


Host-Dependent Effector Translocation

Figure 9. Real time analysis of effector translocation by L. pneumophila. A. Real time detection of CCF4 hydrolysis mediated by TEM-LepA
translocation in J774 cells fronk. pneumophilaat various multiplicity of infection (MOI). B. Effect of MOI on the apparent maximal rate of product
accumulation mediated by translocated TEM-LepA effector. The blue dotted line represents the ideal correlation between MOI and the apparent
maximal rate of product accumulation (correlation coefficient of 1). C. Effect of antibody opsonization of the translocation efficiency of TEM-Ral

TEM-LepA and TEM-LegA3. D. Rate of product accumulation mediated by translocated TEM-RalF, TEM-LepA or TEM-LegA3 effectors as function of

time in the presence or absence of antibodies. Legend of panel C applies also to panel D. Rates of product accumulation are expressed as arbitrary
unit per unit of time (min.). The presented data are from a representative experiment.
doi:10.1371/journal.ppat.1000501.g009

(Figure 4). Thus, activity of the Icm/Dot system does not relgen system. However, inhibitor-mediated collapse of the PMF also
novaynthesis of structural or effector proteins. This reinforces theesults in a 30% drop of the ATP level which could also explain
notion that the Icm/Dot system is in a “locked and loaded” statethe loss of Icm/Dot activity. We can think of at least two ways that
beforeL. pneumophdacounters a target cell. Although Icm/Dot- energy may be required for Icm/Dot- dependent RBC lysis.
dependent effector translocation and pore forming activity areEnergy may be required to assemble a functional TFSS from pre-
insensitive to many antibiotics and even to sodium azide, we foundxisting components. Alternatively, PMF may be required to
that the same Icm/Dot-dependent processes are strongly butranslocate pore-forming protein molecules to the RBC membrane
reversibly inhibited by the protonophore CCCP. The pH gradient and other target cells. Although PMF would be an immediate and
across the bacterial membrane generated by the respiratory chaiconvenient source of energy to assemble or power the Icm/Dot
is used as an energy source to power the flagellar motor and iosystem, the interpretation of experiments using inhibitors of the
antiporters. This proton motive force (PMF) has recently beerPMF is challenging and further studies will be required to
shown to be required for activity of the Type Il secretion systemascertain the role of PMF in lcm/Dot effector translocation.
which functions as a proton-driven protein exporter [35,36]. It is  Only a very limited number of molecules were capable of acting
tempting to speculate that the PMF also powers the Icm/Dot directly on lcm/Dot activities. In contrast, many more molecules
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Figure 10. L. pneumophila with macrophages under complement-opsonized or non-opsonized conditions (A) and antibody-
opsonized conditions (B).
doi:10.1371/journal.ppat.1000501.g010

(2 uM) and nocodazole (26M). L. pneumophila strains were grown  were revealed with the SuperSighialest Dura detection system
in liquid media ACES RN-(2-acetamido)-2-aminoethanesulfonic (Pierce) and Biomax films (Kodak).

acid]-buffered yeast extract (AYE) or on solid media ACES-

buffered charcoal yeast extract (CYE) plates. Chloramphenicofransiocation assay in J774 and CHO FcR-expressing cells

and kanamycin were used respectively atgfmL and 50 ug/ Translocation assay in J774 or CHO FcR cells were performed
mL. Rabbit polyclonal anti-Legionella antibodies were obtainedas previously described [16]. Briefly, 24H prior to infection J774
by immunizing rabbit with purified major outer membrane cells grown in RPMI 1640 (Invitrogen) containing 10% FCS were

protein (MOMP) [70]. seeded in black clear-bottom 96 well plate at10P cells/well.
) ) ) CHO cells were grown in Ham’s F12 nutrient mixture (Invitrogen)
L. pneumophila strains and plasmids containing 10% FCS and seeded in black clear-bottom 96 well

All of the experiment described here were performed With  plate at 510" cells/well. When the infections were performed in
pneumophila Philadelphia-1 derived strain JR32 [71] or with KS79 presence of antibodies or inhibitors, J774 or CHO cells were pre-
[16], a constitutively competeromR mutant of JR32. AdotA incubated for 30 min. prior to infection in complete media
deficient strain of KS79 was constructed by transforming KS79ontaining the anti-Legionella antibodies (1:200 dilution) and/or
with genomic DNA extracted from the JR3RtA:Tn903dlllacZ  inhibitors. L. pneumophila strains carrying the various blaM fusions
strain LELA3118 [71]. Plasmids expressifidactamase effector were grown on CYE plates containing choramphenicqlgfmL)
protein fusions were constructed as previously described [164nd then streaked on CYE plates containing chloramphenicol and
Briefly, PCR product of the effector gene was digested witt0.5 mM IPTG and grown for 24H to induce expression of the
appropriate restriction enzymes and cloned in the Kpnl-Smal-hydrid proteins. Bacteria were resuspended in RPMI 1640 or F12
BamHI-Xbal polylinker of pXDC61. Plasmids were transformed nutrient mixture to obtain varying MOI (assuming OD=1 is

into KS79 or KS79dotA by natural transformation [72]. about 1.4<10° cfu/mL) and each well is infected with 10 of
the suspension. After centrifugation (900 g, 10 min.) to initiate
Analysis of production of TEM fusion proteins bacterial-cell contact the plate was shifted t6G3and incubated

Bacterial lysates were prepared frampneumophila suspension  for one hour in a CQ incubator. Cell monolayers were loaded
used for translocation assays (see below). Aliquots were boiled feith CCF4 by adding 2@l of 6x CCF4/AM solution
5 min. in SDS-PAGE sample buffer and subjected to denaturing(LiveBLAzef™-FRET B/G Loading Kit, Invitrogen) containing
polyacrylamide gel electrophoresis. Proteins from SDS-polyacrylt5 mM Probenecid (Sigma). The cells were incubated for 2 hours
amide gels were electrophoretically transferred to nitrocellulosat room temperature, fluorescence was quantified on an Victor
sheets (Schleicher and Schuell) and subsequently stained witlicroplate reader (Perkin-Elmer) or Infinite M200 plate reader
Ponceau S (Sigma) to check the loading of the lanes. Sheets wéld&=CAN) with excitation at 405 nm (10-nm band-pass), and
analyzed by Western blotting with monoclonal antibody directedemission was detected via 460-nm (40-nm band-pass, blue
to the TEM-1 B-lactamase (fg/mL, QED Bioscience) as a fluorescence) and 530-nm (30-nm band-pass, green fluorescence)
primary antibody and an anti-mouse peroxidase conjugatefilters. Translocation was expressed as the ratio of fluorescence
(20 nG/mL, Pierce) as secondary antibody. Nitrocellulose sheetsmitted at 460 nm and 530 nm (Emission ratio 460/530).
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HTS-formatted effector translocation assay, screening of In contrast to fluorescein isothiocyanate (FITC) the FSE reagent
bioactive molecules libraries and 1C50 determination does not compromise bacterial viability and allows labeling of live
Screening of the bioactives libraries was conducted at th- Peumophila [22]. L. pneumophila from 1 mL overnight cultures in
National Screening Laboratory for the Regional Centers of”\YE were washed three times in 50 mM potassium phosphate
Excellence in Biodefense and Emerging Infectious Diseas®H 8.0) and resuspended in 1 ml 50 mM potassium phosphate

(Boston, MA). On the day preceding the infection J774 cells ifPH 8.0). FSE was solubilized in DMSO at 10 mG/mL and A0
were seeded in black clear-bottom 384 well plate (Costaryz’3 ~ Were added to the bacterial suspension. The bacterium-FSE
cellsiwell in 25uL of RPMI 1640 containing 10% FCSL. mixtures, in 1.6-ml plastic centrifuge tubes, were periodically

pneumophila carrying the blaM-LepA fusion was grown on CYE inverted t_hroughout a_20-min incubation at room temperature.
plates containing choramphenicol ¢§/mL) and then streaked on The reaction was terminated by resuspending the bacteria in M63

CYE plates containing chloramphenicol and 0.5 mM IPTG and salts and washed three times in M63 salts. Live bacteria were
grown for 24H to induce expression of the hybrid protein. finally resuspended atx@0® cfu/mL in complete RPMI media

Libraries of bioactives were arrayed in 384-well plates at 5 mG/""nd fluorescence of the fluorescein-labeled bacterial(Eample)
mL in DMSO and 0.1uL of the molecule solution were "WaS guantified on an Victor microplate reader (Perkin-Elmer) with

transferred per well of the plates containing the J774 cells(.9XCitation at 485 nm (10-nm band-pass filter) and emission at 530-

Bacteria were then resuspended in RPMI 1640 to OD=0.21 nm (30-nm band-pass filter). 24H prior to infection J774 cells

3x10° bacteria/mL h Il is infected with f th grown in RPMI 1640 (Invitrogen) containing 10% FCS were
(3% acteria/ml) each well is infected with i of the seeded in black clear-bottom 96 well plate at10P cells/well.

suspension. After centrifugation (900 g, 10 min.) to initiateB f the infecti di laced with fresh let
bacterial-cell contact the plate was shifted t6G3@nd incubated elore the infection, media was replaced with iresh complete
RPMI 1640 alternatively containing phagocytosis inhibitors and

for one hour in a CQ incubator. Cell monolayers were loaded cells were incubated for 30 minutes. Each well is then infected
with CCF4 by adding 6ul of 6x CCF4/AM solution (LiveBLA- with 104l of the bacterial suspension (MOI=20). After

™ i . : -
zer V-FRET B/G Loading Kit, Invitrogen) containing 15 mM . . . L .

Probenecid (Sigma). Thegcells were ingt]:ub)ated for 2 r?ours at roo entrifugation (6.00 g, 10 mln.). to Initiate bacterlgl-qell contact
femperaure_and fluorescence was auanified on-an Vieoy ® D V98 e 0 2 nd nubeted o130 mn a8
microplate reader (Perkin-Elmer). Screening was carried out i 0 uL/well of a trypan blue solution (0.25 mg/mL trypan blue,

duplicate. IC50 determination were performed similarly using 2.5--" .
fold serial dilution of the considered molecules in 384 well platezo'g/0 NaCl, 13 mM citrate buffer pH 4.4) to quench the

The dose-response data were fitted with the GNU General Publi luorescence of non-internalized bacteria. After a 1 min. incuba-

. . ) - ion at room temperature fluorescence of the internalized bacteria
Licensed software QtiPlot using the four parameter logistic mOdewas quantified on an Victor microplate reader (Perkin-Elmer) with

excitation at 485 nm (10-nm band-pass filter) and emission at 530-
nm (30-nm band-pass filter). Data were expressed as the
. percentage of fluorescence of input bacteria that is resistant to
Red blood cell lysis and measurement of ATP levels trypan blue quenching (fluorescence input bacteria/fluorescence
Sheep red blood cell (RBC) were washed in PBS anqnternalized bacteriac100). Alternatively, bacterial internalization

H \
resuspended in RPMI at at>810° RBC/mL and 200 ul were iy the presence of inhibitors is expressed as the percentage of
distributed in 96 well plates. Legionella from overnight AYE jyiernalization of the untreated sample.

cultures were resuspended in RPMI akl0°/mL. The RBC
were infected with 5Q.L of the bacterial suspension (MOI =5) by
centrifugation at 600 g for 5 minutes and then incubated atC37
for up to one hour. Where indicated, CCCP was added to the
bacterial:RBC mixture immediately prior to centrifugation. After
the incubation, the mixtures of bacteria and RBC were
resuspended and then centrifuged again at 600 g for 5 minute
The absorbance of hemoglobin in the supernatants was the
measured at 415 nm. Effect of CCCP (B1) on bacterial ATP
levels was measured on the same bacterial suspension used in R
lysis experiment. Before addition of CCCP a 20 uL aliquot wa:
removed and added to gL TCA 10%. After a 5 minute

according to theAssay Guidance Manual Version 5.0 (Eli Lilly and
Company and NIH Chemical Genomics Center).

Phagocytosis assay by immunofluorescence microscopy
Phagocytosis assay by immunofluorescence microscopy were
performed as by Hilbiet al. [46]. An IPTG-inducible GFP-
expressing plasmid fdr. pneumophila was constructed by cloning a
EcoRI/Hindlll-digested PCR product of gfp in pMMB207C
iving pXDC31. Gfp-expressing JR32/pXDC31 strain used for
e infections was grown to stationary phase in AYE broth
taining 0.5 mM IPTG to induce Gfp expression. Before
ction, the bacterial cultures were filtered through @n5 filter
Sto remove filamentous bacteria and then diluted in RPMI 1640.
. : . J774 cells on polylysine-coated round coverslips in 24-well plates
incubation, 20 ulL Of. _Trls-Acetate .1 M pH 7.75 were added were infected with bacteria at an MOI of 20. Alternatively J774
followed by the add_ltlon O.f 164L 'Ce'CO'F’_ H20. The same cells were preincubated with polyclonal anti-Legionella antibodies
procedure was u_sed |m_med|atgly afte_r addition of CCCP and afteEdilution 1:200) in complete RPMI 1640 for 30 minutes. The
15, 30. gnd 60 _mlnutes incubation period af€7 ATP levels were bacteria were centrifuged onto the phagocytes (700 g, 10 min) to
qyant'f!Ed using Prome_ga E.NLITBN ATP Assay Sys_tem synchronize infection and incubated for another 30 min a7
Bioluminescence Detection Kit. ATP levels after addition of ¢acteq macrophages were washed five times with DPBS and

CCCP were expressed relatively to the untreated sample. fixed for 15 min with DPBS containing 3.7% formaldehyde
hydrolyzed from paraformaldehyde. The fixed cells were washed
Phagocytosis assay of E. coli and L. pneumophila by three times, blocked for 30 min with 5% non-fat milk in DPBS
trypan blue quenching and incubated for 1 h with a rhodamine-conjugated rabbit anti-
E coli and L. pneumophila phagocytosis was measured by trypan pneumophila Philadelphia-1 antibody, diluted 1:100 in blocking
blue quenching as previously described [40,41]. Heat-kiledli buffer. After washing five times, the coverslips were mounted onto

were fluorescent labeled using fluorescein isothiocyanate (FIT@hicroscopy slides using the mounting media Vectashield Hardset
[73]. L. pneumophila were fluorescein-labeled with 5,6-Carboxy- (Vector Laboratories). The samples were viewed with a 100X oil
fluorescein succinimidyl ester (FSE) as previously described [22fnmersion phase-contrast objective on an inverted fluorescence
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microscope (Nikon Eclipse TE200) equipped with fluorescein and20 uL of complete CO2IM containing 2M CCF4/AM, 15%

Texas red filter sets. v/v solution C and 4 mM probenecid. Bacteria from CYE plates
(5 ug/mL chloramphenicol and 0.5 mM IPTG) were resuspended
siRNA knockdown of CD45 in THP-1 cells in CO2IM to obtain various MOI (assuming OD=1 is about

THP-1 cells in exponential growth were electroporated with 1.4x10° cfu/mL) and each well is infected with 30 of the
siRNA duplexes to human CD45tfrc) obtained from Santa-Cruz ~ Suspension. After centrifugation (900 g, 10 min.) to initiate
biotechnology and Qiagen using Amaxa’s Nucleoféttechnol- bacterial-cell contact the plate was plated into a plate reader
ogy. THP-1 cells (¥10° cells) were resuspended in 300 of  (Infinite M200, Tecan) preset at 3Z and the infections took
Nucleofectd® solution V containing 2uig of siRNA and place in the plate reader. Cells were excited at 405 nm and
electroporated with program V-01. Fresh media containingfluorescence of substrate (CCF4) and product (released coumarin
10 ng/mL phorbol 12-myristate 13-acetate (PMA) was added tomoiety of CCF4) was recorded respectively at 530 nm and
the electroporation cuvette and cells were allowed to recover an60 nm at 120 seconds intervals. Assays were carried out in
differentiate in 96-well (20@L/well) for 48H. Translocation triplicate wells and data were collected with Magellan software
assays were then performed as described for J774 cells. CD¥8.4 (Tecan) and then automatically processed in Excel (Micro-
protein levels were analyzed by western-blot using anti-CD4%o0ft) essentially as described by Mitlsl. [57] : Data from
polyclonal antibody (Santa Cruz Biotechnology). triplicate wells were averaged and fluorescence values of blank

(well without cells) were subtracted from fluorescence values

recorded at 460 nm and 530 nm. The 460/530 nm ratio was
Differentiation of bone-marrow derived macrophages calculated and smoothed with a moving average in a 5 points
(BMM) window. The product concentration ([P], arbitrary units) were

BMM were obtained from wild-type andtpriTM2 /TM2 calculated as previously described [57] : [PlakR Poi)/
Ptpre2 /2 knockout C57BL/6 mice. BMMs were prepared by (S2 Soi) where Ry, is the product fluorescence measured at
culturing mouse BM cells in BMM media (RPMI-1640 with 10% 460 nm; Ry, background fluorescence at 460 nny; Sieasured
FCS and 10% culture supernatant from L929 CMG cells substrate fluorescence at 530 nm at T=0; Sblk, background
producing M-CSF). Macrophages were used for experimentdluorescence at 530 nmg 8ormalizes the well-to-well variation in
between days 5 and 8 of culture. For translocation and uptakéumber of J774 cells. The rate of product formation, AppV,
assays, BMMs at day 5 or 6 were plated in 96-well tissue culturéalues were extracted from the data by subtracting each [P](t) with

plates (Costar) in BMDM media at<L0° per well. BMM were its predecessor, [P](t-1), divided by 120 seconds, which is the time
obtained from two individual mice per genotype. interval between each two measurements. AppVmax is the highest

rate of product formation reached during the translocation
process.
Binding assays
Binding assays were performed with BMM plated at10°  Supporting Information

cells/well in 24-well plates. Cell monolayers were pre-cooled tq:igure s1 Effect of CD45 knock-down by SiRNA on effector
4°C and infected witfL. pneumophila JR32 at an MOI of 20. After  yanqiocation in THP-1 cells. A. Western-blot analysis of CD45

centrifugation (1000 g, 10 min.’@), L. pneumophila was allowed o, eqsion level in THP-1 cells after SIRNA treatment. B.
to interact with macrophages for 30 min. atGlto prevent  rrangiocation of the LepA effector in siRNA-treated THP-1 cells.

phagocytosis. Unbound.. pneumophila were removed by five  £qnq at: doi:10.1371/journal.ppat.1000501.5001 (0.29 MB TIF)
washes with ice-cold PBS, the cell monolayer was then lysed with

1 mL of distilled water and serial dilutions were spread on CYETable S1 Complete list of all tested bioactive molecules (Biomol,

plates for enumeration of bourld pneumophila. NINDS and Prestwick collections).
Found at: doi:10.1371/journal.ppat.1000501.s002 (0.31 MB XLS)

Real-ti | . in 774 cell Table S2 List of the 86 molecules from the initial screening
eal-time transiocation assay In cells which showed more than 50% of inhibition.

24H prior to infection J774 cells grown in RPMI 1640 ¢, nq ot doi:10.1371/journal.ppat.L000501.5003 (0.04 MB XLS
(Invitrogen) containing 10% FCS were seeded in black clear- T J -ppat. ' ©. )

bottom 96 well plate (Corning) atdL0° cells/well. The day of the
experiment J774 cells were pre-loaded with CCF4 as follow. Cell
were washed once with C&ndependent media (Gibco Invitro- We thank Dr. Craig Roy for supplying the CHO cells that express the wild-
gen Corporation, Cat. No. 18045) supplemented with 20 mM L- type Fc receptor and Drs. Zena Indik and Alan Schreiber for kindly
glutamine. Media then was replaced with 100 of CO,- providing the CHO cells expressing the mutant Fc receptor. High-
independent media supplemented with L-glutamine and 10%throughput screening capability was provided by the National Screening

. Laboratory for the Regional Centers of Excellence in Biodefense and
FCS (complete CO2IM) plus 20L of 6X CCF4/AM solution g0 i’ infectious Diseases (NIAID US4 AI057159). We are grateful to

(6uM CCF4/A_M 20 mM probenecid 'n_ 5% viv solution B and Dr. Raphael Clynes for advice concerning Fc receptor biology. We also
67% v/v solution C prepared as described by the manufacturerhank Courtney Plumlee for her generous assistance on the differentiation
LiveBLAzerM-FRET B/G Loading Kit - Invitrogen) and cells of BMM. We thank members of the Shuman Lab for helpful discussion
were incubated 40 min. at 28. Solution B and C are from and comments on the manuscript.

LiveBLAzerM-FRET B/G Loading Kit and are respectively

100 mg/mL Pluroni®-F127, 0.1% acetic acid in DMSO and Author Contributions

24% wiw PEG 400, :_LS% TR40 in _volume In water. C_ells WET€ conceived and designed the experiments: XC JEG HAS. Performed the
then washed once with wash mediau{@ CCF4/AM - without  experiments: XC JEG MR. Analyzed the data; XC JEG JZ AW HAS.
solution B and C, 4 mM probenecid, 20 mM L-glutamine in Contributed reagents/materials/analysis tools: JZ AW. Wrote the paper:
CO.-independent media) and wash media was replaced wittC JEG HAS.
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