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Legionella pneumophila replicates within alveolar macrophages, causing a severe pneumonia termed Legion-
naires’ disease. The bacterium resides within a vacuole that escapes immediate transport to the host lysosome.
Instead, the vacuole interacts with the early secretory pathway to establish an environment suitable for rapid
multiplication. A type IV secretion system is central to the pathogenicity of the bacterium, and many protein
substrates that are translocated by this system to the host cell have been identified. One of these, VipD, was
found to interrupt the late secretory pathway when overproduced in Saccharomyces cerevisiae. We independently
identified VipD in a previous study and have further characterized this protein as well as its three paralogs.
The vipD gene belongs to a family of L. pneumophila open reading frames that are predicted to contain a
phospholipase A domain with sequence similarity to the type III-secreted toxin ExoU from Pseudomonas
aeruginosa. Similarly to other known translocated proteins of L. pneumophila, VipD is strongly induced in early
stationary phase, a time when the bacterium is most virulent. Detergent extraction studies of infected mac-
rophages confirm that VipD is translocated into host cells via the type IV secretion system. A second assay for
translocation revealed that two paralogs of VipD, VpdA and VpdB, also have translocation signals recognized
by the type IV system. A strain lacking VipD and its three paralogs grew at wild-type rates in murine
macrophages, although secondary mutations that cause growth defects in strains lacking VipD accumulate.
The quadruple mutant displayed a growth advantage in the amoebal host Dictyostelium discoideum, indicating
that the protein family may modulate intracellular growth in a complex fashion. VipD is mildly toxic when
overproduced in eukaryotic cells, and the toxicity is partially dependent on the putative phospholipase active
site. VipD and its paralogs therefore define a family of translocated proteins that may assist in the establish-

ment of a vacuole suitable for bacterial replication through functioning as a phospholipase.

Legionella pneumophila is a gram-negative bacterium that
causes a severe pneumonia called Legionnaires’ disease in
humans (26). L. pneumophila is found in freshwater amoebae
and infects humans upon inhalation of contaminated aerosols,
whereupon it replicates within alveolar macrophages (14).
Critical to the intracellular lifestyle of this pathogen is a type
IV secretion system (T4SS), encoded by the dot/icm genes (41).
During engulfment of the bacteria by the macrophage and
formation of the Legionella-containing vacuole (LCV), the
Dot/Icm T4SS injects proteins into the host cell cytosol that
enable the vacuole to avoid transport into the lysosome. The
LCV interacts with the early secretory pathway soon after its
closure, as seen through a close association with membranes
derived from the endoplasmic reticulum (10, 21, 22). After
substantial intracellular growth, the bacteria lyse the host cell
and are phagocytosed by neighboring macrophages, setting the
stage for subsequent rounds of intracellular growth (20).

Several translocated effectors of the Dot/Icm secretion sys-
tem are known, including RalF (30), LidA (8), SidC (25),
LepA/LepB (6), SdeA (1), and YIfA (5). At most, only small
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defects in intracellular growth are observed with mutations in
any of these genes, indicating that there may be some degree of
functional redundancy. RalF, LidA, SidC, YIfA, and SdeA
each localize to the L. pneumophila-containing phagosome, yet
the role of these proteins in pathogenesis is unknown. Re-
cently, three additional potential Icm/Dot substrates (VipA,
VipD, and VipF) that may play a role in manipulating late
stages of the host secretory pathway were identified (38). Ec-
topic expression of each of these proteins in the yeast Saccha-
romyces cerevisiae causes a fraction of late transport vesicles to
be missorted such that their cargo protein is inappropriately
transported to an incorrect location. The molecular mecha-
nisms behind these missorting events are unknown.

Through use of an enrichment for L. pneumophila mutants
that are impaired for growth within host cells, we recently
reported the identification of seven genes having insertion
mutations that resulted in lowered growth in phagocytic cells
(40). One of these genes is identical to the open reading frame
encoding VipD. Here we report the characterization of VipD
and demonstrate that this protein is a member of a family of
proteins that are translocated into host cells.

MATERIALS AND METHODS

Media, plasmids, and strains. L. pneumophila strains were grown and main-
tained as previously described (13, 16). Yeast strains were grown in media
containing 1% Bacto yeast extract, 2% Bacto peptone, and either 2% dextrose or
2% galactose (33). Yeast transformations were performed by the method of
Schiestl and Gietz (36). Axenically grown Dictyostelium discoideum was propa-
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TABLE 1. Plasmids and strains used in this work

Strain or plasmid

Genotype or relevant markers

Reference or source

Strains

L. pneumophila
Lp01 Philadelphia-1 rpsL hsdR 2
SV8 Lp01 dotA::miniTnl0 24
SV-L1 LpO01 vipD1::miniTnl0 (original isolate) This work
SV48 Lp01 vipD1::miniTnl0 This work
Lp02 Philadelphia-1 rpsL hsdR thyA 2
Lp03 Lp02 dotA3 2
7125 Lp02 AsidC 25
SV192 Lp02 AvipD This work
SV221 Lp02AvipD AvpdA AvpdB AvpdC This work
SVv222 Lp02AvipD AvpdA AvpdB AvpdC This work

E. coli XL1-Blue recAl endAl gyrA96 thi-1 hsdR17 supE44 relAllac/lacl"ZAM15 Tnl0 (Tet") Stratagene

D. discoideum AX3K

S. cerevisiae

Gift of D. Knecht

W303 MATa ura3-1 leu2-3,112 his3-11,15 ade2-1 trpI-1 canl-1 Gift of A. Murray
WDK-1 W303 ura3-1::pGAL This work
W71-1 W303 ura3-1::pGAL-vipD This work
W71-2 W303 ura3-1::pGAL-vipD This work
W72-4 W303 ura3-1::pGAL-vipD-D282A This work
W72-5 W303 ura3-1::pGAL-vipD-D282A This work
W74-6 W303 ura3-1:pGAL-vipD-S67A This work
W74-9 W303 ura3-1::pGAL-vipD-S67A This work
Plasmids
pGEX-4T-1 E. coli GST fusion vector Amersham
pIB908 ori RSF1010 (AoriT) Amp* tdAi J. Vogel
pSR47s ori R6K ori TRP4 Kan" SacB 28
pDK20 pGAL URA3 Yip A. Murray
pZL199 psidC This lab
pZL204 psidCA100 This lab
pSV26 vipDI::miniTn/0 from Pstl-digested genomic DNA This work
pSV27 AvipD construct in pSR47s This work
pSV31 AvpdA construct in pSR47s This work
pSV58 AvpdC construct in pSR47s This work
pSV69 AvpdB construct in pSR47s This work
pSV71 psidCA100-vpdB This work
pSV78 psidCA100-vpdA This work
pSV88 psidCA100-vipD This work
pSV71 pGAL-vipD URA3 Yip This work
pSV72 pGAL-vipD-D282A URA3 Yip This work
pSV74 pGAL-vipD-S67A URA3 Yip This work
pSV50 pGST-VipD expressed from pGEX-4T-1 This work

gated in HL-5 liquid medium supplemented with penicillin and streptomycin
(100 U/ml; GibcoBRL) as described previously (24).

Four plasmids (Table 1) were constructed to delete vipD and each of its
paralogs. For each construct, Sacl- and Sall-digested pSR47s was ligated with
two PCR products, one digested with BamHI and Sacl and the second digested
with BamHI and Sall, which were generated using Lp02 genomic DNA as a
template. For plasmid pSV27 (pAvipD), the first PCR product was generated
from primers L1-1 and L1-2 (Table 2) and the second PCR product was gener-
ated from primers L1-3 and L1-4; for plasmid pSV31 (pAvpdA), the first PCR
product was generated from primers C03-1 and C03-2 and the second PCR
product was generated from primers C03-3 and C03-4; for plasmid pSV69
(pAvpdB), the first PCR product was generated from primers A03-1 and A03-2
and the second PCR product was generated from primers A03-3 and A03-4; and
for plasmid pSV58 (pAvpdC), the first PCR product was generated with primers
MF18-1 and MF18-2 and the second PCR product was generated with primers
MF18-3 and MF18-4. Plasmids pSV27 and pSV31 are designed to delete the
designated gene except for the first eight and last seven amino acid residues,
whereas plasmids pSV69 and pSV58 allow for deletion of a large portion of the
amino terminus of the designated gene and the insertion of a stop codon to block

expression of downstream sequences. Plasmid pSV69 is designed to delete amino
acid residues 4 through 170 of vpdB and replaces the sequence with a stop codon.
Plasmid pSV58 places a stop codon after amino acid 4 and deletes the sequence
from amino acids 5 to 826. Plasmid pSV88, pSV78, and pSV77, which express
full-length vipD, vpdA, and vpdB, respectively, fused to the carboxy terminus of
sidCAI00 (sidC lacking its carboxy-terminal 100 amino acids), were generated by
ligating BamHI- and Xbal-digested pZL.204 with a similarly digested PCR prod-
uct generated from Lp02 genomic DNA by using primers LI-5 and L1-6
(pSV88), C03-5 and C03-6 (pSV78), or A03-5 and A03-6 (pSV77).

Plasmid pSV26 was obtained by ligation of PstI-digested genomic DNA from
strain SV-L1 (vipD1::miniTn/0) prior to transformation into DHS5a\pir. Only
recircularized DNA containing the transposon, and thus the R6K origin of
replication contained within, can be recovered. The glutathione S-transferase
(GST)-VipD expression plasmid pSV50 and the pGAL-vipD vector pSV71 were
constructed by ligating the BamHI-digested PCR product generated from prim-
ers L1-7 and L1-8 to BamHI-digested pGEX-4T and pDK20, respectively. Plas-
mids pSV72 and pSV74 were constructed from pSV71 by using the QuickChange
site-directed mutagenesis kit by standard procedures (Stratagene). Primers L1-9
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TABLE 2. Oligonucleotide primers used in this work

Primer name Sequence”

A03-1 ..CGCGGATCCCGTTTTCATAATTTCACCTG

A03-2 ..GCGGAGCTCAGTTAATTCACTTCATCGC

A03-3 CGCGGATCCTAACTGTTGCTTCTAAAGG
AACC

A03-4 .. CGAGCGTCGACTTACGCCCTATATAGG
GATG

A03-5 . CGCGGATCCAAAACGGTAAATAGTCAA
AATG

A03-6 GCTCTAGATTACGCCCTATATAGGGATG

L1-1... ..CGCGGATCCTAATTTACGGCTTTTTGTC

L1-2...
L1-3...

..GCGGAGCTCTCTCGTTCAAAATAAGTAG
..CGCGGATCCTCAACCACATTTGGCGG
GCAGCGTCGACTGATGCGGTAGAA
GTGG
L1-5eiiiins CGGGATCCACAAAAAGCCGTAAATTAA
AAAG
GCTCTAGATTAATGGCCGCCAAATG
CGCGGATCCATGACAAAAAGCCGTAAAT
TAAA
CGCGGATCCTTAATGGCCGCCAAATGT
GGTGAATACATCGCTGCTGGAGGAATTC
TGGAC
L1-10.iiiine GTCCAGAATTCCTCCAGCAGCGATGTAT
TCACC
L1-11eiiins CATGTTAGCGGAGCAGCTGCCGGAGCA
ATGACG
L1-12uins CGTCATTGCTCCGGCAGCTGCTCCGCTA
ACATG
CGCGGATCCAACTTCTTGCTTTGTTTTC
GCGGAGCTCAAATCATTAAATGACC
TTTG
CGCGGATCCCTGCCCAATAATAAACC
GCAGCGTCGACACATCAGACAAGGA
AATC
CGCGGATCCAAAACAAAGCAAGAAG
TTTC
..GCTCTAGATTAATTCGGTTTATTATTGG
CGCGGATCCTCATGGGGTCATCAGTA
AATC
GCGGAGCTCCAAATGCTTTCTGAGTTAG
..CGCGGATCCCAATGTATACGGATCITG
GCAGCGTCGACAGATATTACAAAATTA
CCTC

¢ Restriction enzyme sites are underlined.

and L1-10 were used to construct the D282A mutation (pSV72), and primers
L1-11 and L1-12 were used to create the S67A mutation (pSV74).

Strains Lp01 and Lp02, derivatives of L. pneumophila Philadelphia-1, as well
as their dot4 mutant derivatives (SV8 and Lp03, respectively), have been previ-
ously described (2, 24). The AsidC strain Z125 contains an in-frame deletion of
sidC in the Lp02 strain background (25). The strain SV-L1 (vipDI::miniTnl0 in
Lp01) contains a transposon insertion after amino acid residue 307 (insertion
sequence GGCAGGCAC) and is the original isolate obtained in a screen for
growth-defective mutants (40). Strain SV48, which reconstitutes the transposon
insertion found in SV-L1 in a fresh Lp0Ol parental strain, was obtained by
introducing plasmid pSV26 into Lp01 by natural transformation (8, 39). Strain
SV192 (AvipD) was generated in Lp02 by two-step gene replacement by standard
protocols (28) using pSV27. Strains SV221 and SV222, which contain deletions
of vipD, vpdA, vpdB, and vpdC, were obtained in Lp02 through four consecutive
two-step gene replacements using plasmids pSV27, pSV31, pSV58, and pSV69.

L. pneumophila infection of murine macrophages and D. discoideum. Bone
marrow-derived macrophages from the A/J mouse were prepared as described
previously (8). D. discoideum AX4 was plated in MB medium prior to incubation
with L. pneumophila (24). For assays of L. pneumophila growth within bone
marrow-derived macrophages or D. discoideum, host cells were plated on 24-well
plates and infected with L. pneumophila at a multiplicity of infection (MOI) of
0.05 for 1.5 to 2 h. At each time point, monolayers were lysed with saponin,
dilutions of the lysate were plated onto bacteriological media, and CFU were
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determined from triplicate wells of each strain and at each time point. For
immunofluorescence assays, 2 X 10 > bone marrow-derived macrophages were
seeded onto glass coverslips and incubated with bacteria at an MOI of 2.0 for
1 hour.

Saponin extraction, immunofluorescence, and Western blotting. For the de-
tergent extraction studies, a modification of previous procedures was used (11,
23). Approximately 5.0 x 107 differentiated U937 cells were plated in 10-cm
tissue culture dishes and allowed to adhere for 1 hour. The monolayers were then
incubated at an MOI of 5.0 with L. pneumophila grown in broth culture to
postexponential phase. After a 1-hour infection, the supernatants were removed
and the monolayer was lysed in 3 ml of 0.2% saponin. The detergent lysate was
then incubated for at least 1 hour on ice and cleared by centrifugation at 9,000
rpm in a Beckman J2-21 centrifuge for 15 min. The supernatants were removed
and subjected to methanol-chloroform precipitation (44), and the pellets were
resuspended in sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) sample buffer. Equivalent amounts of supernatant and pellet fractions
were then separated by SDS-PAGE and analyzed by Western blotting.

For analysis of S. cerevisiae lysates, cells were grown for 2 days on medium
containing galactose and resuspended in 3 ml water, and the equivalent of 0.3
Agoo unit of cells were collected by centrifugation, resuspended in SDS-PAGE
sample buffer, and lysed by boiling. For analysis of L. pneumophila lysates, cells
were grown in broth to the indicated A4, isolated by centrifugation, and lysed
by boiling in sample buffer. Equivalent amounts of lysate were separated by
SDS-PAGE and processed for Western blot analysis.

GST-VipD was expressed in XL1-Blue from pSV50, purified by standard
procedures (Amersham, Carlsbad, CA), and cleaved with thrombin. The cleaved
VipD was used to raise antibodies in rabbits (Pocono Rabbit Farm and Labo-
ratory, Canadensis, PA), and the antibodies were then affinity purified against
the same protein by using standard protocols (17). Serum specific for Bacillus
subtilis isocitrate dehydrogenase (ICDH) was generously provided by A. L.
Sonenshein, Tufts University Medical School, Boston, MA. For immunofluores-
cence analyses, cells were fixed and stained by standard procedures (27, 43).
Affinity-purified antibody against SidC (25) was used at a dilution of 1:500, and
rat anti-L. pneumophila antibody was used at a dilution of 1:3,000. Bacteria that
had been internalized by macrophages were identified through a staining proce-
dure in which monolayers were probed with anti-L. pneumophila antibody both
prior to and after methanol permeabilization, using secondary antibodies con-
jugated to fluors of distinct color (blue before permeabilization and red after
permeabilization) at each step (8). Only intact rod-shaped bacteria were scored
in these assays.

RESULTS

VipD shows high similarity to Pseudomonas aeruginosa ExoU
and has three paralogs. An enrichment was performed to
identify L. pneumophila mutants that were defective for growth
within phagocytic cells but still retained a functional Dot/Icm
system (40). Among those mutants isolated was one with a
miniTn/0 insertion in the vipD gene (Fig. 1A) (38), which
caused small defects in intracellular growth in the original
strain background in which it was isolated (40) (see Fig. 5).
Simultaneously, we also identified vipD in a screen for proteins
that are translocated by the Dot/Icm system to recipient bac-
terial cells (25). The vipD gene is predicted to encode a 69-kDa
cytosolic protein showing high sequence similarity to ExoU of
the gram-negative bacterial pathogen P. aeruginosa. ExoU is a
potent toxin that is translocated to mammalian cells via a type
III secretion apparatus (15, 18). Furthermore, both VipD and
ExoU show similarity to the phospholipase patatin, the most
abundant protein found in potato tubers (19). The proteins
share consensus motifs thought to be essential for phospholipase
activity (Fig. 1B), which include an oxyanion hole (consensus
GGGXK/R [one-letter code]) and two active-site residues, a
serine (consensus GXSXG) and an aspartate (consensus DXG).
The phospholipase activity of ExoU, which requires an unknown
cofactor from target host cells, was found to be essential for its
toxicity (31, 35). Despite this high sequence similarity, we have
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A. VipD s 615 aa

VpdA (O ] 665aa
VpdB (S | 598aa
VpdCl T T ey 1884 aa
ExoU [ e | 687aa

B. Oxyanion Hole: GGGXK/R
VipD 32 LVLS U UA'GISYLGMIQALQERGK 56
vpdn 57 IVFS GSNILAHIGALDELTRHGL 81
Vpd.l 27 LVFR 8/ GIAYVGALOSLSEQGV 51
\rpdc 305 LVFC  A'IFAHVGVWEALNEAGM 329
ExoU 107 LVLS. A'GAAYPGAMLALEEEGM 131

Active Site Serine: CXSXC

vipD 63 VSUA‘A AMTASILAV 78
VpdA 86 FS. S'A AMVAAFAYL 101
Vpd.l 58 VACSSACAMTAAIVAC 73
vpdC 334 FACSHAJAIMSLMCYL 349
ExoU 138 MSCS'A GITAALLAS 153

Active Site Aspartate: DX
VipD 262 SGAHP GRNAKGEYIA-======= UG ILDNMP 290

VpdA 243 SANLPIAF-ERICYQGNVYS--—————— CGUISNNLP 270
VpdB 294 SASLPGVFDPVIYEGRKYI---—=—mmm CGUAANNLP 321
VpdC 465 SASFPVLY-RDTLLDGEEHN--—————~— SGUILSNFP 492
ExoU 316 SGSFPGVFQKVSLSDQPYQAGVEWTEFQ GIVMINVP 352

FIG. 1. VipD and it paralogs have sequence similarity to the P.
aeruginosa secreted toxin ExoU. (A) Representative diagrams of
VipD, VpdA, VpdB, VpdC, and ExoU. The size of each protein (in
amino acid [aa] residues) is shown on the right of each diagram.
Regions of each protein that are homologous to VipD are shaded.
(B) The conserved phospholipase A domains are shown, with the con-
served amino acids (single-letter code) included in the oxyanion hole, the
active-site serine, and the active-site aspartate indicated in red.

been unable to demonstrate a phospholipase activity for VipD
(see Discussion).

VipD has three paralogs in the L. pneumophila Philadel-
phia-1 genome, which we have named VpdA, VpdB, and
VpdC (Fig. 1A) (GenBank accession numbers YP_096418,
YP_095258, and YP_095455, respectively). Two of these para-
logs, VpdA and VpdB, are similar in size to VipD (76 and 66
kDa, respectively), whereas VpdC is significantly larger (102
kDa). Each paralog contains the consensus phospholipase do-
main found in VipD and ExoU (Fig. 1B).

VipD is induced in early stationary phase. The sequence
similarity of the L. pneumophila VipD family members to
ExoU from P. aeruginosa, its ability to be transferred between
bacteria in a recombination read-out assay (data not shown)
(25), and the fact that fusion of VipD to adenylate cyclase
results in a hybrid translocated by the Dot/Icm system (38)
argue that these proteins are L. pneumophila translocated ef-
fectors. One characteristic of many known effectors is in-
creased expression in early stationary phase (8, 25, 30), the
growth phase at which L. pneumophila is most virulent (3). To
analyze growth phase-dependent expression, an antibody
against full-length VipD was raised in rabbits and used to
probe bacterial lysates at distinct growth phases (see Materials
and Methods). In wild-type L. pneumophila cultures, a protein
with an apparent molecular mass of ~70 kDa in was present in
immunoblots of SDS-containing gels probed with affinity-pu-
rified antiserum (Fig. 2). This protein, which is close to the
predicted molecular weight of VipD, was absent in a strain
deleted for vipD at all growth phases (Fig. 2). L. pneumophila
enters postexponential phase at an optical density of 3.0, a
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FIG. 2. VipD protein is induced in postexponential phase. The
indicated isogenic L. pneumophila strains were grown in broth to the
indicated optical density (4¢), and equivalent amounts of cells were
harvested and lysed in sample buffer. Proteins in each sample were
resolved by SDS-PAGE, transferred to a membrane support, and
probed with an antibody specific to VipD. The band corresponding to
VipD is indicated, and a nonspecific protein recognized by the anti-
body is marked with an asterisk. The migration of molecular mass
standards is shown on the right. Wild type (WT): Lp02. dotA: Lp03.
AvipD: SV192.

transition discerned by a change in morphology and induction
of motility (3). At this growth phase, expression of VipD dis-
played a marked increase (Fig. 2). The postexponential phase
induction was also observed in a dot4 mutant strain and thus is
not dependent on an intact dot/icm complex (Fig. 2). By this
assay, the expression profile of VipD is consistent with its
having a role as a translocated effector.

VipD is translocated into mammalian cells. To directly dem-
onstrate that intact VipD is a translocated substrate of the L.
pneumophila Dot/Icm system, we employed a saponin extrac-
tion technique that is similar to assays utilized with Yersinia for
the analysis of translocated effectors (11, 23). To this end,
phorbol ester-differentiated U937 cells were incubated with L.
pneumophila strains for 1 hour and then subjected to saponin
extraction followed by immunoblot analysis of the detergent-
soluble supernatants (see Materials and Methods). Saponin
does not lyse the bacteria or release VipD from broth-grown
bacteria (Fig. 3 and data not shown). As expected of a trans-
located protein, VipD was found in supernatants of saponin
extracts when wild-type bacteria were used to infect the mam-
malian cells (Fig. 3). VipD was absent in this fraction when a
AvipD strain was used and when cells were mock infected (Fig.
3). Translocation was dependent on an intact Dot/Icm T4SS,
because VipD was not present in the supernatant when a dotA
mutant L. pneumophila strain was used. As a control for bac-
terial lysis, an antibody that recognizes bacterial ICDH, a pro-
tein found in the bacterial cytoplasm, was examined, and this
protein was absent from the supernatant under all conditions
examined (Fig. 3). Our results thus demonstrate that VipD is
specifically translocated in a Dot/Icm-dependent manner from
L. pneumophila to mammalian cells.

VipD and its paralogs define a family of translocated pro-
teins in L. pneumophila. We next tested whether two paralogs
of VipD, VpdA and VpdB, were also translocated into host
cells. To assay translocation, we utilized the protein SidC,
which is translocated into host cells where it localizes to the
cytoplasmic face of the L. pneumophila vacuole (25). The
translocation signal of SidC has been localized to the carboxy
terminus of the protein (Z.-Q. Luo, unpublished results), sim-
ilar to what has been reported for the type IV-translocated
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Saponin extraction
Pellet

Supernatant

WT-Bacteria

ICDH - —-——-

FIG. 3. VipD is translocated into U937 cells in a Dot/Icm-depen-
dent manner. U937 cells were incubated with the indicated strains at
an MOI of 5 for 1 h, after which host cells were harvested, extracted
with 0.2% saponin, and processed as described in Materials and Meth-
ods. SDS-PAGE-fractionated samples were immunoprobed with anti-
bodies against VipD or ICDH. Wild type (WT): U937 cells incubated
with Lp02. dotA: U937 cells incubated with Lp03. AvipD: U937 cells
incubated with strain SV192.—: U937 cells with no bacteria added.
WT-Bacteria: L. pneumophila Lp02 grown to postexponential phase
and lysed in SDS sample buffer to detect VipD.

protein RalF (29). When a version of SidC that lacks its car-
boxy-terminal 100 amino acids (SidCA100) was constructed,
translocation was observed for only a minor fraction of LCVs
(Fig. 4F). Fusion of a translocation signal recognized by Dot/
Icm to the carboxyl terminus of the SidC deletion derivative
can restore deposition of the protein into host cells. After
successful translocation, the fusion protein localizes to the L.
pneumophila-containing vacuole as visualized with anti-SidC
antibodies. To test for VpdA and VpdB translocation signals in
this assay, fusion proteins in which the carboxy-terminal 100
amino acids of SidC were replaced with full-length VipD,
VpdA, or VpdB were constructed. Strains deleted for sidC and
harboring plasmids encoding these fusion proteins were then
incubated with murine macrophages for 1 hour. The infected
monolayers were then fixed, stained with anti-SidC antibody,
and analyzed by immunofluorescence microscopy, scoring for
the presence of SidC stain around the L. pneumophila vacuole.
As described previously (25), greater than 80% of L. pneumo-
phila-containing vacuoles stain with anti-SidC antibody (Fig.
4A and F), whereas fewer than 5% of vacuoles are SidC pos-
itive when the SidCA100 construct is expressed (Fig. 4E and
F). As expected, fusion of SidCA100 to VipD yielded a high
frequency of SidC-positive vacuoles, confirming the results
from the detergent extraction assay (Fig. 4B and F). In addi-
tion, the SidCA100 fusions to both VpdA (Fig. 4C and F) and
VpdB (Fig. 4D and F) displayed approximately 80% localiza-
tion of the fusion protein to L. pneumophila-containing vacu-
oles, with intense immunofluorescence of the fusions observed.
Therefore, VipD is translocated and two of its paralogs have
signals that allow translocation of SidC into host cells. Inter-
estingly, a significant portion of the phagosomes harboring the
strain expressing the SidC-VpdA fusion displayed polar local-
ization (Fig. 4C). It seems likely, therefore, that there are
localization signals present in VpdA that allow localization to
the termini of the bacterial vacuole or direct polar transloca-
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tion of the fusion. Such polar translocation had been observed
previously with LidA (8).

Growth of vipD mutants in murine macrophages and D.
discoideum. To explore the interaction of the vipD mutant with
host cells, a growth curve in bone marrow-derived macro-
phages was completed. The original vipDI1::Tnl0 mutant
(strain SV-L1) isolated in our screen (40) was used to infect
murine macrophages, and CFU were determined 2, 24, 48, or
72 h postinfection. The wild-type parental strain Lp01 and a
severely growth-defective dotA strain, which lacks a functional
dotlicm apparatus, were also included as controls. The
vipDI::miniTn/0 strain SV-L1 was found to have a small
growth defect at each time point analyzed compared to the
wild-type strain (Fig. 5A), as was seen for other mutants iso-
lated in this screen (40). To confirm that the growth defect was
attributable to the transposon insertion in vipD, the transposon
was reintroduced into the parental strain, generating strain
SV48. Unexpectedly, the reconstructed vipDI strain SV48 did
not display a growth defect in murine macrophages (Fig. 5A).
To further explore this phenotype, we tested the intracellular
growth characteristics of many independently created AvipD
isolates. Whereas the majority of the AvipD isolates displayed
no growth defect in macrophages, as did the reconstructed
vipDI1::miniTnl0 strain, a few AvipD strains exhibited defects
in intracellular growth similar to those of the original vipD
isolate SV-L1 (data not shown). We were never able to com-
plement the growth defect of these AvipD strains or the orig-
inal vipD1::Tnl0 (SV-L1) strain in frans using a plasmid con-
struction expressing VipD (data not shown), so we conclude
that the phenotype of the growth-defective vipD mutants is due
to a second mutation that arises in the strain or during its
construction.

Since VipD has three paralogs, it is possible that the four
proteins provide a similar function during infection of mam-
malian cells. To assess the requirement for the VipD paralogs
for growth in mammalian cells, strains bearing deletions of
individual paralogs and a strain bearing deletions of all four
genes were constructed. Neither the strains bearing deletions
of individual genes (data not shown) nor the strain bearing the
quadruple mutation was significantly impaired for growth in
macrophages during a 4-day growth curve (Fig. 5B). There-
fore, neither VipD nor its paralogs are essential for bacterial
replication in cultured mouse macrophages.

We next assessed the ability of an L. pneumophila strain
deleted for vipD to grow within the soil amoeba D. discoideum.
Using bacterial strains identical to those used in bone marrow-
derived macrophages, we observed a mild enhancement of
intracellular growth relative to the parental thy mutant control
for a strain containing deletions of vipD and its three paralogs
(Fig. 6A). A strain bearing only a deletion of vipD, in contrast,
displayed growth rates nearly identical to those of the wild-type
strain. As expected, the dotA mutant strain was incapable of
intracellular growth (Fig. 6A). Since we had previously dem-
onstrated that L. pneumophila thyA mutant strains have re-
tarded growth in D. discoideum due to the inability of thymi-
dine added to the medium to fully complement the auxotrophy
(24), we monitored intracellular growth of the quadruple mu-
tant in a thy™ background through inclusion of a plasmid ex-
pressing thyA. In the thy™ strain background, however, the
growth advantage of the quadruple mutant disappeared (Fig.
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FIG. 4. Evidence for the presence of translocation signals in VipD,
VpdA, and VpdB. Bone marrow-derived macrophages were infected at
an MOI of 2 for 1 hour with AsidC strains containing plasmids expressing
either full-length sidC (psidC/pZ1.199; panel A); fusions of the 3’ end of
sidCA100 to full-length vipD (psidCA100-vipD/pSV8S8; panel B), vpdA
(psidCA100-vpdA/pSVT8; panel C), or vpdB (psidCA100-vpdB/pSVTT,
panel D); or sidC lacking the region encoding the carboxy-terminal 100
amino acids (psid CA100/pZ1.204; panel E). Triplicate coverslips for each
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FIG. 5. An L. pneumophila mutant lacking all vipD paralogs is
proficient for intracellular growth within bone marrow-derived macro-
phages. (A) Defective growth phenotype of the original L. pneumo-
phila vipDI1::miniTnl0 strain (strain SV-L1) is lost on moving the
mutation into a fresh parental strain background (strain SV48). The
wild-type (WT) strain Lp01 is the parent strain for both the vipD
mutant strains (SV-L1 and SV48) and the dot4 mutant strain (SV8).
(B) A strain bearing deletions of vipD, vpdA, vpdB, and vpdC (strain
SV221, designated AAAA) does not show a growth defect in murine
macrophages. The wild-type strain Lp02 is the parent strain for the
quadruple mutant strain and the dotA strain Lp03. (A and B) Bone
marrow-derived macrophages (4 X 10° cells per well) were incubated
with the indicated strains at an MOI of 0.05 for either 2h (A) or 1.5 h
(B). Viable counts were determined as described in Materials and
Methods. The means and standard deviations are shown for each time
point; experiments were done in triplicate.

6B). Therefore, the ability to detect any intracellular growth
advantage that results from loss of function of multiple VipD
family members appears to be limited to strain backgrounds
having underlying deficiencies in intracellular growth.
Toxicity of VipD to eukaryotic cells. ExoU is a potent toxin
for mammalian cells, and trace expression of the protein in a
wide range of eukaryotic cells can lead to rapid lethality. In
contrast to the behavior of ExoU, when a plasmid encoding
VipD was introduced into the mammalian 293T cell line, trans-
fectants expressing large amounts of protein could be readily
identified, although viability appeared to be somewhat reduced
by the presence of the protein (data not shown). To investigate
toxicity of the protein in a more quantitative fashion, we ex-
pressed the protein in the yeast Saccharomyces cerevisiae. A
construct in which VipD was placed under control of the ga-
lactose-regulated promoter (pGAL) was generated and inte-

strain were scored for SidC staining surrounding the L. pneumophila-
containing vacuole, and 100 bacteria found in singly infected macro-
phages were scored on each coverslip (panel F). Displayed are the
means and standard deviations for each sample.
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FIG. 6. Growth advantage in D. discoideum of a L. pneumophila
mutant lacking vipD and each of its paralogs. (A) Lp02 (thy4 mutant)
strains bearing the AvipD AvpdA AvpdB AvpdC mutations (strains
SV221 and SV222, designated AAAA-1 and AAAA-2) have a growth
advantage in D. discoideum, whereas the AvipD strain (SV192) grows
at a rate similar to that of the wild-type strain. (B) A Thy™" strain
bearing the AvipD AvpdA AvpdB AvpdC mutations (strain SV221 con-
taining the vector pJB90S, designated AAAA/V) is indistinguishable
from its Thy™ parent (Lp02 containing pJB908, designated WT/v) for
growth in D. discoideum. (A and B) The wild-type (WT) strain Lp02 is
the parent strain for the quadruple mutant strain and the dotA strain
Lp03. The indicated strains were used to infect amoebae at an MOI of
0.05 for 2 hours. Viable counts were determined as described in Ma-
terials and Methods. Each time point for each strain was analyzed in
triplicate, and the means and standard deviations are shown.

grated at the URA3 locus of a wild-type yeast strain. Tenfold
serial dilutions of the resulting strain were spotted onto media
containing dextrose, which represses expression from pGAL,
or galactose, which induces expression. A strain in which
pGAL alone was present grew well on both repressing (dex-
trose) and inducing (galactose) media (Fig. 7A). A strain bear-
ing pGAL-vipD also grew well on repressing media (dextrose),
whereas growth on galactose was dependent on the particular
isolate analyzed. Many independent isolates grew at a rate
similar to that of the control strain (pGAL), but several dis-
played reduced growth. Since the integration construct used is
known to result in a range of expression levels (M. Dorer,
personal communication), we examined VipD levels in strains
bearing pGAL or pGAL-vipD. VipD was absent in yeast ex-
pressing pGAL and was present as a doublet in pGAL-vipD-
expressing yeast (Fig. 7B). VipD-producing isolates that grew
poorly on galactose showed far greater expression of vipD than
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FIG. 7. Expression of vipD shows low levels of toxicity for yeast.
(A) Either wild-type VipD or VipD containing mutations in the puta-
tive phospholipase A active site can be toxic to the yeast S. cerevisiae.
Constructs containing the indicated vipD alleles under the control of
the galactose-regulated promoter (pGAL) were integrated at the
URA3 locus in S. cerevisiae. The resulting strains, along with a strain
containing pGAL but not vipD, were grown in rich medium to station-
ary phase. Tenfold serial dilutions were spotted onto rich medium
containing either dextrose (which represses expression of vipD) or
galactose (which induces expression of vipD) and incubated for 3 days
at 30°C. For each vipD-expressing construct, an isolate displaying wild-
type growth on galactose medium (rows 1) and one with a slow-growth
phenotype (rows 2) are shown. (B) vipD-expressing strains that are
slow growing on galactose medium produce higher levels of VipD.
Equivalent amounts of the strains grown on galactose medium in
(A) were lysed in sample buffer, separated by SDS-PAGE, and ana-
lyzed by Western blotting using an anti-VipD antibody.

isolates displaying wild-type growth rates. Thus, overproduc-
tion of VipD showed only mild toxicity to yeast, and based on
the behavior of the protein, either VipD is likely to have
functions very different from ExoU or the potency of its phos-
pholipase activity under the conditions tested is far lower than
that of ExoU.

We next inquired whether the poor growth on galactose
required a functional phospholipase domain. Yeast strains
identical to those described above were constructed, except
that the conserved active-site residues (aspartate in DXG and
serine in GXSXG) in the phospholipase domain were ex-
changed with alanine (Fig. 1A). Each of these substitutions has
been demonstrated to inactivate phospholipase A activity in
the homologous proteins patatin and ExoU (19, 31, 35).
Growth of yeast expressing either VipD-D282A or VipD-S67A
was normal on repressing media (dextrose) (Fig. 7A). Under
inducing conditions (galactose), two phenotypes were again
observed, correlating with wild-type or slightly slowed growth
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rates. Once again, the extent of growth reduction correlated
with the levels of production of VipD mutants in the strains
(Fig. 7B). Interestingly, in each case in which VipD displayed
high expression levels, growth on galactose of strains express-
ing wild-type VipD was markedly slower than that of those
expressing the VipD alanine mutants. Therefore, it appears
that although the phospholipase domain contributes to the
toxicity exhibited by VipD, it is not the sole cause of retarded
growth of yeast cells overexpressing the protein. This is remi-
niscent of the recent result showing that a fragment of VipD
lacking the phospholipase domain interferes with yeast secre-
tory traffic (38).

DISCUSSION

VipD was identified in our laboratory in a screen for L.
pneumophila mutants having miniTn/0 insertions that result in
delayed completion of a single cycle of infection within bone
marrow-derived macrophages (40). An assay that monitors
intracellular growth over 3 days, or approximately three cycles
of intracellular multiplication, verified that the original vipD
strain isolated in the screen was defective for growth during
each replication cycle. The growth defect disappeared, how-
ever, when the transposon mutation was recombined into a
fresh strain background or when an L. pneumophila strain
bearing a deletion of vipD was tested in the same assay.
Through analysis of many independently isolated vipD mu-
tants, we obtained a small number that exhibited growth de-
fects similar to those of the original vipD isolate, indicating that
there may be a mutation in the L. pneumophila background
that arises and, when combined with a mutation in vipD, con-
tributes to the intracellular defect of these strain. It is unclear
what selective pressure could result in these secondary muta-
tions, since vipD mutants do not exhibit any obvious growth
defects on bacteriological medium.

A strain lacking vipD as well as its three paralogs, vpdA,
vpdB, and vpdC, also grew at wild-type rates in murine mac-
rophages, revealing that the four genes are dispensable for
intracellular growth. The lack of a growth defect in L. pneu-
mophila strains lacking the VipD family members may be due
to functional redundancy between VipD and other translo-
cated effector proteins. Alternatively, VipD may be required
during stages of the infection process not represented by the
assays thus far tested. For example, VipD may function in the
lung prior to being engulfed by alveolar macrophages, or it may
inactivate specific arms of the immune response that are in-
volved in clearing of microorganisms from the lungs. There
clearly is some selective pressure for retention of this gene
family, and VipD is highly expressed in postexponential phase,
arguing for a connection to other factors associated with
pathogenesis. The strain background used in this study, L.
pneumophila Philadelphia-1, has four members of the vipD
family that possess sequences similar to those of the ExoU and
patatin active site. The two other sequenced strains of L. pneu-
mophila also have multiple vipD paralogs (including five such
genes in L. pneumophila Paris-1), although an open reading
frame corresponding to vipD is missing in the L. pneumophila
Lens-1 strain.

A thyA mutant strain lacking vipD as well as its three para-
logs displayed a growth advantage in D. discoideum compared
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to the parental strain (Fig. 6). We had used this auxotroph
because it facilitates our ability to perform complementation
experiments with plasmids that confer prototrophy. Testing of
strains deleted for individual paralogs revealed that the phe-
notype is likely due to the absence of vpdA (data not shown).
The phenotype of this quadruple mutant is clearly subtle. Un-
der conditions in which growth in D. discoideum is accelerated
by using a prototrophic strain, the growth advantage disap-
peared, emphasizing that the phenotype can be observed only
under conditions in which bacterial growth is less than optimal.

VipD and SidCA100 fusions harboring two of the VipD
paralogs (VpdA and VpdB) were translocated into host cells.
Although at least eight translocated substrates of the Dot/Icm
system have been localized to the phagosomal membrane sur-
rounding the bacterium (1, 8, 25, 30; M. Machner and R.
Isberg, unpublished data), we have been unable to localize
VipD to a specific site in the host cell by immunofluorescence
(data not shown). Presumably, the majority of the protein
assumes a cytoplasmic locale after translocation. In contrast, a
paralog of VipD, VpdA, may contain vacuolar localization
signals as evidenced by the distinct polar stain of a SidCA100-
VpdA fusion protein present on L. pneumophila-containing
vacuoles. Despite the fact that VipD does not appear to local-
ize to the phagosomal membrane, the protein behaves very
similarly to other L. pneumophila translocated substrates (8,
25, 30): it displays increased expression in stationary phase,
strains lacking VipD show little defect in intracellular growth,
and it belongs to a family of paralogs encoded by the bacte-
rium. Furthermore, the carboxyl termini of VipD family mem-
bers, predicted to be the region harboring the translocation
signal recognized by the Dot/Icm apparatus, share a feature
predicted to be important for translocation of other substrates.
A hydrophobic residue at position —3 of the C terminus is
essential for translocation of the Dot/Icm substrate RalF, and
it was proposed, based on examination of known translocated
effectors, that either a hydrophobic residue or a proline at the
C-3 or C-4 position may be crucial for recognition by the
Dot/Icm system (29). VipD and its paralogs follow this pattern
and contain similarly placed residues (VipD, Phe at —4; VpdB,
Leu at —4; and VpdC, Leu at —3), although in VpdA the Pro
residue is at position —2.

The VipD-related proteins patatin and ExoU have demon-
strable phospholipase activities in vitro (19, 31, 34, 35), but we
were unable to detect phospholipase activity from VipD by
using various phospholipid substrates (data not shown; H. Sato
and D. Frank, personal communication). ExoU as well as many
other effector proteins from bacterial pathogens require host
proteins as cofactors, but even the addition of mammalian or
yeast cytosol in these assays had no effect on VipD activity. In
fact, the expression of VipD in eukaryotic cells has conse-
quences that are very different from those observed for ExoU
(35). Expression of VipD in yeast (Fig. 7) and in cultured
mammalian cell lines (data not shown) was relatively well tol-
erated. VipD caused little discernible effect on the growth rate
of yeast until it was overproduced, at which point cellular
growth was slowed but not halted. In contrast, expression of
ExoU in S. cerevisiae causes immediate toxicity and is associ-
ated with fragmentation of the vacuole (35). In addition, the
growth defect that was observed for S. cerevisiae overexpress-
ing VipD did not appear to be totally dependent on the puta-
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tive phospholipase domain, whereas similar mutations in the
ExoU phospholipase active site abolished its toxicity. Shohdy
and colleagues found that a version of VipD lacking the phos-
pholipase domain perturbed the late secretory pathway to a
greater extent than full-length VipD (38). If one of the func-
tions of VipD is to interfere with the late secretory pathway,
the putative phospholipase domain does not appear to be
essential for this process.

Since the phospholipase active site is conserved in all four
paralogs, it seems likely that VipD functions as a phospho-
lipase at some stage in the infection process. Phospholipases
have been shown to be involved in the virulence of several
other pathogens, including Mycobacterium tuberculosis, Yersinia
enterocolitica, Listeria monocytogenes, and Rickettsia prowazekii
(4,32, 37, 42). Several studies indicate that proteins with phos-
pholipase A activity play a role in membrane traffic through the
mammalian secretory pathway (7, 9, 12), and VipD could
therefore allow L. pneumophila to manipulate membrane flow
and establish or maintain its unique vacuolar niche. Further
characterization of this protein as well as its critical phospho-
lipid substrates should allow insight into the role of this family
of proteins during L. pneumophila infection.
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