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Abstract

An important aspect of Legionnaires’ disease is the growth of the causative agent, Legionella pneumophil,
proteins including stress proteins of L. pneumophila were strongly induced in a wild type strain that had beg
macrophage-like cells. In contrast, the expression of the proteins was much weaker within a protozoan:
suggested that active bacterial protein synthesis is required more within macrophages than wii
intracellular environments. The synthesis of these proteins was not observed in intracellular gro
of host cells. The inability of protein synthesis in these strains is comrelated with their, iifabilit

infected host cells. Many
used to infect U937 human
st, Ac&nthamaeba polyphaga. The results
protozoa’ for adaptation of L. pneumophila to
hadeficient strains after infection in either type
zof intraceliular growth. Furthermore, on U937

infection, the synthesis of B-galactosidase encoded in an inducible reporter construct 1mrned1ately ceased in the in intracellular growth-deficient
strains after infection, while the wild type strain was able to synthesize it during the course of infection. These results suggested that the
intracellular growth of Legionella pneumophila within macrophages requires activé:protein synthesis from an earlier stage of bacterial infection.

© 2006 Elsevier Ltd. All rights reserved.

Keywords: Legionella pnewmophila; Pathogenicity; Stress; Intracellular growth:f

gal ctosic

e; Protein synthesis

1. Introduction

Legionella pneumophila, the causative agent.of:Legi _:f
naires’ disease, is a facultative intracellular bacterium “The
hHallmark of L. pneumophila pathogemclty ability to
replicate within host cells, especially in:humin matrophages
[1]. It is considered that this microbe survives within the host
cells through resistance against.sintracelltilar microbicidal
activity [2,3]. In natural enviropments, ubiquitous free-living
amoecbae are thought to prov1de an intracellular environment
that permits the replication of.this microbe {4]. In a project on
the water samples ffom coolmg towers that had been
implicated in Ieglonelloms:i‘ hrough dissemination of L.
pneumophila, bacteria _and” protozoa were isolated simul-
taneously from ‘the sameiwater source in all cases [5]. Another
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report has shown that legionellae isolates exhibiting patho-
genicity in guinea pigs were able to replicate within the
protozoan Tetrahymena pyriformis [6]. These reports
suggested that intracellular environments within protozoa
could provide favorable conditions for the growth of L.
pneumophila. Thus, the microbes must be able to adapt
themselves to a variety of intracellular microenvironments
efficiently. To achieve this, bacteria may express different sets
of genes appropriately in response to different intracellular
microenvironments to facilitate their intracellular survival and
growth. It can be reasonably expected that proteins whose
expression is specifically regulated within mammalian intra-
cellular compartments could constitute potential virulence
factors.

The regulated expression of a number of bacterial proteins
within host cells has been demonstrated for several intracellu-
lar parasites. The expression of more than 30 proteins of
Salmonella typhimurium was up-regulated whereas that of 136
proteins was down-regulated upon infection in human
macrophages [7]. The expression of heat shock proteins
GroEL and DnaK has been shown to be up-regulated.
In Mycobacterium tuberculosis, six proteins that are absent
from bacteria during extracellular growth, with or without
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stress, were induced upon infection in human THP-1 cells [8].
It has also been shown that some macrophage-induced (MI)
proteins play a critical role in the intracellular survival of S.
typhi during infection [9].

In the case of L pneumophila, Abu Kwaik et al. have
reported that virulent strains showed the induction of
expression of several proteins, including heat shock proteins
GroEL and GroES, and global stress protein (GspA), during
infection in macrophages {10-12]. It has also been demon-
strated that the expression of HtrA/DegP, a stress-induced
protease/chaperone homologue, is increased by 12,000- to
20,000-fold throughout intracellular growth in macrophages as
compared with extracellular growth in vitro. The authors
concluded that HtrA/DegP is indispensable for intracellular
replication within mammalian macrophages and alveolar
epithelial cells [13]. In addition, heat shock protein Hsp60
was found to be induced during intracellular growth in mouse
1929 cells [14,15]. Furthermore, Hsp60 has been implicated
in the bacterial attachment to and entry into epithelial Hel.a
cells [16].

As one of representative virulence factors of L. pneumo-
phila, a type IV secretion apparatus, Icm/Dot, has been
believed to deliver presumed effector molecules into the
cytoplasm of host cells during phagocytosis resulting in the
establishment of L. pneumophila replication vacuole {17-22].
Until now, the relation between the function of lem/Dot system
and bacterial proteins induced in intracellular environments
(including stress-related proteins) towards the establishment of
replicative phagosomes has not been investigated. Further-
more, it is not known how some stress-induced bacterial
proteins may contribute to the virulence of L. pneumophila.

In the present study, we determined whether or not the
expression of L. pneumophila stress-induced proteins differs
between the intracellular environments of human macrophag
cells line and protozoa. We also examined whether or not:the
stress-response differs between wild type and intraééllular;.
growth-deficient strains that are not able to grow.: mtrace 5
larly We then investigated mechamsms under '

mophila Phlladelphlav.il
LELA3118, adotA m

‘hichi:is a wild type straln [235;
nt 257; LELA3473, an icmR mutant
[23]; and 25D, an"in Vifrorattenuated strain that cannot grow
intacellularly [24 L. pneumophila strains were grown on
CYE medlum:; 25] or in AYE broth [26].

2.2. Cell culture
Macrophage-like U937 cells were maintained in RPMI 1640

(Sigma, Tokyo, Japan) supplemented with 10% fetal calf
serum (FCS) (ICN Biomedicals, Aurora, OH). Axenic
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Acanthanzoeba polyphaga was cultured as adherent cells in
PYG medium. All cells were cultured under a humidified
atmosphere of 5% CO, and 95% air at 37 °C.

2.3. Analysis of de novo protein synthesis after
heat shock in vitro

The heat shock response in L. pneumophila was monitored
by measuring the rate of incorporation of radiolabeled amino
acids into newly synthesized proteins during heat shock stress.
In brief, the L. pneumophila strains were grown to mid-
logarithmic phase and an ODssq of bacterial cultures was
adjusted to 0.6. Aliquots (2.5 ml) were transferred to sterile
50 ml conical tubes (Fisher Scientific, Pittsburgh, PA), and
then the tubes were incubated at 28 °C with shaking. To each
sample, 200 nCi of a 3S-labeled methionine/cysteine mixture
(Tran35S label; ICN Biomedicals, Irvine, CA) was added. The
samples were briefly mixed by vortexing, and then transferred
to a 42 °C water bath with shaking or ¢ontiriiously incubated at
28 °C as a control. After 1h, 250. atliof a quots were removed
and placed immediately on it ttetial proteins were
precipitated by adding ice-gold a'chlg’fbacetxc acid (TCA) at
a final concentration of 10%:to each sample. Samples
corresponding to an @qui"alentﬁdf bacteria were analyzed by

bactegial-:zproteinsi‘zfiwere visualized directly on SDS*PAGE gel
by staining" with Coomassie Brilliant Blue R-250 (Merck,

[mmunoprecipitation

~ Immunoprecipitation (IP) of L. prneumophila DnaK was
carried out using rabbit antiserum raised against E. coli DnaK
kindly provided by Dr Chieko Wada (Kyoto University,
Japan). Tran>*$ label (200 pCi) was added to 2.5 ml of a mid-
logarithmic phase bacterial culture (ODss0=0.6). The bacterial
culture was briefly mixed by vortexing and then incubated
continuously at 28 °C or treated at 42 °C for 1 h. Three hundred
micro liter of bacterial cultures were treated with ice-cold TCA
at a final concentration of 10%, and precipitated proteins were
resuspended in 1ml of RIPA buffer (150 mM NaCl, 1%
Nonidet P-40, 0.1% SDS and 50 mM Tris~HCI, pH 8.0). Five
micro liter of rabbit anti-E. coli DnaK serum (1:200 dilution)
was added, followed by incubation for 1 h at 4 °C on a rotator.
A 40 ul packed volume of Protein G-agarose (Roche,
Mannheim, Germany) was added to the sample, and then the
suspension was incubated overnight at 4 °C on a rotator. The
immune complex was recovered by centrifugation at 1900g for
5 min, and then washed five times by centrifugation in 1 ml of
RIPA buffer. After the final wash, the immune complex was re-
suspended in 30 pl of RIPA buffer, and then 30 pl of SDS
sample buffer (0.02% pyronine G, 1% SDS, 1% 2-mercap-
toethanol, 20% glycerol, 10 mM Tris-HCI, pH 6.8) was added.
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The samples were boiled for 5 min to denature and dissociate
the antigen, followed by analysis by SDS-PAGE (7% gel).

2.5. Bacterial cellular fractionation after exposure
to heat shock

Tran®$ label (200 pCi) was added to 2.5ml of a mid-
logarithmic phase bacterial culture (ODss0=0.6). The bacterial
culture was briefly mixed by vortexing and then incubated
continuously at 28 °C or treated at 42 °C for 1 h. Samples of
300 ul of bacterial culture were treated with ice-cold
trichloroacetic acid (TCA) at a final concentration of 10% to
precipitate whole cell proteins. Another 2.5 ml aliquot of
culture was centrifuged at 550g for 15 min at 4 °C. The proteins
in the supernatant were precipitated with TCA and this sample
was referred to as the supernatant secreted proteins. On the
other hand, the pellet of bacteria was disrupted by sonication
(UD-210; Tomy, Tokyo, Japan). The lysate was centrifuged at
550g for 20 min at 4 °C to remove cell debris, and then the
supernatant was centrifuged at 100,000g for 1 h at 4 °C. The
pellet was referred to as the membrane fraction. TCA was
added to the supernatant and the precipitate was referred to as
the cytoplasmic protein fraction. Samples of each cellular
fraction prepared from an equivalent number of bacteria were
analyzed by SDS-PAGE (7% gel).

2.6. Detection of L. pneumophila stress proteins
expressed within U937 and A. polyphaga cells

U937 cells (3X10° per well, FALCON six-well plate)
(Becton Dickinson, Franklin Lakes, NJ) were differentiated for
48 h, using phorbol 12-myristate 13-acetate as described
previously [10]. Differentiated cells were nonreplicative;

adherent, macrophage-like cells. Differentiated U937 cells

were infected with post-logarithmic phase L. pneumophzla
MOI (muitiplicity of infection) of 10 was used for all strains for
U937 cells. Heat-killed JR32 strains were phagocytosed in the
ratio of 10 bacteria to 1 U937 cell. A. polypha""a WS mfeé'ted

end of this centrifugation wag designated as 0 h post-infection.
After additional incubation for 1 hat 37 °C, the cells were
washed three times Wlth an gppropriate culture medium, and
then incubated in- culmre medmm containing 50 pug mi™ !
gentamicin and IOO_pg il~! of cycloheximide to kill
extracellular - and inhibit protein synthesis by the
U937 or A. polyphaga cells. At 12 h post-infection, 300 pCi of
Tran®’$ l:ébgl was added and the proteins were metabolically
labeled for 2" To harvest the intracellular bacteria that
incorporated radioactivity, the infected monolayer was washed
three times with culture medium and then the cells were lysed
with water osmotically (U937) or with 0.05% TritonX-100 (A.
polyphaga). Radiolabeled bacterial proteins were collected by
TCA precipitation. The precipitated proteins were analyzed by
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SDS-PAGE (7% gel). The radioactivity of TCA-precipitated
materials was equalized for each sample before application to
the gel. To monitor the recovery of intracellular bacteria from
each type of host cell under the conditions used for metabolic
labeling, we followed the same procedure except for the
addition of the labeled amino acids. For intracellular bacterial
growth assay within U937 cells, we did the same procedure
using a six well plate except the addition of the labeled amino
acids and cycloheximide. Aliquots of the cell lysate were
diluted and plated on CYE plates for enumeration of the
intracellular bacteria.

2.7. Immunofluorescence microscopy for
L. pneumophila-infected U937 cells

The recombinant fusion protein comprising L. prneunophila
DnaK (“PDnaK) and a biotinylated protein was produced by
subcloning the “DnaK gene into the. PinPoint Xa-3 vector
(Promega, Madison, WI) and expre; in the E. coli IM109
strain. The fusion protein was purified:6n a column of SoftLink
Soft Release Avidin Resin ( 5a) by elution with 5 mM
biotin dissolved in the cell ysis buffer (50 mM Tris—HCI,
pH7.5, 50 mM NaCl, 5 A Deaccording to the technical
manual. The protein was charicterized by SDS-PAGE. Anti-
recombinant L. prgtimophila’ DnaK serum was obtained by
immunizing t w1th the recombmant DnaK fusion protcm
followmg a 3

chkm soni). The differentiated U937 cells were infected with L.
pnewnophila for 1 h. The cells were continuously incubated in
Gulture medium containing gentamicin for 11 h. Thus, 12h

.. post-infection samples were examined. The cover slips were

fixed in 4% paraformaldehyde for 15 min at room temperature,
and then non-specific binding sites were blocked with 3% BSA
in PBS for 30 min. The cells were then permeabilized with
0.5% TritonX-100 in PBS for 10 min. Intracellular L.
pneumophila DnaK was detected by 1 h incubation with rabbit
anti-recombinant L. pneumophila DnaK serum (1:10 dilution),
followed by another 1h incubation with Alexa Fluor 546-
conjugated goat anti-rabbit IgG (Molecular Probes, Eugene,
OR) (1:100 dilution) at room temperature. The nuclei of both
the bacteria and U937 cells were stained with TO-PRO-3
iodide (Molecular Probes) for 1 h. Between the incubations, the
coverslips were washed three times with PBS for 5 min. The
coverslips were then mounted on glass slides with Vectashield
(Vector Laboratories, Burlingame, CA). Samples were
observed under a Carl Zeiss LSM510 laser scanning confocal
microscope (Carl Zeiss, Germany).

2.8. Protein synthesis from the reporter gene
Plasmid pAB-1, which has lacZ with an IPTG-inducible fac

promoter [30], was introduced into L. pneumophila by
electroporation using a Gene Pulser (BIO-RAD, Hercules,
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CA) under the conditions of 2.3 kV with 25 pF capacitance. In
order to examine the ability to express lacZ, bacteria that had
been cultured in AYE until an ODssp of 0.3-0.5 (early-
logarithmic phase) were induced with 1 mM IPTG for 30 min
at 37°C. The enzyme activity of B-galactosidase in the
bacterial lysate was measured by quantifying the hydrolysis
of O-nitrophenyl-B-p-galactopyranoside (ONPG), following
Miller’s method [31]. The enzyme activity was expressed as
Miller’s units, the activity being normalized per unit number of
bacteria.

To monitor lacZ expression by intracellular bacteria,
differentiated U937 cell monolayers were infected with L.
pneumophila carrying pAB-1 at a post-logarithmic phase
(ODss9=2.0-2.2). The plates were immediately centrifuged at
250g for 20 min at room temperature to facilitate contact
between bacteria and U937 cells. The time point at the end of
centrifugation was designated as O h post-infection. Cells were
then incubated for 1 h at 37 °C in RPMI 1640 containing 10%
FBS to allow internalization of the bacteria into the U937 cells.
Then gentamicin (final concentration, 50 pug/ml) was added to
kill extracellular bacteria, and the plates were continuously
incubated for an appropriate period. After the indicated
incubation periods (expressed as hours post-infection), 1 mM
IPTG was added to the wells to induce lacZ transcription from
viable intracellular bacteria, and then the cells were incubated
for an additional 30 min at 37 °C. For the 0.5 h-sample, the
bacteria were internalized for 30 min in the absence of
gentamicin, and then IPTG induction was carried out in the
presence of gentamicin. For the 0h sample, the plate was
centrifuged for 5 min and then brief 5 min incubation at 37 °C
was performed. To minimize the contribution of extraceliular
bacteria, the U937 cell monolayer was washed three times in
RPMI 1640 and then treated with 1 mM IPTG for 30 min. The
cells were then lysed by adding Z buffer (60 mM Na,HPQj#,
NaH,PO,;, 10 mM KCl, 1 mM MgSO,, 027% 2-megeap-

toethanol). B-Galactosidase activity in the Iysate was measured,:,;,
by quantifying the hydrolysis of ONPG in same manner as:

described above. The enzyme activity was
units/well. :

xpressed “as

3. Results

3.1. Unimpaired responses of zCﬁMdot miitant strains of L.
pneumophila in the induction gf oék proteins in vitro

Legionella pneumophﬂb icm/dot gene products, which
comprise the type IV.secretion system participate in creating
an organelle that penmt plication inside host cells such as
arnoebac32,33]. On the other hand, for most
pathogenic | bactema he expression of stress-induced proteins
is induced for,:,zadapj[_atlon to environments in phagocytic cells
[7-12]. To detérmiine whether or not mutations in icm/dot
genes affect the expression of stress-induced proteins in vitro,
we employed heat shock at 42 °C. We compared the protein
synthesis by wild type JR32 and two mutant strains,
LELA3118 (dotA) and LELA3473 (icmR), by means of >°S-
Met/Cys metabolic labeling and SDS-PAGE. An obvious
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JR32 LELA3473 LELA3118

123412341234

Fig. 1. Comparison of the heat shock response between the wild type and
icm/dot Tautant strains of L. prewmophila in vitro. Wild type strain JR32 and
two icm/dor mutants, LELA3473 (icmR mutant) and LELA3118 (dotA mutant),
were grown 1o the mid-log phase at 28 °C. After the addition of Tran®S label,
the bacteria were incubated at either 42 °C (heat shock) or 28 °C (control) for
1h. Lane 1, whole bacterial proteins without heat shock; lane 2,
immunoprecipitate (IP) of whole bacterial proteins”without heat shock; lane
3, whole bacterial proteins with heat shock; dane 4 IP of whole bacterial
proteins with heat shock. Open and sohd whgads indicate the bands of
DnaK and Hsp60, respectively. A

increase in the radioactivity.of Wwhole bacterial proteins was
observed after heat shock anes 1 and 3). A 59 kDa
protein, presumably Hsp6(, and ai74 kDa protein were found to
be strongly induced in;whol¢ cell lysates after heat shock.
There was no 'ﬂ' efice ‘it the protein expression pattern
between the; ﬂd itype- and mutant strains. To specifically
investigate Dna protem as a representative heat shock protein
and molecular chaperone, DnaK was immunoprecipitated from
radlolabeled :bacterial lysates using antiserum against Escher-
ichia coli DnaK The specific signal for DnaK appeared at
kDa (lanes 2 and 4). The induction of DnaK proteins was

3.2. Subcellular distribution of the proteins induced
by in vitro heat shock in the wild-type and mutant strains
deficient in intracellular growth

A whole cell-labeled lysate of JR32, LELA3118, or a
spontaneous mutant 25D strain was separated into secreted
(culture supernatant), cytoplasmic (including periplasm), and
membrane fractions after heat shock treatment. The proteins in
each fraction were analyzed by SDS-PAGE to determine the
cellular localization of proteins induced by heat shock (Fig. 2).
The majority of Hsp60 (59 kDa) was localized in the
cytoplasmic fraction after heat shock treatment. The overall
pattern of the subcellular distribution of Hsp60 was not
different between the wild type and mutant strains. For JR32, a
weak band representing Hsp60 was also observed for the
membrane and secreted protein fractions. The localization of
DnaK (74 kDa) appeared to be restricted to the cytoplasmic
fraction. No difference in the subcellular distribution of DnaK
was evident between the wild type and mutant strains.
Additional bands of 50 and 78 kDa heat-induced proteins
were observed for the secreted protein fraction of JR32. These
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JR32 25D LELA 3118
HS  Control HS Control HS  Control
12341234 12341234 12341234

Fig. 2. Subcellular localization of heat shock proteins. JR32 (A), 25D (B), and LELA3118 (C) were grown to the mid-log phase at 28 °C. After Tran®$ label had
been added, incubation was performed at 28 °C {control) or 42 °C (heat shock; HS) for 1 h. Lane 1, whole bacterial proteins; lane 2, secreted proteins into the culture
supernatant; lane 3, membrane proteins; lane 4, cytoplasm and periplasm proteins. Open arrowheads on the right indicate the positions of protein bands of interest.

The positions of molecular weight standards were shown on the left.

bands were hardly observed for 25D, and they were not
strongly induced in LELA3118. These bands were not
identified in this study.

3.3. Comparison of stress-induced protein expression
of L. pneumophila in different intracellular environments:
human macrophages and amoebae

We examined the protein expression profiles of
L. pneumophila inside macrophages as human hosts and
amoeba cells as environmental hosts. The bacteria in post-
logarithmic phase were used for infection. The intracellular
protein expression from 12 to 14 h post-infection was
monitored as to 2 h pulsed incorporation of **S-Met/Cys into
bacterial proteins, while host protein synthesis was inhibited by
cycloheximide. Many proteins were up-regulated in JR32
within U937 cell lines (Fig. 3A), and the extent of protein
induction was rather strong compared with in the case of he"t
shock in vitro. The synthesis of DnaK and Hsp60 was 2. 7—

4.2-fold greater (lane 3), respectlvely, than that after heat shock '
at 42 °C for 1 h (lane 1), on quantification analysis using BAS—
2000I1. In control experiments, no band was observe;d forU937

resistance to cyclohexumde (lanes 3 and 4). Bacterial proteins
specifically synthesized“in+amoebae appeared to be more
limited (lane. T - Furthermore, the expression of DnaK and
Hsp60 was 2.7 ani 9. 7 fold less (lane 1), respectively, than
that after heat shock at 42 C for 1 h (lane 6), on quantification
analysis usmg...BAS -2000I1. Considering the in vitro heat shock
treatment as an internal standard, 7.1- and 41.0-fold more
DnaK and Hsp60 were synthesized, respectively, in bacteria
infecting U937 cells as compared with those infecting
amoebae. In control experiments, the 59 kDa Hsp60 band
was essentially absent for amoebae that had phagocytosed
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heat-killed bacteria (lane 2), amoebae by themselves (lane 3),
and bacteria exposed to PYG amoeba culture medium (lane 5).

3.4. Expression of stress-induced proteins in wild type
and intracellular growth-defici . prneumophila
strains after phagocytosis in human macrophages

The strong inductionfbf DnaK and Hsp60 synthesis in the
in af er infection in U937 cells was shown
e' induction of these proteins in the

in Fig. 3. We cofipare

=1 DnaK
<8 Hsp60

B 123456567

(kDa)

97 —

66 ==

45

Fig. 3. Difference in the protein expression profiles of JR32 within different
host cells. Open and solid arrowheads indicate the bands of DnaK and Hsp60,
respectively. (A) Whole bacterial protein expression by intracellnlar JR32
within U937 macrophage-like cells. Lane 1, in vitro heat shock at 42 °C for 1 h;
lane 2, in vitro control at 28 °C for 1 h; lane 3, within U937, lane 4, within U937
(heat-killed JR32 was phagocytosed); Lane 5, U937 lysate (without bacterial
infection); lane 6, JR32 exposed to RPMI1640 tissue culture medium at 37 °C
for 14 h. (B) Whole bacterial protein expression by intracellular JR32 within 4.
polyphaga. Lane 1, within A. polyphaga; lane 2, within A. polyphaga (heat-
killed JR32 was phagocytosed); lane 3, A. polyphaga alone with cycloheximide
ireatment; lane 4, A. polyphaga alone without cycloheximide treatment; lane 5,
JR32 exposed to PYG medium for protozoa culture at 37 °C for 14 h; lane 6,
in vitro heat shock at 42 °C for 1 h; lane 7, in vitro control at 28 °C for 1 h.
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mutant strains, 25D and LELA3118, using the same method.
Regarding the intracellular growth phenotype, efficient
replication of wild type JR32 strain and defects in intracellular
growth of 25D strain and dotA mutant LELLA3118 strain within
U937 and A. polyphaga cells, was basically consistent with
previous observations [23,34,35]. Although there was no
difference in the response to heat shock stress in vitro between
the wild type and mutant strains (Figs. 1 and 2), these mutant
strains were not able to synthesize proteins including DnaK and
Hsp60 (Fig. 4A, lanes 3 and 4). In contrast, wild type strain
JR32 synthesized many proteins including DnaK and Hsp60
(lane 2). The radioactivity of all samples subjected to SDS-
PAGE was equal. Furthermore, the MOI was chosen depending
on the combination of bacterial strain and host cell so that the
number of live bacteria at 14 h post-infection was almost equal
(see Materials and methods). To confirm this in a particular
experiment, intracellular bacteria were recovered at 14 h post-
infection, and the number of colony forming units was
determined. Equal numbers of bacteria were recovered from
JR32- and LELA3118-infected U937 cells (Fig. 4B). In the
case of 25D, the number of recovered bacteria was higher than
those for the other two strains. This could be a reflection of
experimental variation such as viability difference of bacteria
or difference in the rate of bacterial internalization into U937
cells. And previous reports that the internalization rate of 25D
strain into macrophage is slightly higher than that of JR32
strain, may support this evidence [24,36].. Cycloheximide
treatment does not inhibit the bacterial growth {37]. Therefore,
the lack of expression of stress-induced proteins in the mutant
strains is not attributable to the elimination or killing of mutant
bacteria in U937 cells at this time point.

A

B

(CFUAvell) ug37
1x108 |

ression of the wild type and intracellular
growth deficient strains within U937. (A) Bacterial protein expression profiles
of the wild type and intracellilar growth-deficient strains within U937. Lane 1,
EBZwmﬁnﬁE":MSmka42%HmlhﬂmmZJKHvﬁMnU%7ﬂme&
25D within U937; latie', LELA3118 within U937. Open and solid arrowheads
indicate the bands of DnaK and Hsp60, respectively. (B) The number of live
intracellular bacteria at 14 h post-infection on a replicate experiment.
Intracellular bacteria were recovered by cell lysis at 14 h post-infection, and
the bacterial colonies were counted by inoculating the lysate onto a CYE plate.
The experiments were performed in triplicate, and the data are shown as
means+ SD.
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We directly observed the protein expression induced
intracellularly, using rabbit anti-recombinant L. pneumophila
DnaK serum, by means of immunofiuorescence. At 12 h post-
infection, the signal representing DnaK proteins was co-
localized with the intracellular bacteria in the case of JR32 that
had been phagocytosed by U937 cells (Fig. 5). However, no
expression of DnaK was seen for 25D or LELA3118 within
U937 cells.

3.5. Expression of stress-induced proteins in wild type
and intracellular growth-deficient L. pneumophila
strains after phagocytosis in amoebae

The expression of stress-induced proteins of JR32 within
amoebae was much weaker than that within macrophages
(Fig. 3). We compared the protein expression in the wild type
and mutant strains of bacteria after phagocytosis in A.
polyphaga at 14 h post-infection by the same method as used
for U937 cells. The synthesis of Hsp60 and DnaK in JR32
within amoebae was much weaker “in JR32 after heat
shock. The synthesis of these pro'iéms ‘was‘not observed in the
25D and LELA3118 mutant st ms (Fig. 6A). The MOI was
also chosen so that the nuribers, oflive bacteria at 14 h post-
infection were equal (see Sectlon 2). This was again confirmed
by the fact that equalini Wbérs:of bacteria were recovered from
JR32-, 25D- and
These results mayindicate that strong expression of any protein
is not necess or the growth of L. pneumophila within
amoebae, unliké*within macrophages.

3.6. Inunediate cessation of protein synthesis
in intracellilar growth-deficient L. pneumophila strains
tfter phagocyzoszs in human macrophages

It has been shown that phagosomes containing intracellular
growth -deficient 25D and icm/dot mutant strains of L.
pneumophila fuse with lysosome in early time point just after
bacterial invading to host cells [3,35,38}. However, in our
intracellular growth assay within U937 cells, the bacterial
number of 25D and LELA3118 strain within the cells did not
show notable decrease and was almost constant until at least
24 h post-infection, in contrast to active replication of wild
type JR32 strain after 14 h post-infection (Fig. 7A). And the
almost complete absence of bacterial protein synthesis in the
mutant strains at 14 h post-infection made us suspect that there
may be another sequence of events before or at the same time
as phagosome/lysosome fusion leading to the complete
cessation of protein synthesis. We examined the synthesis of
proteins encoded by a reporter construct that had been
exogenously introduced into bacteria. JR32, 25D or
LEILA3118 cells were transformed with the pAB-1 plasmid
that had a lacZ reporter gene under the control of an IPTG-
inducible promoter. Successful transformation was revealed by
B-galactosidase activity after in vitro IPTG induction. The
three strains exhibited similar levels of enzyme activity
depending on the pAB-1 plasmid and IPTG induction

(Fig. 7B).
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TO-PRO3

JR32

25D

LELA3118

Fig. 5. Detection of the expression of L. pneumophila DnaK within U937 celis at 12
(blue) stains the nucleic acid of both intraceliular and extraceltular bacteri;_v s wel
recombinant L. pneumophila DnaK serum and secondary antibodies conjugated with. Al

We then infected U937 cells with these bacteria carrymg the
reporter plasmid at a post-logarithmic phase. At seve al time
points after infection, the infected U937 cells wey J treat it
I[PTG for 30 min, and then Bgalact031dase
lysates was measured (Fig. 7

reaching a plateau at 4 h post-infe :
of B-galactosidase activity m

4. Discussion

As a general phenomenon, pathogenic bacteria respond to
and adapt to various local environmental conditions. In
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o-Lp DnaK

Marge

post—i ec o‘n JR32 (A, B, C); 25D (D, E, F); LELA3118 (G, H, I). TO-PRO-3
‘as the,U937 nucleus. L. preumophila DnaK was visualized with rabbit anti-
Fluor 546 (red). Arrowheads indicate intracellular L. pneumophila.

particular, the intracellular environments of macrophages
may be hostile ones in which microbes are threatened by
oxidative, acidic or microbicidal agents. One of the hallmarks
of pathogenic bacteria is the ability to survive and replicate in
such harsh environments. Each pathogenic bacterium should
have unique and sophisticated mechanisms to adapt to severe
environments. The bacterial intracellular protein expression
system including stress response would be related to them. It is
suspected that such an intracellular protein expression of
pathogens might have some important biological function that
contributes to their survival and replication within host cells.
Our first question in this study was whether icm/dot genes
might have some effect on the expression of proteins induced
by in vitro stress. After exposure to heat shock stress, no
difference was observed in the protein expression profile
between the wild type strain and icm/dot mutants (fcmR and
dotA). Spontaneous mutant 25D also showed the same pattern
(data not shown). An immunoprecipitation study involving
anti-DnaK antibodies also demonstrated that DnaK, which is a
representative stress protein and chaperone, is expressed in the
wild type strain and icm/dot mutants in the same way. Hsp60,
another major stress protein, was also expressed with a similar
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B
(CFU/lwell) | A. polyphaga
B 1x108
(kDa)
G~ 1x108
o L Drak 1x104
- ]
HSPO0 102
45—

Fig. 6. Intracellular protein expression of the wild type and intracellufar
growth-deficient strains within A. polyphaga. (A) Bacterial protein expression
profiles of the wild type and intracellular growth-deficient strains within A.
polyphaga. Lane 1, JR32 with in vitro heat shock at 42 °C for 1 b; lane 2, JR32
within A. polyphaga; lane 3, 25D within A. polyphaga; lane 4, LELA3118
within A. polyphaga. Open and solid arrowheads indicate the bands of DnaK
and Hsp60, respectively. (B) The number of live intracellular bacteria at 14 h
post-infection on a replicate experiment. Intracellular bacteria were recovered
by cell lysis at 14 h post-infection, and the bacterial colonies were counted by
noculating the lysate onto a CYE plate. The experiments were performed in
triplicate, and the data are shown as means £+ SD.

level within these strains. These results indicate that mutations
of icm/dot genes probably do not affect the expression of whole
cell proteins induced by heat shock. Regarding the presence of
Hsp60 in the secreted protein fraction for the wild type strain, a
previous immuno-electron microscopic study showed that
heat-shocked L. pneumophila exhibited increased expression
of the Hsp60 epitope on the cell surface and secreted Hsp60
molecules into the culture supernatant [39]. Our data were
consistent with this finding, although the guantities of ce
surface and secreted forms were considerably small. .

DnaK chaperone participates in various cellular progesses,:
including folding of nascent polypeptides, assembly
disassembly of multimeric protein structures; meinbr:
translocation of secreted proteins and protein. d gfadéifion.
Especially in intracellular pathogens such a8 Br :
Listria monocytogenes, DnaK is 1nvolvedv inzar
critical role in intracellular rephcatlon [46-427 Although the
L. pneumophila DnaK gene has_ cloned [43], its actual
function is not known yet. Weiatt ptéd to produce a dnak
mutant of L. pneumophllav_to xamine its phenotypes, but
failed. It is plausible that:DnaK f-L;"pneumophzla is essential
for its survival. -

We next investigated:the tress induced protein expression
by L. pneumophilawithitni-host cells. One of our interests was
whether there are differences in the expression of bacterial
proteins within d1fferent hosts. Because amoebae function as a
reservoir for L. pneumophzla in the natural environment [4,5],
they may be less detrimental to the bacteria and provide
relatively mild conditions for bacteria. In contrast, macro-
phages are major target cells during mammalian infection by
L. pneumophila and should be able to fight against invasive
bacteria. Hence we predicted that there might be differences in
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Fig. 7. Ability of bacterial protein synthesis determined with an inducible
reporter construct. (A) Intracellular growth kinetics of L. pneumophila strains
within U937 cells until 24 h post-infection. (B) Induction of $-galactosidase in
L. pneumophila strains at the early logarithmic phase in culture by IPTG. The
enzymatic activity from bacteria without pAB-1 (open column), one from
bacteria with pAB-1 with no induction ¢hatched column), and one from bacteria
with pAB-1 upon IPTG induction (filled column) are shown. The activity was
normalized per the unit cell number, and the data are expressed as means = SD
for triplicate determinations. {C) Induction of B-galactosidase in intracellular L.
preumophila. U937 cells were infected with L. pnewmophila strains with pAB-
1. At several time points during post-infection (abscissa), B-galactosidase
activity in the cell lysate was determined. The activity is expressed as units per
well of tissue culture plates.
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bacterial responses within different intracellular environments.
L. pneumophila was strongly induced to produce a variety of
proteins including heat shock proteins DnaK and Hsp60 within
macrophages, whereas the quantity and variety of proteins
expressed within amoebae were limited. These are novel data
showing a difference of protein expression of L. pneumophila
within macrophages or amoebae. These data may indicate that
many of L. pneumophila proteins induced within macrophages
might play some role in the survival of bacteria in
macrophages, whereas such intense protein expression might
not be needed within amoebae whose intracellular environ-
ments may be safe enough for L. pneumophila. 1t is
conceivable that L. pneumophila might have originally evolved
to become parasitic for protozoa.

Another interest was whether there are any differences in
protein expression between wild type and intracellular growth-
deficient strains within host cells. We used two types of
mutants as intracellular growth-deficient strains; LELA3118,
dotA genetic mutant, and 25D, a spontaneous mutant that was
established by passage on suboptimal artificial medium [24].
Incredibly, de novo synthesis of bacterial proteins as revealed
by metabolic labeling was markedly suppressed in both of the
mutants in macrophages. This is confirmed by experiments
using bacteria carrying a reporter construct encoding
B-galactosidase. The ability of synthesis of P-galactosidase
proteins was stopped in the mutant strains after infection in
macrophages. This is also the first evidence of a difference in
the protein expression pattern in vivo between wild type and
intracellular growth-deficient strains despite the lack of a
difference in the in vitro response to heat shock between them.
We also confirmed that the same pattern of protein expression
was observed in response to another form of in vitro stress
osmotic or oxidative, as was seen for heat shock on SD
PAGE, and that there was no difference between#a
intracellular growth-deficient strain (LELA3113 or 231 an
the wild type JR32 strain (unpublished observatlon) These
data may indicate that none of the stress imposed.in vmo could
precisely mimic the intracellular stress for i
possible that the initial protein synthesis. by 2
infection in macrophages is involved in: uibseqilent stress
response and protein synthesis at ge. This initial
response may be regulated by somg virulence factors including
the type IV secretion system. '

Early studies on vacuoles harbonn . pneumophila showed
that phagosomes containi : R32 aged 0.5- 6h do not fuse
with lysosomes, but fthe
LELA3118 do [35]

as al_so been shown that the activity
of NADPH oxidase, ¢t produces reactive oxigen inter-
mediates, affects:thé“intracellular growth of L. pneumophila
within macrophages, at early phase of infection [44} It is
commonly beligved that intracellular growth-deficient
L. pneumophzla are damaged immediately through the
bactericidal reaction of host cells in intracellular compart-
ments. However, our data indicated that the numbers of
intracellular viable cells of mutant strains, 25D and
LELA3118, did not decrease until at least 14 h post-infection,
because the recovery of viable bacteria remained constant
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throughout this period (Fig. 7A). These data indicate that most
cells of both mutant strains were not killed immediately after
internalization by macrophages and were still viable until at
least 14 h post-infection or probably for a longer period. This is
supported by another report that dotA and dotB mutants reside
in some non-lysosomal and LAMP-1 positive compartment
within macrophages [45]. Taken together, these mutants likely
remained alive with a suppressed-protein synthetic condition
for at least 12 h.

In conclusion, we have shown a difference in the
L. pneumophila intracellular stress response depending on the
host cells. We have provided new evidence that intracellular
growth-deficient L. pneumophila strains are not killed but
forced to stop protein synthesis within macrophages immedi-
ately after internalization. They are viable without replication
for some time in macrophages. Using bacteria carrying an
inducible B-galactosidase construct, the immediate cessation of
protein synthesis of intracellular growth-deficient strains upon
internalization within macrophages; has- been demonstrated.
One could speculate that ther ht be a difference in the
nature of phagosomes at the b¢ nn ng between those contain-
ing wild type and mtracellular growth deﬁc1ent strains. Only

may:suggest a possibility that the quality of
is" determined at the beginning of bacterial
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D) H 88~90% FBIZTF & 2 — F L T\ 5 HEI
ELTHDON TS, BEFAHZEEFIIN
43%% b, INETILT /) LAEHDSHL IS
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HZFE 22— FLTWD5EE (%) 87.9 88 89.8
EEF (ORF) ok 3,076 2,931 2,953
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+~— Sphingosine 1-phaspate lyase
FTET—

vYIFN

iR 7+
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F-boxZEHE
) V/AVAZVEBFFX -

1 Legionella pneumophila DHIFENENRE & EAMREL L V4 & 7 EEEORE (HE)

WK 3) & hEE

BRELT7 73V — 20O B E/NRE R
DMEPETSTETREL, 77 TV —4EIR
IMNERBEICE ERD S, BELZ 77TV -5
/AR ED ) Ry — 208 T 5 TETH
L, BIZVRY—LfFE7 7TV — AR THEHE
ZRET A, T2, MRBATEAICHEETOR
(replicative form & IFIEN %) ICIGHIEAEE S
Ny, MNEEERS X R E &L
THIFa A4 T X 72 & (transmissible form & FE
N ) ICIZHENBRE NS,
REROBEIE ) 77TV —LEY VY —A
OREHESR, FOBOMBN/NGE DEAL,
BRI OREZHE L TWwAHZ xR LT
Wh, WIZEREMREZERY, BOoEHET DI
REOREZEEMREZIEOEL0TH 5.
LYd A7 ARG ESMBOZERE LR
HOE 30 DFEAB(ORF) HEET A L,
7232 ® ORF BEHMEICB W TEHER O
HERICES T4 2 &AM TV A HEEHEE
(FAL ) 2o TWAIENFHLEMIZ o7,
I OB RN & E A R G L) & AT

A OMREREZHE LT, BEOMENIEsE
EAREIZLTWwWAR EEZONAL (RS, B1).
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BDOEHE

TPRs 1X 34 7 3 /BREVMED (3~16 [a]) #
DNBENBEF—T7THbE. COEF—T7%5D
EREEER~EHHMOMERHE OO OBET
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#, BEMHECCHSLTw3Y. LY AT
FIARIZEZOEF—-T7%HTSHORF 2550
FHELTHEY, 22(EnhC LidL) X9 TIZEE
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?D ORF b ML L AHEEH L TWwa 2 &%
BaEhb,

2. BUV/RAUFZ v —CiEAERE
) /AL =y FRF—BIIHRAY 7
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Y/ AVEF =X F—-EHEERERELT
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£ 3 Legionella pneumophila DX EFZMBBELUERE & 2o OFkEE

TF—T7/F ALY ORF # HEAE MEREEEECTOES (EE)
34 ~7F F J¥—(TRPs) 5 MR E %, MIRERE, mEME B LEA
LY V/AVA = FF-E 3 MM Y 7 F M zE Ty IV=LEY VY~ LDRE
TrEYrYE— | 20 BEAZEMEEROY v h—, BERE HRANISEORESEHE
F-box 3 EAMAAEEH, HRsEORME SRBLE BR o U & B O & DR
Sphingosine 1-phosphate lyase 1 MR > 7 F VEE B R O RIE & B OML A S OB
TES—¥ 2 ATP Ik 5B ATPOBEEILE B 77TV — LOWE

BY, COEBANV Ty IV—LEY VY — LD/
EHECESLTwLIEPHMEINRTVSEY,
LI ASOEEL, TNSDORFW T 73V
—LE VY- LAOMEREIES L TV AHHHE

3. PUFUVUE— B DERHE
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F—7C, BEEAELMEEEE %) Vi —
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G EOBNEERTIZS ZOEF— 79RO LN
5. TYF)IJE=-+2bDLIVFARTD
ORF R EgMBoBZFHRAZRAES L, Mg
WOELZFET L L THRNANBECEES
5lEEB I T O, LN %\, Ehlichia
phagocytophila DT v ¥ 1) Y1) ¥— bo b D&EH
H (Ank A) BB OBEHRE I CBEEL S 2
BT EMRENTNEY,

4. F-box BRE

F-box ZEHEIZ, #EERLEESL, SCF#
& (Skpl, Cullin-1, Rbx1 &4 ¢ F-box &H
BEhoabBEMRICEEL2HRTAT VT 5 —
BT DOEHTHSL., LEFF LUSICL S
EEHNMHCERELREEEZR LTS, BroE
HOMELZIES EAETHLZ Lhb, Minos

Kok, MRAY 7 FEELR S5 5.

BdZOEHE 2/ L CREMI0 S8 5 b
1o, MIEEICLE L REOHE 2 R/NEIZH
AT, RELFELB SOOI 2R - F
AT 507 LIk . Agrobacteruim tume-
0106318 — kLMY Vol32 Nod 2005.7.

Jaciens O F-box BHE TH 5 VirF & B 13K
MRz Eh, BIoERE EHEERTA
CEDHEENTNAY,

5. Sphingosine 1-phosphate lyase

HIREA Y 7 F VZEYWE TH % sphingosine 1-
phosphate # 73 AR TH 0, MILLIZE4R
LTwaY, #eME~OFBREOZD, HiT
B RN S OBEE R BAIMNC W L, G
FRICHIRRIE & 35 3E L CHERRA AT 2 oh b L
iz,

6. PES—¥

W IZAFAE T B ATP OIS REEZETH ),
BEREWTEIINE TICEES AN TP
FEETHL, L MOTES—PEMNEREIZE
CER GEE/MUAE LS ES LN/ RE %
WYBAFEREEDOC L, ZTOECERICIER
HTY VY Y—L3REAE L, MBR/NEEIRELS
BENB)CRETHIENRESNRTNEY,

TSI —YOREEMEFOBERELVEZT
REZIIERL EOBEBEYOEFELEALTY
LT HEENS. VLI ATETES—¥Rr
GWTAHIETHELERYAATY S EREY,
ThbbEROERZE- TWELEEbNS.

BihEOWREBEEEFEMREI SV 4
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k4 PR SN Legionella preumophila TRIBBIZFEM L TOMFEERE

BIRF* BHRoMERELE g WEH(EF—7)
Ipg1087 MviN FAIFTAH J Bacteriol 172 1 2608, 1990.
Ipg2635 MviN AR IFTAH J Bacteriol 172 : 2608, 1990.
Ipg0092 VacB RHE, BERAEKER J Biol Chem 273 : 14077, 1998.

Ipg1845 Vac] AT

Ipgl832  VirkK

Ipg2822 BipA R 8 IR R G T
Ipg1488 FKENEER <7V TER, RRET AN

Mol Microbiol 11 . 31, 1994.

Mol Microbiol 48 @ 385, 2003.
Mol Microbiol 6 . 2387, 1992.
Mol Microbiol 48 . 507, 2003.
(Sec-like coiled-coil domain)

TIANTFTIT L, FVERT

LN LB HE L OBE TS

Salmonella typhimurium (G X 3 F 7 AH) O MviN
EHBEEINBEICREEL, COZHAOXRBIZLD A
AIF 7 AWBFHHFNLT B EDPMON TS,

FRELBERAMREEO VacB &ZHE & 3-
IXFVYRR7 LT —EEEL LD, RNA OfF
ERZALT, BOWEEREZHRGL TS,

Vac] EHEEICBTET AV RKEHTHY, #*
IR OMBEANILECES LTwad, FVESRT
LT ruNg Ty a0 VirK EHE I EGHE
Aicmwsh, BAsfleoEa gt MEERTS
BEHECTHSD. WD F-box EF —7 & 5FW
2hoTwa. BERREAEEO BipA ZEHE
) RY — SR GTP REEE T, WiEE

Bohl#Ez N L THONERRAICEELZS X 5.

DA N—T AN - FAAL 2 (RN /NS A%
RREEEOMEICHESTAELEIIZ CABEIN
%)% b -7 0ORF dFEREN/. T® ORF IZH
FAHEOBNEAEIIY T TRERPKRH T A=/
LRAELTNAS,

%72, L. pneumophila 39 145 DEM, F 721
SR OB E SRR L NKDMEREZ 7/ L
Fiza—=FLTwaE, Zhosnn{o2EHE DM
Fast il OBz BTV B RER T TH B T HEE
PEWwEEDNS,

7 LNREFSET LR O % <A, BN
HkEBbhsEREERALTWA. LA L,
FOREBEOEE SITB\WT L pneumophila

DEObDEREZL2Ww. BF5LH L
preumophila \ZHIRBETH H T A —3 b DI
LDBET, TNHDBETFET A -\ LR
L, 20877 — YHTOWEBESWEEICZ 2720
ThrI. T, 7/ LMLy, KEI,

BB R Y THRETFTEERD O L HRMS
N7z, T A= 3D BREEHR A S BHAERNIZELD A,

BHEERT LI FIV LR EOEERDOGEE
WKLY A I8 BT 57000 Lkw, av
Yo — % 1 (in silico) TDT /) LEIROFEHTIC &
D, ZNFTD in vitro, in vivo TOEETIZA
Aol B L DLDOVHRATE. Lirl, Z

NoEdHEFTHRENLBHITHY, 51E3HS
EBNIIINS ZMRAET ALENH 5. in silico,
in vitro, in vivo BI—KE L o727 70 —F A
WRTHE, SHOLIVF 3T, FHEIO
WEEr o Rz ED-FTMAY RATRICER L TW
QT LABFHEENS.

1) Yu VL, Plouffe JF, Pastoris MC et al. : Distribution
of Legionella species and serogroups isolated by cul-
ture in patients with sporadic community-acquired
legionellosis : an international collaborative survey.
J Infect Dis 186 . 127-128, 2002.

2) Chien M, Morozova I, Shi S et al. . The genomic se-
quence of the accidental patogen
preumophila. Science 305 1966-1968, 2004.

3) Cazalet C, Rusniok C, Bruggemann H e al . Evid-

Legionella

ence in the Legionella pneumophila genome for ex-
ploitation of host cell functions and high genome
plasticity. Nature Genetics 36 . 1165-1173, 2004.

BEOE L BEY  Vol32 Nod 20057.— 319@ 011

-176 -



4)

5)

8)

Sexton JA, Vogel JP © Regulation of 9) Craig KL, Tyers M : The F-box : a new motif for
hypercompetence in Legionella pneumophila. J ubiquitin dependent proteolysis in cell cycle regula-
Bacteriol 186 : 3814-3825, 2004. tion and signal transduction. Prog Biophys Mol Biol
Miyvamoto H, Yoshida S, Taniguchi H er af : Virul- 72 1 299-328, 1999.

ence conversion of Legionella pneumophila by conju- 10) Schrammeijer B, Risseeuw E, Pansegrau W et al. !
gal transfer of chromosomal DNA. J Bacteriol 185 . Interaction of the virulence protein VirF
6712-6718, 2003. Agrobacterium tumefaciens with plant homologs of
Goebl M, Yanagida M . The TPR snap helix : a the yeast Skpl protein. Curr Biol 11 . 258-262, 2001.
novel protein motif from mitosis to transcription. 11) Reiss U, Oskouian B, Zhou ] er al : Sphingosine-
Trends Biochem Sci 16 : 173-177, 1991 phosphate lyase enhances stress-induced ceramide
Walburger A, Koul A, Ferrari G et al . Protein generation and apoptosis. J Biol Chem 279 © 1281~
kinase G from pathogenic mycobacteria promotes 1290, 2004.

survival within macrophages. Science 304 : 1800~ 12) Biederbick A, Rose S, Elsasser HP ! A human in-
1804, 2004. tracellular apyrase-like protein, LALP70, localizes
Caturegli P, Asanovich KM, Walls JJ er al. . ankd . to lysosomal/autophagic vacuoles. J Cell Sci 112 :
an Ehrlichia phagocytophila group gene encoding a 2473-2484, 1999.

cytoplasmic protein antigen with ankyrin repeats.
Infect Immun 68 @ 5277-5283, 2000.

U X/

BSE (4-/B#RIAMNAE) D72E

I —t  NEFSEHE
B6H|2408 FiM2,310 (&F4%2,200M +55%)

SEOWETRIE. BARTEHEBSENER SNz LI LPELEEZEEX
7252’6\ BT —AFE B3 A, THORIG. ZE2%E. BSEREDS
. DNREERE, £z, BSESE IT&%;&I\ 75 ADTEORIG
%HR%MT@@E@‘O

HROEFEICEHL DTS BZ3EBDEZENEDLDIFONTWVWDD D,
HPEREEODAATEDPDRT IENLTWEDT, VNI MNEARGEH
Z2UFAVREERBELTVWE T, BRFOAEST ., —ROFITHFHATD
SWEWAMEBENERSEIZEDE U,

[EEH K]

1 FUFVEOREDOESE/ 2 FUALOWIK/ 3 ErOTUFUE /o—Ib—/

HSOAY T2 - FATE/ZTINVAITY -2 a2 bOARS— « v A 2 h—K/ 5N
REUTRE/ZEER OV T b - YOTHE/ 4 BHOTUALE /XA
B — /&M = L & IR /4 B IR IR /IS MR H R /BRI BT/ 5 S BIRIRINEE S IR
A

+150-0002 Hr EARBB2-109 |

a ﬂﬂjﬂﬁ TEL 03-3499-5191 FAX03- 3499-5204

_httpe //www aya.or Jp/~ kindai- s

BEE L MAEY Vol32 Nod 2005.7.

-177-




INFECTION AND IMMUNITY, June 2004, p. 3592-3603
0019-9567/04/$08.00+0 DOI: 10.1128/IA1.72.6.3592-3603.2004

Vol. 72, No. 6

Copyright © 2004, American Society for Microbiology. All Rights Reserved.

Legionella dumoffii DjIA, a Member of the DnaJ Family, Is Required

for Intracellular Growth

Hiroko Ohnishi,%* Yoshimitsu Mizunoe,'* Akemi Takade,* Yoshitaka Tanaka,?
Hiroshi Miyamoto,* Mine Harada,? and Shin-ichi Yoshida®

Department of Bacteriology* and Department of Medicine and Biosystemic Science, Internal Medicine,® Faculty of
Medical Sciences, and Division of Pharmaceutical Cell Biology, Graduate School of Pharmaceutical Sciences,®
Kyushu University, Fukuoka 812-8582, and Department of Microbiology, School of Medicine,

University of Occupational and Environmental Health, Kitakyushu 807-8555,% Japan

Received 12 November 2003/Returned for modification 5 January 2004/Accepted 10 February 2004

Legionella dumaoffii is one of the common causes of Legionnaires’ disease and is capable of replicating in
macrophages. To understand the mechanism of survival within macrophages, transposon mutagenesis was
employed to isolate the genes necessary for intracellular growth. We identified four defective mutants after
screening 790 transposon insertion mutants. Two transposon insertions were in genes homologous to icmB or
dotC, within dotficm loci, required for intracellular multiplication of L. pneumophila. The third was in a gene
whose product is homologous to the 17-kDa antigen forming part of the VirB/VirD4 type IV secretion system
of Bartonella henselae. The fourth was in the djl4 (for “dnaj-like 4”) gene. DjlA is a member of the DnaJ/Hsp40
family. Transcomplementation of the djl4 mutant restored the parental phenotype in J774 macrophages, A549
human alveolar epithelial cells, and the amoeba Acanthamoeba culbertsoni. Using confocal laser-scanning
microscopy and transmission electron microscopy, we revealed that in contrast to the wild-type strain, L.
dumeoffii djl4 mutant-containing phagosomes were unable to inhibit phagosome-lysosome fusion. Transmission
electron microscopy also showed that in contrast to the virulent parental strain, the djl4 mutant was not able
to recruit host cell rough endoplasmic reticulum. Furthermore, the stationary-phase L. dumoffii djl4 mutants
were more susceptible to H,0,, high osmolarity, high temperature, and low pH than was their parental strain.
These results indicate that DjIA is required for intracellular growth and organelle trafficking, as well as
bacterial resistance to environmental stress. This is the first report demonstrating that a single DjlA-deficient

mutant exhibits a distinct phenotype.

Legionella dumoffii was first isolated from cooling-tower wa-
ter in 1979 (18) and later from a postmortem lung specimen in
the same year (40) as an atypical Legionella-like organism. It
was later classified by Brenner (11) as a new species, L. du-
moffii. Legionella species are gram-negative, facultative intra-
cellular parasites of freshwater amoebae in nature and are
capable of growing within alveolar macrophages and epithelial
cells after being accidentally transmitted to humans (22). The
most common human pathogen in the genus Legionella is L.
preumophila, the causative agent of Legionnaires” disease (71).
Humans contract the disease from contaminated environmen-
tal sources, primarily by aspiration of aerosolized water
sources (22). After internalization by alveolar macrophages, L.
pneumophila-containing phagosomes do not acidify (34) or
fuse with lysosomes (33). Instead, the mitochondria, smooth
vesicles, and rough endoplasmic reticula (RER) near these L.
preumophila-containing vacuoles are recruited, and L. pneu-
mophila begins to multiply in this unique niche (32). This
altered endocytic pathway is considered to be controlled by the
Dot/Icm type I'V protein secretion system (5, 17, 48, 55, 56, 74).
The dot/icm genes are essential for the intracellular growth of
L. pneumophila (5, 51, 60). The presence of the dot/ficm loci in
several species of Legionella was shown by Southern or PCR
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ogy, Faculty of Medical Sciences, Kyushu University, Fukuoka 812-
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analysis (4, 36, 43); however, the contributions of these loci to
the pathogenesis of other species have yet to be investigated.

L. dumoffii is the fourth or fifth most common pathogen
causing Legionnaires’ disease (8, 71). Some of proteins or
factors which may promote L. pneumophila pathogenesis, such
as flagella, catalase, and gelatinase, are also present in L.
dumoffii. Several putative virulence factors—lipase, oxidase,
and a zinc metalloprotease—are absent in L. dumoffii (6, 11,
52). L. dumoffii is capable of infecting and replicating within
Vero cells and the human lung alveolar epithelial cell line
AS549 in vitro (41, 42). To elucidate the molecular mechanisms
of the intracellular growth of this organism, we attempted to
isolate the mutants that exhibited defective growth phenotypes
in J774 mouse macrophage-like cells and A549 human type II
alveolar epithelial cells by using transposon mutagenesis. We
isolated four clones attenuated in virulence within mammalian
cells by screening 790 derivatives with Tn903d1llacZ insertions.
Two of four genes flanking the transposon insertions encode
the proteins homologous to L. preumophila IcmB and DotC
(5, 51, 60), respectively. One gene has similarity to virB5 (17-
kDa antigen) in the VirB/VirD4 type IV secretion system of
Bartonella henselae (14, 49, 59). The deduced protein encoded
by a fourth gene showed homology to DjlA proteins (16). The
DjlA homologue, a member of the DnaJ/Hsp40 family, was
originally identified in Escherichia coli as a product of a hypo-
thetical open reading frame (13, 72), and since then homo-
logues have been identified in many other bacterial species,
such as Coxiella burnetti (73), Salmonella enterica serovar Ty-

- 178 -



Vou. 72, 2004

DjlA of LEGIONELLA DUMOFFII

TABLE 1. Bacterial strains and plasmids used in this study
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Strain or plasmid

Relevant characteristics

Source or reference

Strains
E. coli
DHj5a

VCS257

L. dumoffii Tex-KL.

F endAl hsdR17 supE44D thi-1 recAI1A(argF-lacZYA)U169(b808 lacZM15)

grA96N"

DP50 sup FlsupE44 supF58 hsd53(ry mg) dapD8 IncY] glnVa4 A(gal-uvrB)47

trT58 gA29 1onAS3 A(thyAS57))

30

Stratagene

ATCC 33343
This study
This study
This study
This study
This study
This study

Promega
70

New England Biolabs

31
68
68
47
45
This study
This study
This study
This study
This study
This study
This study

HOLD254 Tex-KL dji4::Tn903d1llacZ

HOLD491 Tex-KL icmB(dotO)::Tn903d1llacZ

HMLD4001 Tex-KL 17-kDa antigen:: Tn903d1llacZ

HMLD4002 Tex-KL dotC:: Tn903d1llacZ

HOLD254-1 Tex-KL djl4::Tn903d1lacZ/pHRO18

HOLD254-2 Tex-KL djl4::Tn903d1llac Z/pHRO25

Plasmids

pGEM-T Easy Amp’, lacZ, general cloning vector
pUC19 Amp’, parental cloning vector
pBR322 oriR (ColE1); Amp® Tc"
pHC79 Wide-host-range pBR322 origin cosmid vector; Amp" Tc"
pLAW317 psL MCS® oriT(RK2) Cm'loxP oriR(ColE1l) Amp'loxP
pLAW330 pLAW317:Tn903dllacZ tnpA(Tn903) oriR(f1)
pMMB207 RSF1010 derivative, IncQ lac I9 Cm* Ptac oriT
pMMB207¢c pMMB207 with 8-bp insertion in mobA; Mob
pHRO1 Tn903dIllacZ-containing HindlIll fragment from HOLD254 in pBR322
pHRO2 Tn903dllacZ-containing BamHI fragment from HOLD491 in pBR322
pHRO3 Tn903dIliacZ-containing HindIII fragment from HMLD4001 in pBR322
pHRO4 Tn903dMlacZ-containing HindIII fragment from HMLD4002 in pBR322
pHRO17 Amp®; 4-kbp Scal-EcoRI fragment containing djli4 gene in pUCI19
pHROIS8 4-kbp Pst-EcoRI fragment containing dji4 from pHRO17 in pMMB207¢
pHRO24 PCR fragment of djl4 cloned into pGEM-T Easy vector
pHRO25 EcoRI-Pstl fragment (1,155 bp) containing djl4 from pHRO24 cloned into

pMMB207c

This study

¢ MCS, multiple-cloning site.

phimurium, Klebsiella pneumoniae, and Vibrio cholerae. DjlA
carries the J-domain characteristic of the Dnal/Hsp40 family
and is essential for interaction with the Hsp70 homologue,
DnakK, by increasing its ATPase activity (67). Overproduction
of DjlA stimulates colanic acid production in E. coli (15, 16, 27,
73). Analysis of the DjlA null mutant demonstrated that the
gene was not essential for viability (16). Although DjlA homo-
logue is present in L. preumophila (10), the role of this gene in
pathogenesis has yet to be determined.

In this study, we investigated the role of the djl4 gene in
avoidance of fusion with lysosomes and its role in organelie
trafficking within macrophages and in bacterial resistance to
environmental stresses such as oxidative products, high tem-
perature, high salt concentrations, and acidic pH.

MATERIALS AND METHODS

Bacterial Strains, plasmids, and media. The bacterial strains and plasmids
used in this work are described in Tables 1 and 2. The L. dumoffii Tex-KL strain
and its derivatives were grown on buffered charcoal-yeast extract (BCYE) agar
plates or in buffered yeast extract (BYE) broth. BYE broth was based on the
formation of BCYE, but the charcoal and agar were omitted. E. coli DH5a
(Toyobo Co., Lid,, Osaka, Japan) was used for the majority of the cloning
experiments. As required, antibiotics were used at the following concentrations:
kanamyein (KM), 30 pg/ml; chloramphenicol (CM), 5 or 20 pg/mi (for L. du-
moffii); KM, 30 pg/ml; ampicillin (AMP), 50 pg/ml; CM, 20 pg/ml (for E. coli).

Cell culture. J774A.1 macrophages (JCRB9108), refered to as J774 in this
paper, were derived from mouse macrophage-like cells. The cell line A549

(JCRBO0076) was donated by the Health Science Research Resources Bank,
Osaka, Japan. The cells were established from a human alveolar epithelial
carcinoma and have characteristics of well-differentiated type II pneumocytes.
J774 cells and A549 cells were cultured in RPMI 1640 medium (GIBCO, Grand
Island, N.Y.) supplemented with 10% fetal bovine serum (FBS; Dainippon

TABLE 2. Strains of Legionella species used and their
clinical relevance

Legionella strain Source Clinical
relevance
L. pneumophila serogroupl (ATCC 33153) Human Yes
L. pneumophila serogroupt (ATCC 33215} Human Yes
L. dumoffii (ATCC 33343) Human Yes
L. longbeachae (ATCC 33462) Human Yes
L. micdadei (ATCC 33218) Human Yes
L. bozemanii (ATCC 33217) Human Yes
L. feelei (ATCC 35849) Human Yes
L. gormanii (ATCC 33297) Soil Yes
L. jordanis (ATCC 33623) Water Yes
L. quinlivanii (ATCC 43830) Water No
L. moravica (ATCC 43877) Water No
L. gratiana (ATCC 49413) Water No
L. geestiana (ATCC 49504) Water No
L. rubrilucens (ATCC 35304) Water No
L. worsleiensis (ATCC 49508) Water No
L. jamestowniensis (ATCC 35298) Soil No
L. adelaidensis (ATCC 49625) Water No
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Pharmaceutical, Osaka, Japan). dcanthamoeba culbertsoni (44) was propagated
at 28°C in 25-cm? flasks (Falcon) containing 8 ml of peptone yeast extract glucose
(PYG) and AC buffer (PYG + AC) (9, 46).

DNA manipulation. Restriction enzymes and T4 DNA polymerase were pur-
chased from Takara Shuzo Co., Ltd. (Kyoto, Japan) and Toyoba Co., Ltd.
(Osaka, Japan). Calf intestine alkaline phosphatase was purchased from New
England Biolabs Inc. (Beverly, Mass.). PCR amplification was performed by
using The Ready To Go PCR-Beads (Amersham Pharmacia Biotech, Piscat-
away, N.J.) or Ex-Taq polymerase {Takara, Kyoto, Japan). Oligonucleotides used
for PCR amptlification were purchased from Japan Flour Co., Ltd. (Tokyo,
Japan). Plasmid DNA was isolated from E. coli and L. dumoffii by using the
Wizard Plus Mini Prep (Promega, Madison, Wis.) or the alkaline Iysis method
(58). Chromosomal DNA of L. dumoffii was purified using the Genomic Prep
cells and tisgsue DNA isolation kit {Amersham Pharmacia Biotech). Electropo-
rations were performed with a Bio-Rad Gene Pulser, as recommended by the
manufacturer. Purification of DNA fragments from agarose gels for subcloning
or labeling was carried out with a GEX PCR DNA and gel band purification kit
(Amersham Pharmacia Biotech}.

Transposon mutagenesis and construction of a bank of mutants. L. dumoffii
was mutated with the Tn903 derivative Tn903dIllacZ. as described previously
(68). Tn903dIllacZ confers KM resistance (Km") and contains a 5'-truncated
lacZ gene. Briefly. after electroporation of plasmid pLAW330, containing
Tn903dllacZ, into L. dumoffii Tex-KL, bacteria were incubated in BYE broth
for 5 h at 37°C and plated onto BCYE-KM plates. Km" transformants containing
B-galactosidase activity were identified as blue colonies after the the plates were
overlaid with 0.8% agar containing 0.6 mg of 5-bromo-4-chloro-3-indolyl-B-p-
galactoside (X-Gal) per ml. Km® Cm® colonies were saved as simple
Tn903d1lacZ insertion mutants of L. dumoffii.

Southern hybridization. Chromosomal DNA from L. dumoffii strains was
digested with HindI1I, resolved on a (.7% agarose gel in TBE buffer, and blotted
onto a nylon membrane. DNA probes were prepared by random-primed labeling
with digoxigenin-1 1-dUTP. The methods for prehybridization and hybridization
and the washing conditions were the same as described previously (58), and the
procedure for colorimettic detection of hybridized DNA was performed using
the digoxigenin system (Roche Diagnostic Co., Indianapolis, Ind.).

Cloning and sequencing of the chromosemal junction of Tn903dllacZ inser-
tion in the mutants. Genomic DNA from the L. dumoffii mutants was digested
with HindIII or BamHI and ligated to HindIII- or BamHI-digested pBR322. The
ligation was used to transform DH5«;, and the transformation mixture was plated
on Luria-Beriani agar plates containing KM and AMP. Plasmid DNA was ex-
tracted, and the regions flanking Tn903dIlacZ were sequenced with the lacZ
primer (3'-CCCAGTCACGACGTTG-3") and the Km” primer (5'-AATTTAA
TCGCGGCCTCGAG-3"), corresponding to the 5° and 3’ ends, respectively, of
Tn903dIllacZ.

Construction of plasmids for complementation. For wild-type L. dumoffii
genomic library construction, the genomic DNA was isolated from L. dumoffii
and partially digested with Sau3 Al, and fragments of about 40 kb were purified.
The fragments were ligated to the BamHI-digested, calf intestinal alkaline phos-
phatase-treated cosmid vecter pHC79 (31). The ligation products were packaged,
in vitro, using the Gigapackll Gold packaging system {Stratagene). Packaged
hybrid cosmids were then used to infect E. coli strain 7C§257. Recombinant
clones were screened for the presence of a 1,085-bp PCR product (254-45),
amplified using primers 254-4 (5'-GCTTCTTCCTTTCCACCATAA-3') and
254-5 (5'-AGGTAGGCCTTGGGCAATTA-3"), by colony hybridization tech-
niques. The probes used for colony hybridization were labeled with the digox-
igienin random-primed DNA-labeling system (Roche). About 1,000 recombinant
clones from the library were plated on the Luria-Bertani-plus-AMP plates for
screening. Several positive cosmid clones were identified. The 4-kb Scal-EcoRI
fragment containing 234-45 from one of these cosmid clones was cloned into
Hincll-EcoRI-digested pUC19 to generate pHRO17. The recombinant clone
was confirmed to contain 254-45 by Southern blot hybridization. The 4-kb Pstl-
EcoRI fragment from pHRO17 was cloned into shuttle vecter pMMB207c di-
gested with Pstl and EcoRI to generate pHRO18. pMMB207¢ is a nonmobiliz-
able derivative of pMMB207 containing an 8-bp insertion within the mobA gene
(at base 3325) and replicates stably in Legionella spp. (45). pHROIS8 was elec-
troporated into HOLD254 to vield the complemented strain HOLD254-1. The
DNA fragment containing the djl4 gene was PCR amplified from plasmid
pHRO17 by using primer pair djlA-1-EcoRI (5'-GGGAATTCGAGTAGATA
CGAAGCAGGGT-3') and djlA-2-Pstl (3'-GGCTGCAGTTCCACCATAAAC
GGACTACA-3’). EcoRI and Pstl sites (underlined sequences) were incorpo-
rated into these primers, respectively. The 1.155-bp PCR product that was
generated contained 158 bp upstream of the ATG codon of dji4 and 72 bp
downstream of the stop codon of djid4. This PCR product was ligated into the
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PGEM-T Easy vector (Promega), resulting in pHRO24. The 1,155-bp EcoRI-
Pstl fragment from pHRO24 was then cloned into EcoRI-Pstl-digested
pMMB207c, creating pHRO25. The djl4 mutant of L. dumoffii, HOLD254, was
transformed with pHRO23 by electroporation. One of the transformants con-
taining the desired plasmid was designated HOLD254-2. The cloned djl4 gene
was sequenced by using the primer within pMMB207¢ (pMMB207¢-1; 5'-GTG
TGGAATTGTGAGCGGAT-3") and the primer within the djl4 gene (254-3;
5"-GCTGATGGGCTGGATAGCAA-3").

DNA sequence analysis of the region surrounding the djl4 gene. Primer pair
djlA-3 (5'-AAGGATGGTAACTCTGACTCT-3') and pHC79-2 (5'-TTGGAG
CCACTATCGACTAC-3") within the djl4 gene and pHC79, respectively, were
used to amplify the flanking region of the djld gene from the cosmid clone
containing djlA4 gene. This 4-kb PCR product and the 4-kb plasmid DNA within
pHRO17 were sequenced using a primer walking technique. DNA-sequencing
reactions were performed on plasmid templates with the CEQ DTCS-Quick Start
kit (Beckman Coulter, Inc., Fullerton, Calif.} and the CEQ DNA analysis system
(Beckman Coulter, Inc.). The nucleotide sequences and deduced amino acid se-
quences were compared to the GenBank database by using the programs BLASTX
and BLASTP and also to the incomplete genomic database of L. preumophila
Philadelphia I (http://genome3.cpme.columbia.edu/~legion/ngnpi033033). Mo-
tif searches were carried out using the Prosite program.

Intracetlular growth assay. Growth of L. dumoffii in J774 cells and A549 cells
was determined by using a previously described standard intracellular growth
assay (43, 74). L. dumoffii strains were grown in BYE broth to the early
stationary phase. Approximately 2 X 10 bacteria were pelleted, resuspended,
and diluted (1:1,000) in RPMI 1640 tissue culture medium. The bacteria were
then added to J774 ceils and A549 cells (2 x 10° per well) in 24-well dishes to
give a multiplicity of infection (MOI) of about 10. The infected cells were
incubated at 37°C under 5% CO.—air for 1.5 h and washed three times with
phosphate-buffered saline (PBS) to remove extracellular bacteria. To measure
bacterial internalization, 1 ml of sterile distilled H,O was added to the wells to
release intracellular bacteria from the host cells, and CFU were determined by
plating dilutions on BCYE agar plates. To each of the remaining wells, 0.5 ml of
fresh tissue culture medium was added. At 24-h intervals, the intracellular and
extracellular bacteria in each well were combined, and the total CFU was de-
termined by plating the dilutions onto BCYE agar plates. Infection of A. cul-
bertsoni was carried out in an almost identical manner, except that bacteria were
suspended in AC buffer and 0.05% Triton X-100 was added to release intracel-
lular bacteria.

A t of phagosome-lysosome fusion by confocal microscopy. L. dumof-
fii strains were grown overnight to saturation at 37°C in BYE broth. They were
added at an MOI of 25 to 50 to 8 X 10* J774 cells on glass coverslips in 24-weli
tissue culture plates. The plates were centrifuged at 150 X g for 5 min at room
temperature and incubated for 20 min in 5% CO--air at 37°C. Extracellular
bacteria were removed by washing three times with PBS, and fresh tissue culture
medium was added to each well. The plates were returned to the incubator for
4 h. Cells were fixed for 15 min at room temperature in P-PFA (4% parafor-
maldehyde in 1 X PBS [pH 7.4]) (43, 74). Coverslips were immersed in PBS-
0.1% Saponin for 5 min to permeabilize the cells and blocked with 5% FBS in
PBS for 5 min. Lysosomes and late endosomes were stained with rat monoclonal
antibody 1 D4B (1:100) specific for LAMP-1 or Abl 93 (1:100) specific for
LAMP-2, and the bacteria were stained with rabbit anti-L. dumoffii polycional
antibody (1: 10,000) for 1 h. The celis were washed with blocking solution three
times and incubated for 30 min with Cy3-labeled goat anti-rat secondary anti-
body (1:300) and Alexa488-labeled goat anti-rabbit secondary antibody (1:300).
The coverslips were then washed three times with blocking solution. All antibody
dilutions were performed with PBS containing 0.5% FBS and 0.1% Saponin.
Coverslips were inverted onto 1 pl of mounting medium (50% glycerol) on glass
slides (39). Fluorescence was viewed using a Radiance 2100 MP confocal micro-
scope (Bio-Rad Laboratories, Richmond, Calif.). Alexa488- and Cy3-labeled
secondary antibodies were purchased from Melecular Probes (Eugene, Oreg.).
Rat monoclonal antibodies to LGP107 (mouse LAMP-1) and LGP9 (mouse
LAMP-2) were purified from mouse liver lysosomal membranes, as described
previously (23).

Quantification of phagosome-lysosome fusion by electron microscopy. To la-
bel cell lysosomes, 1774 macrophages were incubated with bovine serum albumin
(BSA)-conjugated colloidal 15-nm-diameter gold particles (BSA-gold) over-
night, chased for 3 h, and pulsed with stationary-phase L. dumoffii strains at an
MOT of 50 (19, 33). At 4 h postinfection, the cells were fixed and processed for
electron microscopy as previously described (66). Briefly, infected macrophages
were fixed with 2% glutaraldehyde and then with 1% OsQ,, dehydrated with
ethanol, and embedded in Epon. Ultrathin sections were stained with uranyl
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