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The environmental pathogen Legionella pneumophila possesses five proteins with Sell repeats (SLRs) from the
tetratricopeptide repeat protein family. Three of these proteins, LpnE, EnhC, and LidL, have been implicated in the
ability of L. pneumophila to efficiently establish infection and/or manipulate host cell trafficking events. Previously,
we showed that LpnE is important for L. pneumophila entry into macrophages and epithelial cells. In further
virulence studies here, we show that LpnE is also required for efficient infection of Acanthamoeba castellanii by L.
pneumophila and for replication of L. pneumophila in the lungs of A/J mice. In addition, we found that the role of
LpnE in host cell invasion is dependent on the eight SLR regions of the protein. A truncated form of LpnE lacking
the two C-terminal SLR domains was unable to complement the invasion defect of an [pnE mutant of L. pneumophila
130b in both the A549 and THP-1 cell lines. The [pnE mutant displayed impaired avoidance of LAMP-1 association,
suggesting that LpnE influenced trafficking of the L. pneumophila vacuole, similar to the case for EnhC and LidL.
We also found that LpnE was present in L. preumophila culture supernatants and that its export was independent
of both the Lsp type II secretion system and the Dot/Icm type IV secretion system. The fact that LpnE was exported
suggested that the protein may interact with a eukaryotic protein. Using LpnE as bait, we screened a HeLa cell
c¢DNA library for interacting partners, using the yeast two-hybrid system. Examination of the protein-protein
interaction between LpnE and a eukaryotic protein, obscurin-like protein 1, suggested that LpnE can interact with
eukaryotic proteins containing immunoglobulin-like folds via the SLR regions. This investigation has further
characterized the contribution of LpnE to L. pneumophila virulence and, more specifically, the importance of the

SLR regions to LpnE function.

Legionella pneumophila is an intracellular pathogen and the
causative agent of Legionnaires’ disease. The bacterium infects
alveolar macrophages and establishes a replicative vacuole de-
rived from the endoplasmic reticulum by utilizing the Dot/Icm
type IV secretion system (48, 53). The ability of L. pneumo-
phila to propagate itself within macrophages appears to have
developed from its parasitic relationship with protozoa in
aquatic environments. The genome sequences of three L.
pneumophila strains have highlighted the large number of eu-
karyotic protein-like proteins that this pathogen has acquired
(11, 13). These proteins are predicted to allow L. pneumophila
to manipulate host cell processes, and several bacterial pro-
teins with similarity to eukaryotic proteins have been identified
as substrates of the Dot/Icm system (12, 19, 39, 41). Others,
such as the ecto-nucleoside triphosphate diphosphohydrotase
Lpg1905, have distinct roles in pathogenesis (47). The genome
sequences have revealed that L. pneumophila possesses five
genes encoding proteins with predicted tetratricopeptide re-
peat (TPR) motifs. At least two of these genes, [pnE and enhC,
contribute to enhanced entry into human tissue culture cell
lines (14, 42).
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The TPR motif was originally reported for cell division cycle
proteins of Saccharomyces cerevisiae (32, 49). Today this motif
is known to be ubiquitous in nature, as it is found within
functionally unrelated proteins from all genera. A TPR is de-
fined as a degenerate 34-residue motif with a consensus amino
acid arrangement of alternate large and small residues and
high amino acid conservation observed specifically at positions
8, 20, and 27 (49). These conserved residues allow the TPR to
create a pair of antiparallel alpha helices. Multiple motifs,
ranging from 3 to 16 in number among TPR-containing pro-
teins, lead to the formation of an alpha superhelical structure
(17). This complex and unique structure gives rise to distinct
substrate grooves that facilitate specific protein-protein inter-
actions. The ability of TPR proteins to interact with other
proteins enables them to play a vital role in eukaryotic cell
processes, such as mitosis, transcription repression, and pro-
tein import (20, 37, 52). Bacteria also utilize TPR proteins for
a range of functions, including gene regulation, flagellar motor
function, chaperone activity, and virulence (9, 16, 43, 54). Sev-
eral chaperones required for type III secretion system-medi-
ated translocation of virulence proteins into host cells contain
TPR domains, including PcrH from Pseudomonas aeruginosa,
LerH from Yersinia species, and CesD from enteropathogenic
Escherichia coli (8, 9, 54).

The Sell repeat (SLR) motif comprises a subtype of TPR,
named after the extracellular protein from Caenorhabditis el-
egans for which it was first described (29). Sell and its homo-
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TABLE 1. Bacterial and yeast strains and plasmids used in this study

INFECT. IMMUN.

Strain or plasmid

Serogroup and/or characteristics

Source or reference

Strains
L. pneumophila strains
130b (ATCC BAA-74)

130b IpnE::km
130b IpnE::km/
(pMIP:IpnE)
130b IspDE::km
130b dotA::cm

E. coli strains
XL1-Blue
BL-21 (DE3)
KC8

S. cerevisiae strains

PJ69-4a
AH109

Y187

Plasmids
pMip
pMip:pnE
pMIP:IpnE, s,
pMIP:pnE, 5,

PMIP:pnE,
pMIP:pnEs; 375
pGBT9
pGAD424

pGADT7
pPMAL-c2x

O1; clinical isolate 22

IpnE insertion mutant of 130b (Km") 42

IpnE::km mutant carrying pMIP:[pnE (Km" Cm") 42

IspDE insertion mutant of 130b (Km") 47

dotA insertion mutant of 130b (Cm") 47

supE44 hsdR17 recAl endAl gyrA46 thi relAl lac ¥' [proAB  laclV lacZ AM15 Tnl0] (Tet") Stratagene

F~ omp T hsdSg (rg~ mg~) gal dem (DE3) Novagen

pyrF:Tn5 hsdR leuB600 trpC9830 lacD74 strA galK hisB436 Clontech

MATa trp1-901 leu2-3,112 ura3-52 his3-200 gal4A galSOA LYS2:GALI-HIS3 GAL2-ADE2 35
met2::Gal7-lacZ

MATa trp1-901 leu2-3,112 ura3-52 his3-200 gal4A galSOA LYS2::GALI 141.4-HIS3 MEL1 35
GAL2,,,sGAL2;,74-ADE2 URA3::MELI ,,-MELI1 1, 4-lacZ

MATo ura3-52 his3-200 ade2-101 trp1-901 leu2-3,112 gal4A met™ galSOA 30
URA3::GALI yAs-GALIL ppp-lacZ MELI

pMMB207 with the promoter region of mip cloned into Sacl/Xbal sites 42

pMip carrying /pnE and the ribosome binding site cloned into Xbal/PstI sites 42

pMIP with an /pnE truncation encoding the first 51 amino acids cloned into Xbal/PstI sites This study

pMIP with an /pnE truncation encoding the first 122 amino acids cloned into Xbal/PstI This study
sites

pMIP with an /pnE truncation encoding the first 266 amino acids cloned into Xbal/PstI This study
sites

pMIP with an /pnE truncation encoding amino acid 52 to the stop codon cloned into Xbal/ This study
Pstl sites

GALA(;.147) DNA binding domain; TRPI Amp" 4

(768-ss1y activation domain; LEU2 Amp* 4
GALA (765 g51) activation domain; LEU2 Amp'; hemgglutinin epitope tag Clontech
Expression vector to generate translation fusions to malE; Ptac Amp* New England
Biolabs

logues are involved in cell-to-cell interactions that specify the
fate of C. elegans cells during development through binding of
the membrane proteins Lin-12 and Glp-1 (29). The SLR motif
has a less stringent definition than the TPR motif, with the
length of an SLR ranging from 36 to 44 amino acids (40).
However, the motif consensus sequences are comparable and,
subsequently, the motif folding is considered to be equivalent.
As such, SLR proteins are also predicted to mediate important
protein-protein interactions, and the motif is found preferen-
tially in eukaryotic proteins (40).

All EnhC, LpnE, and LidL proteins contain SLR-type TPR
motifs and have been shown to be important for L. prneumo-
phila -host interactions (14, 42). In this study, we investigated
the contribution of LpnE to the infection of amoebae and A/J
mice by L. pneumophila. In addition, we examined the involve-
ment of LpnE in trafficking of the Legionella-containing vacu-
ole and the basis of protein-protein interactions mediated by
the SLR regions of LpnE to increase our understanding of how
this protein is linked to L. pneumophila virulence.

MATERIALS AND METHODS

Bacterial and yeast strains, growth conditions, and plasmids. Bacterial and
yeast strains and plasmids used in this study are listed in Table 1. Bacteria were
cultured aerobically at 37°C. L. pneumophila strains were grown in ACES [N-(2-
acetamido)-2-aminoethanesulfonic acid] buffered yeast extract broth or on buff-
ered charcoal yeast extract (BCYE) plates (23), and unless otherwise stated,

Escherichia coli strains were cultured in Luria-Bertani (LB) broth or agar. An-
tibiotics were added to media at the following final concentrations for L. pneu-
mophila (or E. coli ): kanamycin, 25 pwg/ml (100 pg/ml); chloramphenicol, 6 pug/ml
(12.5 pg/ml); and ampicillin, 100 wg/ml (100 pg/ml). Saccharomyces cerevisiae
was cultured in YPD (1% yeast extract, 2% peptone, and 2% dextrose) or
synthetic dropout medium (Clontech, CA) lacking appropriate nutrients at 30°C.

DNA, PCR, and cloning techniques. Plasmid DNA was purified using a
QIAprep spin miniprep kit (QIAGEN, Hilden, Germany), and bacterial genomic
DNA was isolated as described previously (2). DNA-modifying enzymes were
used according to the manufacturer’s instructions (Promega, WI). PCR ampli-
fication was performed using 200 ng of template DNA and approximately 0.25 ng
of each oligonucleotide. Oligonucleotide sequences and annealing conditions
used are listed in Table 2. Plasmid constructs were confirmed by DNA sequenc-
ing using a PRISM ready reaction dye deoxy terminator cycle sequencing kit and
a 3730 DNA analyzer (Applied Biosystems, CA). DNA sequences were assem-
bled using Sequencher 3.1.1 (Gene Codes Corp., MI).

Coculture of Acanth ba c llanii and L. p yphila. A. castellanii ATCC
50739 was grown in 75-mm? tissue culture flasks (Sarstedt, Leicestershire, United
Kingdom) with PYG 712 medium at 20°C without agitation (10). Cultures of 4.
castellanii that were 72 h old were harvested and seeded into 24-well tissue
culture trays (Sarstedt) at a density of 2.5 X 10° cells/well in A.c. buffer (0.1%
trisodium citrate, 0.4 mM CaCl,, 2.5 mM KH,PO,, 4 mM MgSO,, 2.5 mM
Na,HPO,, 0.05 mM ferric pyrophosphate). Stationary-phase L. pneumophila
strains, also resuspended in A.c. buffer, were added at a multiplicity of infection
(MOI) of 0.01, and the coculture was incubated at 37°C with 5% CO,. At specific
time points, samples from duplicate wells for each strain were plated onto BCYE
agar and assessed for replication of L. pneumophila. Results were expressed as
mean log,;, CFU = standard deviations for three independent experiments.

Pulmonary infection of A/J mice with L. pneumophila. To examine the com-
parative virulence of L. pneumophila 130b and the IpnE::km derivative within an
established animal model, mixed infections of mutant and wild-type L. pneumo-
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TABLE 2. Sequences of oligonucleotides used in this study

. ) oAy Annealin,
Primer Sequence (5'-3") temp (OC‘();
IpnE F GCT CTA GAG ATA GCT CTT AAA AAT AAG G 46
IpnE, 5, R TTC TGC AGT TAA TCT CCT TTA TCC GCT TC 46
IpnE, 5, R TTC TGC AGT TAC GCA TTA TTT TGA TCC GC 46
IpnE| 566 R TTC TGC AGT TAG GCA TTC CCC AGA TCT G 46
IpnEs; 575 F GCT CTA GAA AGG AAT TAT AAA TGG CCA AGG 46
CTC AAT ATT TGC TGG GTA AG
IpnE R AAC TGC AGG AAA ACA GGT AAC AGG C 46
MBP-lpnE F GCT CTA GAA TGG ACA TGA AAA AAT ATATT 44
IpnE-Y2HF CGG GAT CCG TAT GGA CAT GAA AAA ATATATT 44
OBLSI1 IgF CGA ATT CAT GGC AGG TCT GGA GGA TGT G 56
OBLSI1 IgR GG GAT CCC GAC TCA TCG TCA ATT TCA C 56
OBLS1 FnF CGA ATT CAT GCC CCG GAA GCT CGA CGT C 56
OBLS1 FnR CGG GAT CCA CTA CGG CCA TGT CCG CTG 56
OBLSI1 Igg, R CGG GAT CCT TAT TTT ACT CTG AGA AGC GTA G 50

phila were performed as described previously (45, 46). Briefly, 6- to 8-week-old
female A/J mice (Jackson Laboratory, ME) were anesthetized and inoculated
intratracheally with 10° CFU of wild-type and mutant bacteria at a ratio of 1:1.
Twenty-four and 72 h after inoculation, mice were sacrificed and their lung tissue
isolated. Tissue was homogenized using a Pro 200 homogenizer (Pro Scientific Inc.,
CT), and complete host cell lysis was attained by incubation of the homogenized
tissue in 0.1% saponin for 10 min at 37°C. Serial dilutions were plated onto both
plain and antibiotic-selective BCYE to obtain the total number of viable bacteria and
the number of [pnE mutant bacteria colonizing the lung tissue. Mixed infections were
also performed with lpnE::km/(pMip:lpnE) and IpnE::km/(pMIP:pnEs, 375) strains
in competition with L. pneumophila 130b/(pMIP).

Transcompl tation of L. p yphila 130b IpnE::km with truncated IpnE.
Truncated forms of lpnE were amplified using the oligonucleotides listed in
Table 2 and cloned into the Xbal/PstI sites of pMIP (42). These plasmids were
introduced into L. pneumophila 130b IpnE::km via electroporation as described
previously (21). Briefly, 50-ml logarithmic-phase cultures were harvested via
centrifugation (10,000 X g, 4°C, 15 min) and washed with cold phosphate-
buffered saline (PBS) and then cold 10% (vol/vol) glycerol before being resus-
pended in 10% glycerol with approximately 500 ng of plasmid DNA and sub-
jected to electrophoresis at 2,300 V, 100 (2, and 25 mF.

Tissue culture conditions and L. pneumophila invasion assays. The human
monocytic cell line THP-1 and the human alveolar epithelial cell line A549 were
propagated and prepared for infection as described previously (42). Stationary-
phase strains of L. pneumophila were added at an MOI of 5 for THP-1 cells and
an MOI of 100 for A549 cells and allowed to infect cells for 2 h in 5% CO, at
37°C. Cells were then treated with 100 wg/ml gentamicin for 1 h to kill extracel-
lular bacteria and washed with PBS before being lysed with 0.01% digitonin.
Serial dilutions of the inoculum and bacteria recovered from lysed cells were
plated on BCYE agar, and results are expressed as percentages of the inoculum
that resisted killing by gentamicin (means * standard deviations for at least three
independent experiments).

Avoidance of LAMP-1 by L. prneumophila-containing vacuoles. Immunofiuo-
rescence was used to investigate the ability of Legionella-containing vacuoles to
avoid lysosomal fusion, using the lysosome-associated membrane protein
LAMP-1 as a marker for lysosomal membranes, in both A549 and THP-1 cells.
Immunofluorescence was performed as described previously (47). Briefly, 10°
A549 cells were seeded onto 12-mm glass coverslips (Menzel-Glaser, Braun-
schweig, Germany) and grown overnight before being infected with stationary-
phase L. pneumophila at an MOI of 100. Alternatively, 10° THP-1 cells were
allowed to differentiate in the presence of phorbol 12-myristate 13-acetate for
72 h, ensuring differentiation into adherent, elongated cells, before being in-
fected with stationary-phase L. pneumophila at an MOI of 5. Infection proceeded
for 5 h or 24 h before cells were washed with PBS and fixed with 4% (wt/vol)
paraformaldehyde (pH 7.4). Following fixation, the coverslips were blocked for
1 h with PBS containing 10% fetal bovine serum and then stained with mono-
clonal mouse anti-L. pneumophila (6026; ViroStat, ME) and, subsequently, anti-
mouse immunoglobulin G (IgG)-Alexa Fluor 594 (Invitrogen, CA). Following
labeling of the extracellular bacteria, cells were permeabilized for 1 h with PBS
containing 10% fetal bovine serum and 0.05% saponin. Cells were washed with
PBS and then stained with anti-L. pneumophila and rabbit anti-human LAMP-1
H-288 (Santa Cruz Biotechnology, CA). Anti-rabbit-Alexa Fluor 488 and anti-

mouse-Alexa Fluor 594 or —Alexa Fluor 405 were used as secondary antibodies,
and all antibodies were diluted in PBS with 10% fetal bovine serum, used at 1:50
(Legionella), 1:100 (LAMP-1), or 1:200 (secondary antibodies), and incubated
with the cells for 1 h at 37°C. At the end of this staining procedure, intracellular
bacteria appeared green, LAMP-1 appeared red, and extracellular bacteria ap-
peared red or blue. Coverslips were mounted in DAKO fluorescent mounting
medium (DAKO Corporation) and stored at 4°C in the dark. Slides were exam-
ined under a 100X objective on an Olympus BX51 microscope (Olympus, Tokyo,
Japan). Images were acquired using an Olympus DP-70 digital camera and merged
using DP controller software, version 1.1.1.71. LAMP-1 avoidance was scored blind
for various strains of L. pneumophila, and data for at least 50 intracellular bacteria
from three independent coverslips were expressed as mean percentages of LAMP-1
avoidance (= standard deviations). Differences in LAMP-1 avoidance were assessed
for significance using an unpaired two-tailed ¢ test.

Production of recombinant LpnE and polyclonal anti-LpnE antibodies. Full-
length IpnE was amplified by PCR, using MBP-IpnE F and IpnE R (Table 2), and
cloned into the Xbal/PstI sites of the pMAL-c2x expression vector (New England
Biolabs, MA) to generate a maltose binding protein (MBP) fusion with LpnE.
Production of this fusion protein was induced in E. coli BL21 with 1 mM
isopropyl-B-p-thiogalactopyranoside (IPTG) and subsequently purified using
amylose agarose as described by the manufacturer (Scientifix, Australia). Poly-
clonal antibodies were generated against column-purified MBP-LpnE resus-
pended in incomplete Freund’s adjuvant by inoculation of 500 wg of protein into
a rabbit on days 0, 28, and 49 before exsanguination on day 66 (Chemicon
International, Inc., CA). Immune serum was adsorbed against L. pneumophila
130b [pnE::km and diluted 1:500 for immunoblotting in 0.05% Tween (vol/vol) in
Tris-buffered saline.

TCA precipitation of culture supernatants. L. pneumophila extracellular pro-
teins were precipitated from bacterial culture supernatants as described previ-
ously (38). Fifty-milliliter samples of stationary- or late-logarithmic-phase broth
cultures of L. pneumophila were subjected to centrifugation (10,000 X g, 4°C, 15
min), and the supernatants were filtered through 0.22-um filters (Millipore,
MA). A 10% (wt/vol) final concentration of trichloroacetic acid (TCA) was
added to precipitate the proteins, which were pelleted by centrifugation
(10,000 X g, 4°C, 1 h) and washed with 100% (vol/vol) cold methanol before
being dried and resuspended in 2X sodium dodecyl sulfate (SDS) sample buffer.
TCA precipitation included the use of previously described IspDE and dotA
mutants (47). TCA-precipitated culture supernatants and whole-cell lysate sam-
ples of strains of interest were separated by SDS-polyacrylamide gel electrophoresis
and transferred to nitrocellulose for immunoblotting. Rabbit anti-E. coli RpoB
antibodies (34) were used at 1:4,000 as a control for cytoplasmic protein contami-
nation of supernatant samples, and rabbit anti-Lpg1905 (1:500) (47) was used to
control for loading of TCA-precipitated proteins. When investigating the presence
of truncated forms of LpnE in culture supernatants, Novex 4 to 20% acrylamide-
Tris-glycine gels were utilized to ensure the recovery of small peptides.

Yeast two-hybrid system. [pnE was amplified with the lpnE-Y2HF and lpnE R
oligonucleotides (Table 2) and cloned into pGBT9 digested with BamHI and
Pstl. The resulting plasmid was transformed into S. cerevisiae AH109 by the
lithium acetate method as described previously (28). This strain was mated with
S. cerevisiae Y187 pretransformed with a human HeLa Matchmaker GAL4
library according to the manufacturer’s protocol (Clontech). Protein-protein
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FIG. 1. (A) L. pneumophila infection of A. castellanii. Amoebae were infected at an MOI of 0.01 with wild-type L. pneumophila 130b (H) or
the lpnE::km (O) or lpnE::km/(pMIP:lpnE) (A) mutant. Bacterial CFU were determined at 24, 48, and 72 h postinfection and are represented as
mean log,, CFU = standard deviations for three independent experiments. *, significantly different from 130b (P = 0.034 at 24 h and P = 0.003
at 48 h [unpaired, two-tailed ¢ test]). (B) Lung colonization of A/J mice by L. pneumophila 130b (M) and an [pnE::km mutant (O). Strain 130b and
the [pnE::km mutant were introduced into the lungs of A/J mice via intratracheal inoculation at a ratio of 1:1. Twenty-four and 72 h following
infection, the numbers of CFU for 130b and the [pnE::km mutant were determined. Data are expressed as means =+ standard deviations of the log,,
CFU recovered per lung (n = 7 or 8). *, significantly different from 130b at 72 h (P = 0.018; unpaired, two-tailed ¢ test). (C) CIs of derivatives
of L. pneumophila 130b in mixed infections with the wild-type parent strain. The pairs tested were as follows: lpnE::km mutant versus 130b (O),
IpnE::km/(pMIP:[pnE) mutant versus 130b/(pMIP) (A), and IpnE::km/(pMIP:lpnEs, 5;5) mutant versus 130b/(pMIP) (@). *, CI was significantly
different from that for the [pnE::km mutant versus 130b (P < 0.05; unpaired, two-tailed ¢ test).

interactions were selected by plating the mating mixture onto synthetic dropout
medium plates lacking adenine, histidine, tryptophan, and leucine. Library plas-
mids were isolated from resulting yeast colonies and rescued in E. coli KC8 on
M9 minimal medium containing the required nutrients, except for tryptophan.
Library plasmids and pGBT9:[pnE were transformed into S. cerevisiae PJ69-4A,
and B-galactosidase liquid culture assays (o-nitrophenyl-B-p-galactoside) were
performed in triplicate according to the Clontech manual for the Matchmaker
yeast two-hybrid system. The interaction between LpnE and specific regions of
obscurin-like protein 1 (OBSL1) was examined in the same manner. A region of
OBSL1 encompassing multiple immunoglobulin (Ig)-like domains and a second
region encoding an Ig-like domain and a fibronectin (Fn) domain were cloned
into pGADA424 digested with EcoRT and BamHI. The single Ig domain of the Fn
fragment (Igg,) was also cloned into the EcoRI/BamHI fragment of pGADA424.
The resulting plasmids were introduced into S. cerevisiae PJ69-4A, and the yeast
strains were assessed for B-galactosidase activity.

RESULTS

Contribution of IpnE to infection of A. castellanii and A/J
mice. Previously, we reported that [pnE was required for effi-

cient uptake of L. pneumophila into A549 epithelial cells and
THP-1 macrophages (42). In this work, we extended our viru-
lence studies to examine the contribution of [pnE to replication
of L. pneumophila in A. castellanii and in the lungs of A/J mice.
Coculture of L. pneumophila IpnE::km and A. castellanii dem-
onstrated that [pnE was necessary for efficient infection of the
amoeba (Fig. 1A). For up to 48 h postinfection, the lpnE
mutant was recovered in significantly smaller numbers than
wild-type L. pneumophila 130b. Bacterial numbers 72 h after
infection were comparable between 130b and the /pnE mutant.
The small reduction in CFU observed for the pnE mutant
during the first 48 h of A. castellanii infection was restored to
wild-type levels upon transcomplementation of the [pnE mu-
tant with full-length lpnE (Fig. 1A).

The reduced ability of the [pnE mutant to infect macro-
phages, alveolar epithelial cells, and amoebae highlighted the
importance of LpnE for host-pathogen interactions in both
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FIG. 2. (A) Immunofluorescence of LAMP-1 in A549 cells infected for 5 h with wild-type L. pneumophila 130b or the dotA::cm, IpnE::km, or
IpnE::km/(pMIP:lpnE) mutant. LAMP-1 was detected with an anti-LAMP-1 mouse monoclonal antibody diluted 1/100 followed by the secondary
antibody, anti-mouse—-Alexa Fluor 488, diluted 1/200. Bacteria were detected with anti-lipopolysaccharide (anti-LPS) antibodies raised in rabbits
and diluted 1/50, followed by the secondary antibody Alexa Fluor 594 diluted 1/200. (B) Immunofluorescence of LAMP-1 in A549 cells infected
for 24 h with wild-type L. pneumophila 130b or the dotA::cm, lpnE::km, or lpnE::km/(pMIP:lpnE) mutant. Primary and secondary antibodies were

the same as for panel A.

mammalian and protozoan hosts. The contribution of [pnE to
infection of A/J mice was also examined by evaluating the
ability of the [pnE mutant strain to compete with wild-type L.
pneumophila 130b following intratracheal infection of A/J
mice. Lung colonization was examined 24 and 72 h after in-
fection (Fig. 1B). The mutant strain was recovered in similar
numbers to wild-type L. pneumophila 130b 24 h after inocula-
tion, but at 72 h significantly fewer mutant bacteria than L.
pneumophila 130b bacteria were recovered. We also calculated
the competitive index (CI) of the /pnE mutant by comparing
the ratio of mutant to wild-type CFU in the lungs of mice at
72 h to the ratio of mutant to wild-type CFU in the inoculum.
In general, a mutant with a CI of <0.5 is considered attenuated
(5). At 72 h, the mean CI of the /pnE mutant was 0.22 = 0.13
(Fig. 1C). Complementation of the /pnE mutant with full-
length IpnE restored the CI of the mutant strain to 1.75 * 1.58.
These values were significantly different (P = 0.019; unpaired
two-tailed ¢ test), indicating that jpnE was needed for efficient
colonization of the lungs of A/J mice (Fig. 1C).

Trafficking of the lprE mutant in tissue culture cells. Al-
though we showed previously that despite an initial invasion
defect the [pnE mutant can replicate in THP-1 and A549 cells
to wild-type levels (42), we did not examine the ability of the
mutant to avoid trafficking to late endosomes and lysosomes.
Here we investigated the capacity of the /[pnE mutant vacuole
to avoid fusion with late endosomes by determining the per-
centage of /pnE vacuoles that avoided the late endosomal
marker LAMP-1 5 h after infection. We performed these ex-
periments with A549 cells and THP-1 cells, with the latter
undergoing extended treatment with phorbol 12-myristate 13-
acetate to ensure differentiation into elongated cells, which are
easier to view using immunofluorescence microscopy. We
found that 5 h after infection, the majority of vacuoles con-
taining a dot4 mutant were positive for LAMP-1 in both A549
and THP-1 cells (Fig. 2 and 3). In contrast, the majority of L.
pneumophila 130b vacuoles avoided LAMP-1 (Fig. 2 and 3).
Interestingly, the /[pnE mutant exhibited an intermediate traf-

ficking phenotype. The percentage of [pnE mutant vacuoles
that avoided LAMP-1 was significantly different from those
observed for both the wild-type and the dotA mutant in A549
cells and for the wild-type in THP-1 cells (Fig. 3). This indi-
cated that the inactivation of [pnE altered vacuole trafficking in
tissue culture cells. Complementation of the /pnE mutant with
full-length IpnE restored the ability of L. pneumophila to evade
fusion with LAMP-1 (Fig. 3). Interestingly, the percentage of
LAMP-1 avoidance for wild-type L. pneumophila was notably
lower for THP-1 cells than for A549 cells 5 h after infection.
This suggested that THP-1 cells had a greater capacity to drive
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FIG. 3. Percentage of Legionella-containing vacuoles that avoided
LAMP-1 after infection of A549 cells (A) and THP-1 cells (B) for 5 h.
P values of <0.05 (unpaired two-tailed ¢ test) are indicated. LAMP-1
avoidance was scored blind according to the staining patterns indicated
in Fig. 4A.
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complement L. pneumophila lpnE::km, and resulting strains were examined for uptake by THP-1 macrophages (B) and A549 epithelial cells (C).
Data are expressed as percentages of the amount of inoculum that was intracellular following a 2-h infection and 1-h gentamicin treatment and
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endosome fusion, which may relate to their monocytic lineage
and/or the extended differentiation time used to produce flat
cells for microscopy. Since the [pnE mutant showed decreased
avoidance of LAMP-1, we also examined the ability of the lpnE
mutant to form vacuoles containing multiple (>10) bacteria.
Similar to wild-type L. pneumophila, the lpnE mutant was still
able to form vacuoles containing multiple bacteria, and these
did not associate with LAMP-1 (Fig. 2B).
Transcomplementation of the [pnE mutant with truncated
forms of IpnE. To investigate the putative role of the eight SLR
regions of LpnE in host-pathogen interactions, four truncated
versions of [pnE were designed to encompass the N terminus
(amino acids 1 to 51), the N terminus plus two SLR domains
(amino acids 1 to 122), the N terminus and the first six SLR
domains (amino acids 1 to 266), and the eight SLR domains
plus the C terminus (amino acids 52 to 375) (Fig. 4A). These
IpnE truncations were cloned into the pMIP complementation
vector, which utilizes the constitutively active mip promoter
region (56), and introduced into the ljpnE mutant. The ability
of these derivatives of L. pneumophila to establish infection of
both THP-1 macrophages and A549 alveolar epithelial cells
was investigated (Fig. 4B and C). As reported previously, dis-
ruption of /pnE significantly reduced the ability of L. pneumo-

phila to infect both cell lines, which was restored upon
transcomplementation with full-length /pnE (Fig. 4B and C)
(42). In contrast, transcomplementation of the mutant strain
with truncated forms of [pnE did not restore wild-type levels of
invasion. The introduction of [pnE, s, IpnE,_;,,, or IpnE; 4
had no influence on the compromised ability of the lpnE mu-
tant to infect THP-1 or A549 cells. However, [pnEs, 5,5, en-
coding all of the SLR regions of LpnE but lacking the N-
terminal 51 amino acids, was able to partially complement the
IpnE mutant defect in both cell types (Fig. 4B and C). We also
examined the ability of the [pnE mutant complemented with
IpnEs, 345 to colonize the lungs of A/J mice in mixed infections
with wild-type L. pneumophila. The CI of the IpnE::km strain
carrying pMIP:pnEs, 5,5 in competition with wild-type L.
pneumophila/(pMIP) at 72 h was 0.59 = 0.11, indicating partial
complementation of the virulence defect (Fig. 1C).

Presence of LpnE in culture supernatants. The reduced
invasion phenotype of the /pnE mutant in THP-1 and A549
cells and the replication defect of the mutant in A. castellanii
and A/J mice suggested that LpnE may play a direct role in
host-pathogen interaction. To determine the localization of
LpnE in L. pneumophila, rabbit polyclonal antibodies were
raised against purified MBP-LpnE and used to detect LpnE
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FIG. 5. Immunoblot analysis of culture supernatants precipitated with
TCA and detected with anti-LpnE, anti-Lpg1905, and anti-RpoB anti-
bodies. (A) Stationary-phase TCA-precipitated culture supernatants and
whole-cell lysate samples from derivatives of L. pneumophila 130b were
separated by SDS-polyacrylamide gel electrophoresis. Lane 1, L. pneu-
mophila 130b; lane 2, lpnE::km mutant; lane 3, [pnE::km/(pMIP:pnE)
mutant; lane 4, Adot4 mutant; lane 5, AlspDE mutant. (B) TCA-precip-
itated stationary-phase culture supernatants. Lane 1, L. pneumophila
IpnE:km/(pMIP:pnE) mutant; lane 2, [pnE:km/(pMIP:pnE, 5,) mutant;
lane 3, lpnE::km/(pMIP:pnE | _,,,) mutant; lane 4, lpnE:km/(pMIP:pnE | »4)
mutant; lane 5, [pnE:km/(pMIP:IpnEs, 5,5) mutant. The presence of both
LpnE | 4, and LpnEs, 5,5 in the culture supernatant is indicated by arrows
and the predicted molecular size of each protein.

within stationary-phase L. pneumophila cultures. Immunoblot
analysis showed that LpnE was present in the culture super-
natant of L. pneumophila 130b (Fig. 5A), indicating that the
protein was extracellular. Interestingly, the presence of LpnE
in culture supernatants appeared to be independent of the
virulence-related Lsp type II secretion system (46) and also
independent of the Dot/Icm type IV secretion system, as LpnE
was found in culture supernatants derived from both IspDE
and dotA mutant strains of L. pneumophila 130b (Fig. SA). To
confirm that the presence of LpnE in the culture supernatant
was not due to cell breakdown and contamination with cyto-
plasmic proteins, the same samples were incubated with anti-
RpoB to detect a known cytoplasmic protein. In addition, we
used antibodies to the secreted protein Lpg1905 (47) to control
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for protein loading (Fig. 5A). Apart from a lack of LpnE
expression in the /pnE mutant and overexpression of LpnE
from the complementing pMIP plasmid, LpnE was present in
equivalent amounts in all other strains tested, including wild-
type L. pneumophila 130b and the secretion system mutants
(Fig. 5A).

We also examined export of the truncated forms of LpnE.
The predicted products of pnE, s, and IpnE,_;,, were not
detected with anti-LpnE, even in whole-cell lysate samples
(data not shown). This indicated that these small truncations of
LpnE were either not recognized by our anti-LpnE sera or,
alternatively, that [pnE 5, and IpnE,_,,, were not expressed in
vitro. However, both LpnE, ,, and LpnEs, 5,5 were expressed
and present in culture supernatants (Fig. 5B). This demon-
strated that neither the C terminus, absent in LpnE, g,
nor the predicted N-terminal signal sequence, absent in
LpnEs, 5,5, was essential for LpnE export. At this stage, the
mechanism by which LpnE reaches the culture supernatant is
unknown.

LpnE interacts with Ig-like domains of eukaryotic proteins
via the SLR regions. The presence of LpnE in culture super-
natants provided further evidence that during infection, the
protein may interact with host proteins to stimulate the uptake
of L. pneumophila. Since TPR regions in general are known to
mediate protein-protein interactions, the ability of LpnE to
bind to eukaryotic proteins was examined using the yeast two-
hybrid system. Screening of full-length LpnE against a HeLa
cell cDNA library identified several putative binding partners
of LpnE (Table 3). Recovery of the interacting clones revealed
that the most prevalent binding partner, accounting for 28.6%
of rescued clones, was OBSL1. This eukaryotic protein, rang-
ing in molecular mass from 130 to 230 kDa, is a member of the
Unc-89/obscurin gene family, exhibiting homology to the N-
terminal region of the giant muscle protein obscurin, which is
known to interact with titin, small ankyrin 1, and myosin within
vertebrate skeletal muscle to mediate muscle contraction (3,
27, 57). The function of OBSLI is unknown, although, similar
to obscurin, the protein possesses a number of putative Ig-like
domains and an Fn domain (Fig. 6A). While other putative

TABLE 3. Eukaryotic proteins identified as possible binding partners of LpnE from a yeast-two hybrid HeLa cell cDNA library screen

% of recovered

Protein Function Accession no.
clones

OBSLL1 Putative cytoskeletal adaptor protein 28.6 KIAA0657

N-Acetylneuraminic acid Sialic acid synthesis 143 AAF75261
phosphate synthase

Map kinase kinase (kinase 7) Role in cell signaling 10.7 AAV38460

Phosphoserine L-Serine biosynthesis 10.7 AAD42052
aminotransferase

Coatomer protein I (COPI) Membrane trafficking, possesses TPR domain 7 CAA10316
epsilon subunit

Ras-related GTPase Small GTPase 7 NP_005393

Neuronal protein Unknown 7 AAP97253

Thyroid receptor-interacting Organization of actin filaments and control of cell migration 3.6 AAK21007.1
protein 6 (TRIP6)

Solute carrier family 3, Transmembrane protein that can mediate integrin- 3.6 NP_001012679
isoform A dependent signaling

ATPase 13A1 Putative role in cation transport 3.6 AAHG69211

Na®/K" ATPase beta-3 Maintenance of electrochemical gradient across the plasma 3.6 NP_001670

chain (ATPB-3) membrane
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FIG. 6. (A) Domain organization of OBSL1, comprising several
Ig-like domains (circles) and one Fn domain (diamond). The regions
of OBSL1 subcloned for protein-protein interaction studies, namely,
Ig, Fn, and Igg,, are indicated. (B) Protein-protein interactions were
assessed using the yeast two-hybrid system B-galactosidase reporter
assay. Full-length LpnE, LpnE, ., and LpnEs, 3,5 showed strong
interactions with OBSLI1, as did full-length LpnE with two of the
truncated forms of OBSLI1 but not with Igg,.

eukaryotic binding partners identified here may warrant fur-
ther investigation, particularly the epsilon subunit of COPI
involved in eukaryotic endosome trafficking and phagosome
maturation (6), we initially examined the interaction between
LpnE and OBSL1 as the most frequently recovered target. The
specificity of the interaction between OBSLI and LpnE was
confirmed and quantified within S. cerevisiae PJ69-4a by using
liquid culture B-galactosidase assays (Fig. 6B). The truncated
forms of LpnE were also tested for the ability to bind to
OBSLI. LpnE, 5, and LpnE,_;,, could not bind OBSL1, but
LpnE, ,¢ and LpnEs, 555, with six and eight SLR regions,
respectively, were able to interact with OBSLI. Curiously,
LpnE, ¢, exhibited the strongest interaction with OBSL1, but
full-length LpnE and LpnEs, ;,s showed an equivalent
strength of interaction with OBSL1, demonstrating that the
full repertoire of SLR domains is needed for wild-type-
strength protein-protein interaction (Fig. 6B). To investigate
the basis of the interaction of LpnE with OBSL1 in more
detail, two sections of OSBL1, one comprising the Fn type 3
domain and an Ig domain (Fn) and a second comprising the
C-terminal Ig domains of OBSLI (Ig) (Fig. 6A), were cloned
into pGAD424 and examined for the ability to interact with
LpnE (Fig. 6B). Both fragments of OBSL1 exhibited strong
binding to LpnE, suggesting that the protein-protein interac-
tion occurred through the Ig-like domains common to both
fragments. In an attempt to confirm that LpnE interacted
specifically with Ig-like domains, we cloned the 8.3-kDa pre-
dicted Igg, domain into pGAD424 and examined its interac-
tion with LpnE. B-Galactosidase assays for S. cerevisiae
carrying pGBT9:LpnE and pGAD424:1g;, demonstrated no
interaction between the Ig, peptide and LpnE. Although this
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lack of interaction may indicate that the Ig domains do not
mediate an interaction between OBSL1 and LpnE, it is more
likely that such a small peptide is unable to establish the ter-
tiary structure required for protein-protein interactions.

DISCUSSION

Bacterial attachment and subsequent entry into host cells
are required for L. pneumophila infection. Furthermore, the
ability of L. pneumophila to subvert host cell trafficking path-
ways occurs immediately upon uptake, indicating that this pro-
cess is likely linked to mechanisms of entry (36). L. pneumo-
phila uptake by host cells occurs via coiling and conventional
phagocytosis. Coiling phagocytosis, which has been observed
during L. pneumophila entry into human monocytes, alveolar
macrophages, and polymorphonuclear leukocytes and into
amoebae, involves the formation of a long, asymmetrical pseu-
dopod that coils around and engulfs the bacterium (1, 7, 33).
This is an unusual mechanism of phagocytosis observed only in
the uptake of L. pneumophila and some spirochetes, trypano-
somatids, and yeasts (44, 51). Recently, it was shown, using
Dictyostelium discoideum, that L. pneumophila utilizes specific
phagocytic processes that abrogate the use of host cell phos-
phoinositol 3-kinase, which is traditionally important for host
cell membrane dynamics during phagocytosis (55). A range of
L. pneumophila virulence factors have been identified as being
important for entering host cells. These include pili, the heat
shock protein Hsp60, RtxA, the Dot/Icm type IV secretion
system, and other novel factors, including the SLR proteins
EnhC and LpnE (14, 24, 26, 31, 42, 50). In this study, we
extended our previous observations that LpnE contributes to
host cell invasion by L. pneumophila and compared the growth
characteristics of wild-type L. pneumophila and the lpnE mu-
tant in A. castellanii and in the lungs of A/J mice. In both
virulence models, the [pnE mutant was significantly attenuated
compared to the wild-type strain. In particular, the difference
observed between wild-type L. pneumophila and the IlpnE mu-
tant in bacterial replication in the lungs of A/J mice indicated
that [pnE plays a significant role in the interaction of L. pneu-
mophila with a mammalian host. Interestingly, a significant
difference in lung colonization between the two strains was
evident only at 72 h, which did not appear to correlate with the
early defect seen in tissue culture cells. However, it is possible
that the early infection defect of the [pnE mutant in mamma-
lian cells in vitro did not result in an observable colonization
defect until later times in infection, after more than one round
of bacterial entry and egress had occurred. Therefore, the
virulence defect of the /pnE mutant may reflect a reduced
capacity to invade eukaryotic cells and establish a replicative
vacuole that, over time, results in reduced mutant numbers
compared to wild-type growth.

The presence of five genes encoding SLR proteins in the L.
pneumophila genome may point to functional redundancy (11,
13). This is a common feature of L. pneumophila, with func-
tional redundancy clearly present among substrates of the Dot/
Icm system (39). However, possession of variant forms of vir-
ulence determinants may also point to the ability of L.
pneumophila to promote growth within a divergent range of
environmental hosts. Further evidence that all of the SLR-
containing proteins may be important for L. pneumophila
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propagation is that their expression is upregulated during the
transmissive phase within A. castellanii (10). The transmissive
phase is induced late during intracellular replication and is
characterized by the upregulation of most virulence determi-
nants, including flagellar components and substrates of the
Dot/Icm secretion system. Induction of these factors facilitates
bacterial egress from host cells and efficient spread of the
infection. Both EnhC (21 SLRs) and LpnE (8 SLRs) contrib-
ute to host cell entry, and it is assumed that LidL (12 SLRs),
Lpg1356 (8 SLRs), and Lpg1062 (8 SLRs) may also contribute
to L. pneumophila virulence. Both EnhC and LidL play a role
in early signaling events that regulate trafficking of the Legio-
nella -containing vacuole. Vacuoles containing mutants of
these proteins show a reduced ability to evade acquisition of
LAMP-1, providing further evidence that the L. pneumophila
SLR proteins are important for the initial establishment of
infection (15). In this study, we also observed reduced LAMP-1
avoidance by vacuoles containing the lpnE mutant compared
to those containing wild-type L. pneumophila.

Complementation with full-length /pnE restored vacuole
trafficking to the wild-type phenotype. The shared phenotype
of the enhC, lidL, and IpnE mutants may indicate that the SLR
proteins act together or in combination to inhibit vacuolar
acquisition of LAMP-1, although the mechanism behind this is
currently unknown. These data may also indicate that the SLR
proteins are not specifically involved in the invasion of host
cells, but rather in the mechanisms that immediately follow,
namely, establishment of the intracellular replicative niche.
The reduced recovery of SLR protein mutants at the initial
stages of infection may indicate increased lysosomal degrada-
tion of these strains.

Using antibodies generated to recombinant LpnE, we found
that LpnE was present in the culture supernatant of L. pneu-
mophila. The presence of LpnE in the culture supernatant
appeared to be independent of both the Lsp and Dot/Icm
secretion systems and supports the finding that LpnE was not
present in the type II secretome, despite the presence of a
putative N-terminal signal peptide (18). Of further curiosity is
the fact that both LpnE, 44, which lacks the C-terminal region
of LpnE, including the last two SLRs, and LpnEs, 5,5, which
retains only the SLR regions of LpnE, omitting the putative
N-terminal signal peptide, were observed in culture superna-
tants. This suggested that LpnE uses a unique mechanism of
export, independent of N- or C-terminal secretion signals, or
that LpnE export may occur through more than one mecha-
nism. At this stage, the mechanism by which LpnE reaches the
extracellular environment is unknown.

While the expression of LpnE, 5, and LpnE,_;,, could not
be detected by Western blotting, it was clear that LpnE, 4
and LpnE,, ;5,5 were both localized similarly to full-length
LpnE. Despite both of these truncations being present in the
culture supernatant, [pnEs, 5,5, encoding eight SLRs, was the
only truncation able to partially complement the invasion de-
fect of the [pnE mutant. IpnEs, 5,5 was also able to partially
complement the virulence defect of the /jpnE mutant in A/J
mice. While lpnEs, 5,5 could not completely restore wild-type
levels of invasion or lung colonization, this investigation nev-
ertheless highlighted the importance of the full SLR repertoire
for function.

Given that SLR domains mediate protein-protein interac-
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tions, we examined the ability of LpnE to bind with eukaryotic
proteins by using the yeast two-hybrid system. A range of
putative eukaryotic binding partners were isolated, the most
frequent of which was OBSL1. LpnE and two truncated forms,
LpnE, ,, and LpnEs, 5,5, were shown to interact strongly with
OBSLI1. More specifically, LpnE bound fragments of OBSL1
containing multiple Ig-like domains or an Fn and an Ig-like
domain. However, using this technique, we were unable to
demonstrate an interaction between LpnE and a single Ig
domain. Recently, OBSL1 expression was observed in a range
of tissues, and localization of the protein to intercalated discs
and the perinuclear region of rat cardiac myocytes indicated its
likely function as a cytoskeletal adaptor protein (27). While the
interaction between LpnE and OBSLI1 may not occur in vivo,
it allows speculation that LpnE may interact with other pro-
teins that possess Ig-like folds. Ig-like domains are present in a
range of proteins of eukaryotic organisms with roles in cell-cell
recognition and in cell surface receptors. Many eukaryotic
surface-exposed cell adhesion molecules possess Ig domains
to which LpnE may bind, leading to the initiation of host cell
signaling events that enhance L. pneumophila internaliza-
tion and/or establishment of the L. pneumophila replicative
vacuole.

There is evidence within eukaryotic systems that proteins
containing SLRs are involved in multiprotein complexes with
specific and distinct biological functions. For example, the SLR
protein Hrd3 is a key component of the endoplasmic reticu-
lum-associated degradation complex that identifies and pro-
cesses misfolded proteins for ubiquitination (25). Further-
more, it is clear that SLR regions are crucial to the formation
of such complexes, and they are considered to act as scaffolding
or receptor domains linking components via multiple substrate
binding sites. Hence, it is attractive to propose that SLR-
containing proteins of L. pneumophila, particularly LpnE,
EnhC, and LidL, may form a multiprotein complex linking the
bacterium to the host cell via cell adhesion molecules and that
they may act in concert to achieve this. However, this study also
identified a range of other eukaryotic proteins that may inter-
act with LpnE in vivo. To establish which of these putative
binding partners is important during L. pneumophila infection,
the in vivo localization of LpnE and the other SLR proteins of
L. pneumophila must be investigated. In addition, further elu-
cidation of the interactions between L. pneumophila SLR pro-
teins and both host and bacterial proteins is therefore impor-
tant to discern the functions of these virulence determinants in
L. pneumophila infection.
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