. pneumophila Paris and FdumT_02243 in L.
dumoffii, show homology to LtpD1-469 but contain different C-ter-
minal extension domains (42). This suggests that LtpD might be-
long to a family of hybrid effector proteins found in different
Legionella species.

We found that LtpD binds IMPA1 and that this interaction is
mediated via the C-terminal domain, LtpD472-679. The D. discoi-
deum homologue of IMPA1 was previously found as a component
of the proteome of the LCV (32). However, this study was carried
out using L. pneumophila strain Philadelphia, which does not con-
tain an LtpD homologue, indicating that the recruitment of
IMPA1 in D. discoideum can occur independently of LtpD. In
human cells, we observed strong IMPA1 staining throughout the
host cytoplasm but did not detect enrichment of IMPA1 on LCVs
(unpublished results), suggesting that the presence of IMPA1 on
the LCV may be transient or below the detection level. Alterna-
tively, other effectors might modulate IMPA1 and mask effects
induced by LtpD.

The enzymatic activity of IMPA1 has been investigated thor-
oughly due to its proposed role in the pathogenesis of bipolar
disorder (43), and yet it has not been previously identified as a
target for bacterial virulence factors. IMPA1 occupies an essential
role in the production of PtdIns, and its modulation therefore
impacts cell fate. Indeed, inhibition and silencing of IMPA1 ex-
pression cause apoptosis in J774.1 macrophages (16). Similarly,
we observed that the pharmacological inhibitors of IMPA1 or
siRNA transfection were cytotoxic, which made it impossible to
draw conclusions about the specific role of IMPA1 in intracellular
bacterial replication. Biochemical activity assays did not reveal a
direct modulation of IMPA1 activity by LtpD. Our data suggest
that LtpD might facilitate the interaction of IMPA1 with a second
host or effector protein to fine-tune IMPA1 activity and host lipid
metabolism.

Taken together, our findings demonstrate that the novel Dot/
Icm T4SS effector LtpD binds to the lipid PtdIns(3)P and the
essential host cell protein IMPA1. Importantly, the presence of
LtpD contributes to the fitness of L. pneumophila 130b in the
infection of macrophages, G. mellonella, and the lungs of suscep-
tible mice. Future studies will focus on elucidating the function of
the N-terminal domain of LtpD and its homologous hybrid effec-
tors in L. pneumophila pathogenesis.
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