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Legionella pneumophila has been shown to possess multiple genetic loci that play roles in its ability to survive
within host cells. The mil (macrophage-specific infectivity loci) mutants of L. pneumophila exhibit a spectrum
of defects in intracellular survival in and cytopathogenicity to macrophages and alveolar epithelial cells. This
study characterizes one of the mil mutants (GB111). Intracellular growth of GB111 in macrophages was
approximately 100- to 1,000-fold less than that of AA100, the parental strain, at 24 and 48 h postinfection. This
defect in turn corresponded to a defect in cytopathogenicity. Sequence analysis of the affected GB111 open
reading frame (ORF) revealed it to encode a putative transport protein, and the ORF was designated mil4. The
phenotypic defect of the mil4 mutant was complemented with a PCR fragment containing only mil4, indicating
that the defect in GB111 was due to the disruption of mil4. Intracellular trafficking of the mutant was examined
by laser scanning confocal microscopy. The data showed that 50% of the GB111 phagosomes colocalized with
the late endosomal/lysosomal marker LAMP-2 (2 and 4 h postinfection), while less than 10% of the AA100
phagosomes colocalized with this marker. On the other hand, over 80% of the GB111 phagosomes were similar
to the AA100 phagosome in that they were devoid of LAMP-1 and cathepsin D, and they were colocalized with
the endoplasmic reticulum (ER) marker BiP. However, the number of GB111 phagosomes that colocalized with
BiP decreased to 50% 6 h postinfection compared to that of AA100, which remained constant (80% colocal-
ization). Thus, compared to AA100, the mil4 mutation caused a defect in intracellular replication, which was
associated with colocalization of the phagosome with LAMP-2 and BiP, while colocalization with LAMP-1 and

cathepsin D was not affected.

Legionella pneumophila, the causative agent of Legionnaires’
disease, is recognized as a major cause of community and
nosocomial epidemic pneumonia (8, 13, 26). The ability of L.
pneumophila to cause disease is dependent on its ability to
invade and replicate within human alveolar cells. Furthermore,
the capacity of L. pneumophila to survive in host cells is closely
related to the nature of its subcellular localization (32, 35-37).
At the ultrastructural level, the phagosome inhabited by L.
pneumophila is surrounded by the endoplasmic reticulum (ER)
and the mitochondria (1, 5, 23). In addition, this phagosome
does not fuse to lysosomes and is devoid of the late endosomal/
lysosomal markers LAMP-1, LAMP-2, cathepsin D, and
CD-63 (11, 24, 35, 37). Furthermore, the L. pneumophila
phagosome is devoid of the transferrin receptor and major
histocompatibility complex classes I and II, suggesting that L.
pneumophila excludes these molecules from its phagosome
(11). Thus, the phagosome inhabited by L. pneumophila has
been described as an endosome maturation-blocked phago-
some (1, 5), at least during early stages of the infection.

In the environment L. pneumophila replicates within proto-
z0a, a feature linked to its ability to cause infection in humans
(6, 14). Interestingly, the subcellular characteristics of the L.
pneumophila phagosome appear to be similar in protozoan and
mammalian cells (2, 7). In addition, necrosis-mediated killing
of the host cell upon termination of intracellular replication is
similar for both evolutionarily distant host cells (17; L.-Y. Gao,
B. J. Stone, O. S. Harb, and Y. Abu Kwaik, submitted for
publication). Taken together, these findings indicate that be-
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sides the similarities at the subcellular level, L. preumophila
utilizes similar molecular mechanisms to exploit mammalian
and protozoan cells. Conversely, we have identified several
macrophage-specific infectivity loci (mil) that are not required
by L. pneumophila for intracellular growth in Acanthamoeba
polyphaga but are required for growth in human macrophages
(18, 20). In addition, L. pneumophila induces caspase-3-medi-
ated apoptosis in mammalian cells, but no apoptosis is induced
in protozoa (16, 17). These observations suggest a complex
adaptation of L. pneumophila to mammalian cells and proto-
zoa. This adaptation may enable L. pneumophila to differen-
tially utilize genes for the infection of its different host cells.

The mil mutants of L. pneumophila exhibit a range of defects
in intracellular growth within and cytopathogenicity to U937
macrophage-like cells and WI-26 alveolar epithelial cells (18,
20). None of the mil mutants contain insertions in the dot and
icm genes or are resistant to NaCl (18). Current work in our
laboratory is focused on the genetic characterization of the mil
mutants and determining effects that the mutated genes may
have on the subcellular features of the L. pneumophila phago-
some. In this study, one of the mil mutants, mutant GB111, is
characterized. Genetic analysis of the affected gene (mil4) and
data pertaining to the role of milA4 in intracellular survival and
proper subcellular localization of L. pneumophila are pre-
sented.

MATERIALS AND METHODS

Bacterial strains and vectors. The virulent strain of L. pneumophila (AA100)
is a clinical isolate and has been described previously (6). Plasmid PBC-SK™
(Stratagene, La Jolla, Calif.) was used to subclone L. pneumophila DNA. Cloning
experiments were performed with Escherichia coli DH5a (Gibco BRL, Gaith-
ersburg, Md.) as a host strain. The L. pneumophila chromosomal cosmid DNA
library has been previously described (22).
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DNA manipulations and sequence analysis. L. pneumophila chromosomal
DNA was prepared by using a Puregene DNA isolation kit (Gentra Systems,
Minneapolis, Minn.). Transfections, restriction enzyme digestions, and DNA
ligations were performed as described elsewhere (3) unless specified otherwise.
Restriction enzymes were purchased from Promega (Madison, Wis.), and T4
DNA ligase was obtained from Gibco BRL. Plasmid and cosmid DNA prepa-
rations were performed with Qiagen mini and midi plasmid kits, respectively
(Qiagen Inc., Chatsworth, Calif.). Transformations were done with a Gene
Pulser as recommended by the manufacturer (Bio-Rad, Hercules, Calif.). Puri-
fication of DNA fragments from agarose gels for subcloning or labeling for
Southern hybridization was carried out with a QIAquick gel purification kit
(Qiagen). Fluorescein labeling of DNA probes for Southern hybridization was
done with the Amersham ECL random prime labeling system, version II (Am-
ersham Pharmacia Biotech Inc., Piscataway, N.J.). Oligonucleotide synthesis for
PCR was done by Integrated DNA Technologies Inc. (Coralville, Calif.). Se-
quencing was carried out by Genemed Synthesis Inc. (South San Francisco,
Calif.). Sequence comparisons and alignments were performed with the BlastX
and Blast2 programs, respectively. Hydropathy profiles were performed by using
the Kyte-Doolittle algorithm and MacVector sequence analysis program (Oxford
Molecular Group, Inc., Campbell, Calif.).

PCR. Amplification of the GB111 open reading frame (ORF) was done with
primers Bbam, complementary to a region 260 nucleotides upstream of the
GBI11 start codon (5'-gegggatcctgagacgge-3'), and Bxho, complementary to a
region 135 nucleotides downstream of the GB111 stop codon (5'-gcgctcgagetga
cacaac-3"). Bbam and Bxho were designed to generate BamHI and Xhol sites,
respectively, to facilitate cloning as we described previously (22). A 1.5-kb frag-
ment was amplified by PCR with a Gene Amp PCR System 2400 (Perkin-Elmer,
Norwalk, Conn.). This fragment was subcloned into PBC-SK*, and the recom-
binant clone was designated V1B.

Bacterial cultures. For all experiments described, L. pneumophila AA100 and
GB111 were grown to the postexponential phase in the following manner. Bac-
teria were grown from frozen stocks on buffered charcoal-yeast extract agar
(supplemented with 20 pg of kanamycin per ml for strain GB111) for 48 h at
37°C. The bacteria were resuspended to an optical density at 550 nm (ODss) of
0.1 to 0.4 in buffered yeast extract broth and grown at 37°C in a shaking incubator
for 15 to 18 h to an ODss, of 2.1 to 2.2, when bacterial replication stopped
(postexponential growth phase).

Tissue culture and infections. U937 macrophage-like cells were maintained at
37°C and 5% CO, in RPMI 1640 tissue culture medium (Gibco BRL) supple-
mented with 10% heat-inactivated fetal bovine serum (Gibco BRL). For infec-
tions, cells (10°/well in 96- or 24-well plates) were differentiated for 48 h, using
phorbol 12-myristate 13-acetate as described previously (3).

WI-26 human type I alveolar epithelial cells have been previously used for L.
pneumophila infections (10, 20). These cells were maintained in minimum es-
sential medium supplemented with 10% heat-inactivated fetal bovine serum at
37°C and 5% CO,. For infections, 10* cells/well were seeded in 96-well plates and
incubated at 37°C and 5% CO, overnight.

Infection protocol. A multiplicity of infection (MOI) of 10 was used to deter-
mine bacterial growth kinetics in U937 macrophage-like cells or WI-26 alveolar
epithelial cells, and an MOI of 1 was used to determine cytopathogenicity. An
MOI of 1 was also used in laser scanning confocal microscopy experiments (see
below).

Infections were performed as described previously (4, 18, 19, 22). Briefly,
bacteria were diluted to the appropriate concentrations in tissue culture medium
and added to monolayers in 96-well plates to determine intracellular growth
kinetics and cytopathogenicity and in 24-well plates for microscopy experiments.
Plates were then spun at 1,000 X g for 5 min to synchronize the infection. For
cytopathogenicity and microscopy experiments, plates were then incubated at
37°C for several time intervals. To examine intracellular growth and survival,
extracellular bacteria were killed by exposure to gentamicin (50 mg/ml) for 1 h
following an initial 1-h infection at 37°C. Infected cultures were then incubated
at 37°C for several time intervals, and the intracellular bacteria were enumerated
following growth on buffered charcoal-yeast extract plates.

Cytopathogenicity was determined by treatment of infected or noninfected
monolayers with 10% Alamar Blue dye (Alamar Bioscience Inc., Sacramento,
Calif.). Viability of monolayers was measured optically at a wavelength of 570 nm
and corrected for background at 600 nm, using a VMAX kinetic microplate
reader (Molecular Devices, Menlo Park, Calif.). The relative degree of cyto-
pathogenicity was expressed as percent cytopathogenicity compared to nonin-
fected cells, calculated as (mean OD of infected cells/mean OD of noninfected
cells) X 100 as we described previously (19). Noninfected cells were considered
100% viable.

Antibodies, stains, and laser scanning confocal microscopy. U937 cells were
differentiated on 12-mm-diameter (0.13- to 0.17-mm-thick) circular glass cover-
slips (Fisher Scientific, Pittsburgh, Pa.) in 24-well culture plates. Following in-
fections, cells were washed three times with culture medium and fixed in 4%
paraformaldehyde for 1 h. Paraformaldehyde was removed by washing wells
three times with phosphate-buffered saline, pH 7.5. All subsequent steps were
performed at room temperature, and each step was followed by three washes in
phosphate-buffered saline. Blocking was performed with 3% bovine serum albu-
min for 1 h.

To differentiate between intracellular and extracellular bacteria, a polyclonal
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anti-L. pneumophila antibody (16) at a dilution of 1:1,000 was used to label
extracellular bacteria for 1 h. Cells were then permeabilized with 0.5% Triton
X-100 for 10 min. Intracellular and extracellular bacteria were stained with 2 uM
nucleic acid stain Toto-3 (excitation at 642 nm, emission at 660 nm; visualized as
blue pseudocolor) (Molecular Probes Inc., Eugene, Oreg.) for 1 h during the
secondary antibody incubation step (see below).

Both primary and secondary antibodies were diluted in blocking solution, and
incubations were performed for 1 h at room temperature. The antibodies used to
label lysosomal and late endosomal compartments were anti-LAMP-1 (H3B3) at
a dilution of 1:100 and anti-LAMP-2 (H4B4) at a dilution of 1:300. These
monoclonal antibodies (developed by J. T. August and J. E. K. Hildreth) were
obtained from the Developmental Studies Hybridoma Bank maintained by The
University of Iowa. Anti-cathepsin D monoclonal antibody was purchased from
Transduction Laboratories (Lexington, Ky.) and used at a dilution of 1:100.
Mouse monoclonal antibody specific for Grp-78 (BiP) (StressGen Biotechnolo-
gies Corp., Victoria, British Columbia, Canada) was used at a dilution of 1:300
to label the ER. Secondary antibodies, anti-rabbit conjugated to Alexa Red
(excitation at 590 nm, emission at 617 nm; visualized as red pseudocolor) and
anti-mouse conjugated to Oregon Green (excitation at 511 nm, emission at 530
nm; visualized as green pseudocolor) (Molecular Probes, Eugene, Oreg.), were
used at a concentration of 1:300. Coverslips were mounted on glass slides by
using a ProLong antifade kit (Molecular Probes).

Samples were analyzed with a Leica TCS SP laser scanning confocal micro-
scope (Leica Microscopy and Scientific Instruments Group, Heerburg, Switzer-
land) equipped with three lasers: argon (488-nm excitation line), krypton
(568-nm excitation line), and helium neon (633-nm excitation line). On average,
fifteen 0.2-pm sections of each image were captured and stored for further
analyses, using Photoshop 5.0 (Adobe Inc.). Duplicate samples from at least
three independent experiments were analyzed. Colocalization was assessed by
counting 100 to 150 intracellular bacteria per experiment. Fluorescence intensity
was measured with Leica TCS SP software (Leica Microscopy and Scientific
Instruments Group).

Hemolysis assays. Hemolysis of sheep erythrocytes (SRBCs) was performed as
previously described (27). Bacteria were mixed with sSRBCs at an MOI of 25,
pelleted for 2 min at 13,000 X g, and incubated at 37°C for 60 min. Hemolysis of
SRBCs was assessed spectrophotometrically at OD ;.

Nucleotide sequence accession number. The GB111 sequence shown in Fig.
3A has been assigned GenBank accession no. AF153695.

RESULTS

Growth Kkinetics of GB111 in U937 macrophage-like cells.
Recently, the growth phase of L. pneumophila has been shown
to have detrimental effects on the outcome of an infection such
that postexponential-phase bacteria exhibit enhanced viru-
lence (9). We have recently described the isolation of 121
transposon mutants of L. pneumophila (18, 19). The initial
characterization of these mutants was performed with broth-
grown L. pneumophila at an ODss, of 1 (mid to late exponen-
tial phase). The phenotypes of a large number of these mutants
have been reconfirmed in assays using postexponential-phase
bacteria; only one (GB111) deviated from its original pheno-
type for intracellular growth and cytopathogenicity, although
this mutant was still defective for these phenotypes.

During the initial 4 h postinfection, the survival of GB111 in
U937 macrophages was similar to that of the parental strain
(AA100) of L. pneumophila (Fig. 1A). However, the number of
GBI111 bacteria within macrophages was 100- to 1,000-fold less
than that of the parental strain (AA100) at 24 and 48 h postin-
fection (Fig. 1A). Interestingly, the numbers of GB111 and
AA100 bacteria recovered were similar at 72 h postinfection
(data not shown). These results indicated that mutant GB111
exhibited a delay in intracellular replication within macro-
phages.

Intracellular growth kinetics of GB111 in WI-26 alveolar
epithelial cells. It has been hypothesized that alveolar epithe-
lial cells may constitute a potential site of L. prneumophila
replication (1, 5, 20). Interestingly, the ability of GB111 to
survive within lungs of A/J mice was similar to that of the
AA100 strain 48 h postinfection (20). It is possible that repli-
cation of GB111 within alveolar epithelial cells in lungs of
infected mice compensates for the growth defect in macro-
phages. To test this possibility, we examined the intracellular
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FIG. 1. Intracellular growth kinetics of L. pneumophila GB111 and AA100
(wild type) in U937 macrophage-like cells (A) and WI-26 alveolar epithelial cells
(B) as determined by a gentamicin protection assay. Strain B6 is a cosmid-
complemented clone of GB111. *, significantly fewer intracellular bacteria than
in the wild-type (AA100)-infected cells based on Student’s ¢ test (P < 0.05).

growth of postexponential-phase GB111 within WI-26 alveolar
epithelial cells. In general, the intracellular growth of GB111
was similar to that of AA100 in WI-26 cells throughout the
infection (Fig. 1B). However, a slight difference in replication
between GB111 and AA100 was consistently evident at 24 h
postinfection (Fig. 1B).

Cytopathogenicity of GB111 to U937 and WI-26 cells. In
general, the extent of intracellular replication of L. pneumo-
phila correlates with the extent of its cytopathogenicity to its
host cells. For all previously described mutants of L. pneumo-
phila, there is a correlation between the defect in intracellular
replication and cytopathogenicity (18, 19, 31, 33, 38). While
AA100 was 50% cytopathogenic at 24 h, GB111 was com-
pletely noncytopathogenic (Fig. 2A). Cytopathogenicity of
GB111 to U937 cells increased to 50% at 48 h, compared to
100% for AA100 (Fig. 2A). Following 72 h of infection, both
GB111 and AA100 were completely cytopathogenic to macro-
phages (Fig. 2A).

Cytopathogenicity of GB111 to WI-26 cells was similar to
that of AA100 at all time points tested (Fig. 1B). Cytopatho-
genicity to WI-26 alveolar epithelial cells never reached 100%
for both strains, most likely because WI-26 cells continue to
divide throughout the course of the infection. Thus, cytopatho-
genicity of GB111 to both macrophages and epithelial cells
correlated with its intracellular growth.
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FIG. 2. Cytopathogenicity of L. pneumophila GB111 and AA100 (wild type)
to U937 macrophage-like cells (A) and WI-26 alveolar epithelial cells (B) as
determined by using Alamar Blue dye. Strain B6 is a cosmid-complemented
clone of GB111. Percent killing of cells was normalized to that for uninfected
cells, which were considered 100% viable. *, significantly less survival than for
uninfected control cells based on Student’s ¢ test (P < 0.05).

In vitro growth of mutant GB111. To determine whether the
defective phenotype of GB111 in macrophages and epithelial
cells was due to a general defect in growth, we compared its
growth to that of the wild-type strain in two types of media
(buffered yeast extract rich medium and semidefined
Casamino Acids medium). The growth of GB111 was similar to
that of AA100 in both types of media (data not shown). Thus,
the defect in GB111 did not result in a defect in in vitro growth.
However, the similarity in growth of GB111 and AA100 in
culture media does not rule out the possibility that the intra-
cellular defect in GB111 is due to the deficiency in another
component that is present in the culture media but absent from
the intracellular environment.

Hemolysis of sSRBCs. We have recently proposed biphasic
killing of the host cell by L. pneumophila (1, 15-17). Cyto-
pathogenicity of L. pneumophila to mammalian cells is medi-
ated through induction of caspase-3-mediated apoptosis dur-
ing early stages of the infection (15, 16), followed by pore
formation-mediated necrosis upon termination of intracellular
replication (9; Gao et al.,, submitted). We have previously



VoL. 68, 2000

shown that GB111 is capable of inducing apoptosis at a level
similar to that for the wild-type strain (16). Therefore, we
tested the ability of GB111 to form pores upon contact with
cells. Pore formation can be tested by determining hemolysis of
sRBCs upon contact with the bacteria (27). Since GB111 ex-
hibited a defect in cytopathogenicity to U937 macrophage-like
cells, it is possible that this defect is due to a decrease in the
pore-forming activity. In this regard, we determined whether
postexponential-phase GB111 expressed pore-forming capa-
bility similar to that of AA100. The results showed that GB111
and AA100 exhibited similar levels of hemolysis of sRBCs
(data not shown). Thus, GB111 was not defective in pore
formation.

Sequence analysis. A chromosomal fragment containing the
kanamycin insertion region (Kan cassette) and flanking Legio-
nella DNA was isolated from GB111, subcloned, and se-
quenced. Analysis of the sequence revealed that the Kan cas-
sette was inserted in a 1,164-bp ORF which was designated
milA. Comparison of the predicted amino acid sequence of this
OREF with sequences of other proteins by using the BlastX
program revealed small degrees of similarity to several trans-
porter proteins. The highest similarities were to an ORF from
Bacillus subtilis (24% identity and 43% similarity) predicted to
be similar to ABC permeases and to UhpC from E. coli (26%
identity, 44% similarity) and Salmonella enterica serovar Ty-
phimurium (21% identity and 41% similarity) (Fig. 3A). Hy-
dropathy analyses of the predicted MilA protein revealed it to
be extremely hydrophobic (Fig. 3B). Topology analysis using
the TopPred2 program (www.biokemi.su.se) indicated that the
predicted MilA protein might contain up to 11 transmembrane
domains (data not shown). Based on these results, it is most
likely that the MilA protein is an integral membrane protein
that may function as part of a transport system.

Complementation of GB111. To subclone the wild-type gene
of GB111 and determine if the Kan insertion resulted in polar
effects on other genes, an L. pneumophila cosmid DNA library
was screened with a probe derived from a DNA fragment
containing regions flanking the Kan cassette in GB111. Two
cosmid clones were confirmed by Southern hybridization (data
not shown) to contain the corresponding DNA fragment con-
taining mil4. Both clones were electrotransformed into
GBI111, and intracellular growth kinetics and cytopathogenicity
were determined. One of the clones (B6) complemented
GBI111 for growth and cytopathogenicity (Fig. 1 and 2). To
exclude the possibility that the Kan insertion resulted in polar
effects that may account for the defective phenotype of GB111,
a 1.5-kb PCR-generated fragment containing mil4 was sub-
cloned and designated V1B. V1B was transformed into GB111
and tested for its ability to complement intracellular growth
and cytopathogenicity. The results showed that mil4 was suf-
ficient to completely complement the growth and cytopatho-
genicity defects of GB111 (data not shown). Thus, the pheno-
typic defect in GB111 is due to the disruption of milA.

GB111 exhibited an enhanced colocalization with LAMP-2.
To determine whether GB111 differed from AA100 in its in-
tracellular trafficking, we examined colocalization of their
phagosomes with the late endosomal/lysosomal marker
LAMP-2 at 2 and 4 h after infection of U937 cells. The visual
assessment of colocalization was corroborated by measure-
ment of fluorescence intensity across the phagosome. Colocal-
ization was determined by the presence of two fluorescence
peaks in the same spot (one green for late endosomal/lysoso-
mal markers and one blue for the bacteria) (e.g., Fig. 4).

The GB111 phagosomes were assessed for the presence of
LAMP-2 as described above. Colocalization coincided with
two fluorescent peaks across the phagosome (Fig. 4). Forty to
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50% of the GB111 phagosomes colocalized with LAMP-2 at 2
and 4 h postinfection (Fig. 4B and Table 1). In contrast, only 5
to 10% of the AA100 phagosomes colocalized with LAMP-2
(Fig. 4A and Table 1). As expected, 80 to 90% of the paraform-
aldehyde-killed bacterial phagosomes were positive for
LAMP-2 at 2 and 4 h postinfection (Fig. 4C and Table 1).
Thus, the defect in GB111 was associated with a defect in
LAMP-2 sorting to the L. pneumophila phagosome.

GB111 does not colocalize with the late endosomal/lysoso-
mal markers LAMP-1 and cathepsin D. We also examined
colocalization of the phagosomes of GB111 and AA100 with
the late endosomal/lysosomal markers LAMP-1 and cathepsin
D at 2 and 4 h after infection of U937 cells. The visual assess-
ment of colocalization was corroborated by measurement of
fluorescence intensity across the phagosome. Colocalization
was determined by the presence of two fluorescence peaks in
the same spot (one green for late endosomal/lysosomal mark-
ers and one blue for the bacteria) (Fig. 4).

At 2 h postinfection, approximately 80% of the GB111 and
AA100 phagosomes did not colocalize with LAMP-1, whereas
80% of the paraformaldehyde-killed bacteria colocalized with
LAMP-1 (Table 1 and data not shown). Colocalization with
LAMP-1 remained relatively unchanged at 4 h postinfection
(Table 1 and data not shown).

The proportions of GB111 and AA100 phagosomes that
colocalized with cathepsin D ranged from 5 to 20% at2 and 4 h
postinfection, respectively (Table 1 and data not shown). Ca-
thepsin D colocalized with 80% of the paraformaldehyde-
killed AA100 phagosomes at both time points (Table 1 and
data not shown). Thus, the defect in GB111 did not affect
sorting of LAMP-1 and cathepsin D to the phagosome.

Colocalization of GB111 with the ER. Since L. pneumophila
is known to recruit the ER (23, 36), we tested whether the
defect in intracellular survival of GB111 was reflected in a
defect in recruitment of this organelle. Using anti-BiP antibody
(luminal ER protein) and laser scanning confocal microscopy,
recruitment of the ER was determined by an accumulation of
BiP around the L. pneumophila phagosome (Fig. 5). Intensity
of fluorescence around the bacterial phagosome was measured
and corresponded to the visual assessment of ER recruitment
(Fig. 5A and Table 1). Green fluorescence (used to visualize
BiP) peaked on either end of a line drawn across the phago-
some, while blue fluorescence (used to visualize bacteria)
peaked only in the center of the phagosome (Fig. 5). Lack of
colocalization was determined by the absence of a green fluo-
rescence peak around the bacterial phagosome. Recruitment
of the ER was scored in AA100, GB111, and paraformalde-
hyde-killed AA100-infected U937 macrophages. At 4 and 6 h
postinfection, 85% of the AA100 phagosomes were colocalized
with BiP (Table 1); 78% of the GB111 phagosomes colocalized
with BiP at 4 h postinfection (Table 1). Interestingly, the num-
ber of GB111 phagosomes that colocalized with BiP decreased
to 50% 6 h postinfection (Table 1). As expected, 95% of the
phagosomes containing paraformaldehyde-killed AA100 were
not colocalized with BiP (Table 1).

DISCUSSION

Recently, Gao and colleagues have identified 32 mutants
(mil mutants) of L. pneumophila that exhibited defects ranging
from mild to deleterious in cytopathogenicity to and intracel-
lular survival in macrophages and alveolar epithelial cells (18,
20). None of the mil mutants are defective in the dot and icm
genes (18).

The mil mutant GB111 exhibited a defect in intracellular
replication in both U937 macrophages and WI-26 alveolar
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FIG. 3. Analysis of the GB111 sequence. (A) Alignment of the predicted amino acid sequence of the GB111 ORF to a predicted permease of B. subtilis, using the
Blast2 sequence analysis program. (B) Hydropathy profile of the predicted GB111 amino acid sequence based on the Kyte-Doolittle algorithm with a window size of

seven amino acids. Negative scores indicate relative hydrophobicity.

epithelial cells, albeit the defect was more severe in macro-
phages than in epithelial cells and the bacteria recovered
sooner (48 h postinfection) in epithelial cells than in macro-
phages (72 h postinfection). This defect was not due to a defect
in attachment or entry since GB111 was previously shown to
attach as well as AA100 to its host cells (18). Similar numbers
of GB111 and AA100 bacteria were recovered from macro-
phages and epithelial cells at the early time points of infection
(0 and 4 h). Hence, the defect in GB111 is exhibited as slower
intracellular replication, which recovered at 72 h postinfection.

It is also possible that the defect is due to concomitant killing
and replication of GB111.

We have recently proposed a biphasic model by which L.
pneumophila exhibits cytopathogenicity to the host cell (15,
16). The first phase is mediated by induction of apoptosis
during early stages of the infection (16, 29) and occurs through
the activation of caspase-3 (15). The second phase is mani-
fested by pore formation-mediated rapid necrosis (27) and
occurs upon termination of intracellular bacterial replication
(9; Gao et al., submitted). Compared to AA100, GB111 exhib-
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FIG. 4. Colocalization of phagosomes with LAMP-2. (A) Wild-type L. pneumophila (AA100); (B) GB111; (C) paraformaldehyde-killed AA100. LAMP-2 is visualized by using secondary antibodies conjugated to
Oregon Green (green pseudo-color). Extracellular bacteria were visualized with secondary antibody conjugated to Alexa Red (red pseudocolor). Nucleic acids were stained with Toto-3 (blue pseudocolor), which labels
both intracellular and extracellular bacteria and the cell nucleus. Intensities of fluorescence across the indicated phagosomes (arrows) are shown at the right. Darkened arrows in panel B point to a GB111 phagosome
that does not colocalize with LAMP-2, and fluorescence intensity across this phagosome is shown on the far right.
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TABLE 1. Intracellular trafficking of AA100, GB111, and
paraformaldehyde-killed AA100 phagosomes in U937 macrophage-
like cells

% Colocalization (mean * SE) after”:

Marker Strain
2h 4h 6h
LAMP-1 AA100 17 = 2.6 43 +4 ND
GBI111 213+25 109 =55 ND
Pf-AA100° 80 £5 83.9 £7.6 ND
LAMP-2 AA100 55+x23 10.7*+4 ND
GBI111 53.5 7.7 46 £ 6.6 ND
Pf-AA100 883 +7 90.6 = 9.3 ND
Cathepsin D AA100 8§+1 13543 ND
GBI111 83+25 26 £ 5.6 ND
Pf-AA100 8479 822*6.6 ND
BiP AA100 ND 85*+51 88.7%x55
GBI111 ND 77775 5074
Pf-AA100 ND 42 +26 3.7x1.5

“ Mean percentage of colocalization of bacterial phagosomes with LAMP-1,
LAMP-2, cathepsin D, or BiP at the indicated time points from a representative
experiment. ND, not determined.

> Pf-AA100, paraformaldehyde-killed AA100.

ited a decrease in cytopathogenicity that correlated with the
decrease in its survival within macrophages. In WI-26 epithe-
lial cells, cytopathogenicity also correlated with intracellular
growth and was similar to that of AA100. This reduction in
cytopathogenicity is most likely due to the defect in intracel-
lular replication, since GB111 is not defective in pore forma-
tion (see above) or apoptosis (16).

Analysis of the predicted amino acid sequence indicated that
the milA gene may encode a putative transport protein, based
on a low degree of similarity to UhpC (uptake of hexose
phosphates) from E. coli and Salmonella serovar Typhimurium
and a predicted ABC permease from B. subtilis. UhpC has
been localized to the inner membrane and most likely interacts
with UhpB to transmit signals presented by external glucose-
6-phosphate (25). However, uhpC is part of the uhpABC
operon, and mil4 did not appear to be in an operon (25).
Hydropathy and membrane topology analysis of MilA revealed
it to be a largely hydrophobic protein containing 11 potential
transmembrane domains. Although the above results are not
sufficient to assign a function to MilA, it is most likely a trans-
membrane protein.

Since the mutation in GB111 was generated by using a
mini-Tn/0::Kan transposon insertion, polar effects may ensue.
However, the defect in GB111 was complemented with a PCR-
generated fragment containing only the mil4 gene. Both intra-
cellular replication and cytopathogenicity were similar to that
of wild-type L. pneumophila. Thus, disruption of this ORF
alone was sufficient to result in the defective phenotype of
GBI111 in macrophages.

The L. pneumophila phagosome has been shown to avoid
classical maturation along the endosomal/lysosomal pathway
(11, 35, 37). Since GB111 was defective in intracellular repli-
cation, we determined whether the characteristics of its phago-
some differed from those of wild-type L. pneumophila. The
presence of four different markers in the GB111 phagosome
was investigated. GB111 was competent in ER recruitment as
determined by BiP accumulation around the phagosome, al-
though a decrease was observed following 4 h of infection.
GBI111 was able to exclude the late endosomal/lysosomal
markers LAMP-1 and cathepsin D from its phagosome. Sur-
prisingly, however, GB111 had a decreased ability to exclude
the late endosomal/lysosomal marker LAMP-2 from its phago-
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some. Whether this is sufficient to cause a reduction in the
intracellular replication of GB111 is not known.

Classically, the maturation of an endosome into a phagoly-
sosome is described as a sequential series of steps involving the
gradual and regulated acquisition and clearance of endosomal/
lysosomal markers (12, 28). However, the trafficking of a
pathogen-containing phagosome is likely to be dictated by the
pathogen itself and may not necessarily occur through this
classical pathway. For example, the phagosome containing My-
cobacterium avium has been shown to resemble an aberrant
early endosome or recycling vesicle that is accessible to sorting
endosomes and also acquires certain markers that are charac-
teristic of late endosomes (34). This phagosome contains an
immature form of the late endosomal marker cathepsin D that
is prevented from becoming active by inhibition of phagosomal
acidification (34). The mechanisms utilized by L. preumophila
to inhibit the maturation of its phagosome into a phagolyso-
some are not known. However, the inability of GB111 to ex-
clude LAMP-2 from its phagosome may suggest that the L.
pneumophila phagosome may transiently acquire late endoso-
mal/lysosomal markers. Alternatively, GB111 may be defective
in exclusion of alternatively spliced variants of LAMP-2 that
have been shown to be predominantly distributed on the cell
surface (21).

The intracellular bacterial pathogen Brucella abortus has
been shown to transit early in an infection through a LAMP-
positive, cathepsin D-negative compartment (30). Thus, acqui-
sition of LAMPs into the bacterial phagosome may not be fatal
for the pathogen. On the other hand, Roy and colleagues have
shown that L. pneumophila excludes LAMP-1 from its phago-
some as early as 5 min postinfection (32). This study also
revealed the existence of a small population of phagosomes
that are LAMP-1 positive (32). Whether these phagosomes
were also positive for LAMP-2 was not reported. Half of the
GB111 phagosomes were LAMP-1 and cathepsin D negative
but LAMP-2 positive, indicating that GB111 may be partially
defective in blocking the endosomal/lysosomal pathway. This
altered trafficking of GB111 may account for the reduced in-
tracellular replication and cytopathogenicity. It is possible that
the inability of GB111 to exclude LAMP-2 inhibits its intracel-
lular replication but does not kill it, since this phagosome
excludes cathepsin D, making it unlikely that it matures into a
phagolysosome. This possibility is supported by the finding that
equal wild-type and GB111 bacterial numbers were recovered
at 4 h postinfection prior to bacterial replication. However, the
possibility that these phagosomes mature into phagolysosomes
at a later time point cannot be excluded. Conversely, exclusion
of LAMP-2 from these phagosomes at a later time point also
cannot be excluded. Examining the nature of the Legionella
phagosome at later time points may prove to be important for
understanding the nature of its maturation.

Thus, the defect in GB111 seems to result in aberrant pha-
gosomal maturation. Whether the mil4 gene is directly in-
volved in dictating the nature of the L. pneumophila phago-
some cannot be determined based on the above observations.
In addition, based on the intracellular growth and sequence
results, it is possible that the defect in GB111 affects the ability
of the bacteria to replicate within macrophages. This defect in
intracellular replication may be due to the inability of GB111
to transport a required metabolite or interact with an external
signal. The decreased replication within macrophages in turn
results in a delay in cytopathogenicity. Therefore, the altered
intracellular trafficking of GB111 is a direct result of the milA
mutation or is a secondary effect due to a defect in intracellular
replication.
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