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INTRODUCTION

The Dot/lcm-translocated Ankyrin B (AnkB) F-box effector of Legionella pneumophilais essential
for intra-vacuolar proliferation and functions as a platform for the docking of polyubiquitinated
proteins to the Legionella-containing vacuole (LCV) within macrophages and ameba. Here we
show that ectopically expressed AnkB in Dictyostelium discoideum is targeted to the plasma
membrane where it recruits polyubiquitinated proteins and it trans-rescues the intracellular
growth defect of the ankB null mutant, which has never been demonstrated for any effector
in ameba. Using co-immunoprecipitation and bimolecular fluorescence complementation we
show specific interaction of Skp1 of D. discoideum with the Fbox domain of AnkB, which has
never been demonstrated in ameba. We show that anchoring of AnkB to the cytosolic face of
the LCV membrane in D. discoideum is mediated by the host farnesylation of the C-terminal
eukaryotic CaaX motif of AnkB and is independent of the F-box and the two ANK domains, which
has never been demonstrated in ameba. Importantly, the three host farnesylation enzymes
farnesyl transferase, RCE-1, and isoprenyl cysteine carboxyl methyl transferase of D. discoideum
are recruited to the LCV in a Dot/lcm-dependent manner, which has never been demonstrated
in ameba. We conclude that the polyubiquitination and farnesylation enzymatic machineries of
D. discoideum are recruited to the LCV in a Dot/lcm-dependent manner and the AnkB effector
exploits the two evolutionarily conserved eukaryotic machineries to proliferate within ameba,
similar to mammalian cells. \We propose that L. pneumophila has acquired ankB through inter
kingdom horizontal gene transfer from primitive eukaryotes, which facilitated proliferation of
L. pneumophila within human cells and the emergence of Legionnaires’ disease.
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mophila disrupts the phagosomal membrane and escapes into the

Legionella pneumophila is a facultative intracellular Gram-negative
bacterium that is ubiquitous in aquatic environments (Fields,
1996; Harb et al., 2000; Bitar et al., 2004; Molmeret et al., 2005).
L. pneumophilainvades and replicates within fresh water amebae and
ciliated protozoa. The co-evolution and bacterial adaptation to pro-
tozoan hosts is thought to be a factor for the ability of L. pneumophila
to proliferate within human cells and cause disease (Harb et al., 2000;
Swanson and Hammer, 2000; Molmeret et al., 2005). The trans-
mission of L. pneumophila to humans takes place by inhalation of
L. pneumophila-contaminated aerosols. L. pneumophila reaches the
alveoli, where it infects and replicates within alveolar cells leading to
an atypical pneumonia known as Legionnaires’ disease (Kaufmann
et al., 1981). Remarkably, the life cycle of L. pneumophila within
amebae and macrophages is similar (Fields et al., 2002). Within both
host cells, the Legionella-containing vacuole (LCV) evades targeting
to and degradation by the endosomal-lysosomal pathway and is
remodeled by the endoplasmic reticulum (ER). During late stages of
intracellular proliferation within macrophages and ameba, L. preu-

host cell cytosol where various virulence traits are triggered to enable
egress of the bacteria to the extracellular environment (Molmeret
et al., 2004, 2010; Al-Khodor et al., 2010).

Efficient formation of a replication vacuole and successful intra-
cellular growth of L. pneumophila requires the Dot/Icm type IV
secretion system (Purcell and Shuman, 1998; Vogel et al., 1998). It
is estimated that >200 effectors are translocated into the host cell
by the Dot/Icm secretion system, but most of the studied effectors
are dispensable for intracellular proliferation (Isberg et al., 2009).
The Dot/Icm-translocated AnkB effector is one of very few excep-
tions, since it plays a major role in intracellular proliferation within
macrophages and protozoa and is essential for intrapulmonary
proliferation of L. pneumophila in the mouse model (Al-Khodor
et al., 2008, 2010; Habyarimana et al., 2008; Price et al., 2009).
The majority of the structure of AnkB is composed of eukaryotic
domains and motifs that include an F-box domain, two Ankyrin
repeats and a C-terminal CaaX farnesylation motif (Al-Khodor
et al., 2008, 2010; Habyarimana et al., 2008; Price et al., 2009).
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Legionella pneumophila is one of many intracellular bacterial
pathogens that exploit the host polyubiquitination machinery
(Dorer et al., 2006; Price et al., 2009, 2010a,b; Al-Khodor et al.,
2010). Ubiquitination is a highly conserved eukaryotic post-
translational process that covalently links ubiquitin monomers to
target the protein to proteasomal degradation or to modulate its
function (Kerscher et al., 2006). We have shown that AnkB mimics
the action of host cell F-box proteins by functioning as a plat-
form for the docking of polyubiquitinated proteins to the LCV
within evolutionarily distant hosts; macrophages and ameba (Price
et al., 2009, 2010b; Al-Khodor et al., 2010). Moreover, the F-box
domain of AnkB interacts with mammalian Skp1; a component of
the SCF1 (Skp1, Cullinl, F-box) ubiquitin ligase complex (Zheng
et al., 2002). However; it is not known whether AnkB interacts
with Skp1 of ameba.

In addition to exploitation of the host cell polyubiquitination
machinery by AnkB, L. pneumophilaalso exploits the host farnesyla-
tion machinery via the C-terminal CaaX motif of AnkB to anchor
the F-box effector into the cytosolic face of the LCV membrane
(Price et al., 2010b). Farnesylation is a post-translational modifi-
cation of eukaryotic proteins, which involves farnesyl transferase
(FTase)-mediated addition of a 15 carbon lipid moiety at the con-
served cysteine residue of the CaaX motif (Wright and Philips,
2006). After farnesylation, the “aaX” tri-peptide is cleaved by an
endoprotease (RCE1 protease; Boyartchuk et al., 1997) followed
by carboxyl methylation by isoprenyl cysteine carboxyl methyl
transferase (IcmT; Dai et al., 1998; Bergo et al., 2000). This post-
translational modification process increases protein hydrophobic-
ity to enable anchoring of a hydrophilic protein to the lipid bi-layer
of membranes. It is not known whether farnesylation of AnkB
occurs locally at the LCV within Dictyostelium discoideum through
selective recruitment of the farnesylation enzymatic machinery
or that it occurs at other cellular sites and is trafficked back to
the LCV. It is also not known whether, in addition to the CaaX
farnesylation motif, any of the three eukaryotic domains of AnkB
are involved in specific targeting of AnkB to the LCV membrane
within D. discoideum.

We show that anchoring of AnkB to the cytosolic face of the
LCV membrane in D. discoideum is mediated by the ameba far-
nesylation machinery, and is independent of the three eukaryotic
domains of AnkB (F-box and the two ANK domains). Importantly,
the three farnesylation enzymes FTase, RCE-1, and IcmT of D. dis-
coideum are recruited to the LCV in a Dot/Icm-dependent manner.
We conclude that the farnesylation and polyubiquitination enzy-
matic machineries of D. discoideum are recruited to the LCV in a
Dot/Icm-dependent manner and the AnkB effector exploits the
two evolutionarily conserved eukaryotic machineries to proliferate
within ameba and human cells.

MATERIALS AND METHODS

BACTERIAL STRAINS AND CELL CULTURES

Legionella pneumophila serogroup 1 parental strain AA100/130b
(ATCC BAA-74) and the isogenic mutants; dotA, ankB, in addi-
tion to complemented ankB mutants were described previously
(Al-Khodor et al., 2008; Price et al., 2010a). They were grown for
72 h on buffered charcoal-yeast extract (BCYE) plates at 37°C
with 5% of CO,. The plates used for the cultivation of dotA and

ank mutant strains were supplemented with kanamycin at a con-
centration of 50 ug/ml, and when required, chloramphenicol at
concentration of 5 pg/ml. Escherichia coli strain DH50. was used
for cloning purposes.

AMEBA CULTURE

Axenic A. polyphagawas cultured as adherent cells in PYG medium
as previously described. The D. discoideum wild type strain AX2 was
grown axenically at 24°C in HL5 medium supplemented with 0.6%
penicillin-streptomycin and G418 20 ug/ml as needed at 24°C as we
described previously (Clarke et al., 1980; Price et al., 2010b).

INTRACELLULAR GROWTH KINETICS

The infection of D. discoideum and A. polyphaga were performed
as described previously (Solomon et al., 2000; Price et al., 2009,
2010Db). Briefly, the exponentially growing A. polyphaga or D. dis-
coideumwere infected for 1 h with bacterial strains at a multiplicity
of infection (MOI) of 10 and incubated at 24°C (D. discoideum)
or 37°C (A. polyphaga). After 60 min of the infection, 50 pg/ml
gentamicin was added to the medium for 1 h to kill extracellular
bacteria. At the time point indicated, the infected cells were washed
two times with PBS (A. polyphaga) or SorC buffer (D. discoideum),
and were lysed with 0.04% Triton X-100. A dilution series of the
cell lysates was plated on CYE medium for 3 days. The number of
bacteria was expressed as the number of CFU/ml. At least three
independent experiments, in triplicate, were performed.

CONFOCAL LASER SCANNING MICROSCOPY

Analyses of infected cells by confocal microscopy were performed as
described previously for both hosts (Habyarimana et al., 2008; Price
etal.,2009,2010b). Briefly, at the time point indicated, the infected
cells were washed three times with cold SorC buffer (D. discoideum)
or PBS (A. polyphaga) and fixed with 4% paraformaldehyde in PBS
for 30 min. The fixed cells were washed and were permeabilized
(cold methanol 30 s) and blocked for 60 min. The 3XFLAG-tagged
proteins were labeled with polyclonal rabbit anti-AnkB (1/200 dilu-
tion) antiserum, followed by Alexa-Fluor 488-conjugated donkey
secondary anti-rabbit IgG antibody (Invitrogen, Carlsbad, CA,
USA). Bacteria were labeled with monoclonal anti- L. pneumophila
antibodies and Alexa-Fluor 647-conjugated donkey anti-mouse
antibody. For ectopic expression of FLAG-ankB in D. discoideum;
FLAG-ankB was labeled with polyclonal rabbit anti-AnkB (1/200
dilution) antiserum. To label the polyubiquitinated proteins,
anti-polyubiquitin FK1 mouse monoclonal antibodies were used
(BIOMOL International/Affiniti, Exeter, UK), followed by appro-
priate Alexa-Fluor conjugated secondary antibodies (Invitrogen,
Carlsbad, CA, USA). Polyclonal rabbit anti-(FT-o. or RCE-1) or
polyclonal goat anti-IcmT antisera were used at 1:50 dilutions
(Santa Cruz). The cells were examined by Olympus Fv1000 laser
scanning confocal microscope as we described previously. On aver-
age, 8—15,0.2 um serial Z sections of each image were captured and
stored for further analyses, using Adobe Photoshop CS3.

ISOLATION OF LCVs

Phagosomes were isolated from post-nuclear supernatants (PNS)
of infected D. discoideum as we described previously (Berger and
Isberg, 1993; Price et al., 2009, 2010b). Post-exponentially grown
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L. pneumophilawere introduced onto monolayers at MOI of 10 by
10 min centrifugation at 300xg, the infection was allowed to proceed
for 1 h. After removing the extracellular bacteria by washing the
cells three times with 10 ml of cold SorC, infected cells were scraped
from the dish using 10 ml of cold SorC. The cells were pelleted by
centrifugation (5 min, 1000 rpm, 4°C), and re-suspended in 2 ml
of homogenization buffer (20 mM Hepes/KOH pH = 7.2,250 mM
sucrose, 5 mM EGTA) containing protease inhibitors (Protease
Inhibitor Cocktail, Sigma) and lysed in a Dounce homogenizer. The
homogenate was transferred to microfuge tubes to separate LCVs
from unbroken cells and nuclei (3 min, 1500 rpm, 4°C). The PNS
containing the LCVs was spun for 5 min at 4°C onto poly L-lysine
coated coverslips, and immobilized by 4% paraformaldehyde for
60 min. The LCVs were labeled with polyclonal rabbit anti-AnkB
(1/200 dilution) antiserum and L. pneumophila was labeled with
DAPI stain followed by Alexa-Fluor tagged anti-rabbit IgG second-
ary antibodies (Invitrogen, Carlsbad, CA, USA).

CHEMICAL INHIBITION OF FARNESYLATION

The inhibitor FTI-277 was re-suspended in DMSO + 0.4 mM DTT
and used immediately for experimental assays, as we described pre-
viously. D. discoideum were treated with 5.0 uM FT1-277 1 h before
the infection. L. pneumophila was used to infect D. discoideum at
MOT of 10 for 1 h followed by treatment with 50 ug/ml gentamicin
for 1 h to kill extracellular bacteria. FTI-277 was maintained in
the growth media throughout the experiment. After 2 h, semi-
purified LCVs were purified and were fixed. Samples were labeled
with polyclonal goat anti- Legionella and rabbit anti-AnkB antisera.
Alexa-Fluor 488-tagged antibodies against rabbit IgG and Alexa-
Fluor 555-conjugated donkey anti-goat IgG antibodies were used
as secondary antibodies (Invitrogen, Carlsbad, CA, USA).

IN VIVO CO-IMMUNOPRECIPITATION

Dictyostelium discoideum were infected with L. pneumophila strains
for 2 h using MOI 50. Semi-purification of LCVs was performed as
mentioned above. The supernatants that contain the semi-purified
LCVs were incubated overnight at 4°C with polyclonal rabbit anti-
AnkB antibodies. One hundred microliter of immobilized pro-
tein G (Pierce, Rockford, IL, USA) were added to the reaction and
incubated for 4 h at 4°C. After removing the unbound proteins by
washing the beads five times with cold PBS, samples were heated
at 96°C for 5 min in sample buffer and subjected to 10.4-15% gra-
dient SDS-PAGE gel electrophoresis. For AnkB-Skp1 interaction,
samples were subjected to immunoblot analysis using an polyclonal
rabbit anti-AnkB antibodies (1/60000 dilution; Price et al., 2010b)
followed by anti-Skp1 (1/200 dilution) antibodies. To test if AnkB is
being modified by farnesylation; samples were immunoblotted with
anti-AnkB antibodies followed by anti-farnesylation antibodies
(1/200 dilution). Immunoblots were visualized using SuperSignal
West Femto substrate (Thermo Scientific).

BiFC AND TRANSFECTION OF DICTYOSTELIUM

To generate D. discoideum fusion constructs; total RNA was
extracted from D. discoideum using the RNeasy Mini Kit (Qiagen,
Valencia, CA, USA) as recommended by the manufacturer. Total
RNA was treated with DNase I (Ambion, Austin, TX, USA) at
37°C for 30 min. Total RNA was used for cDNA synthesis with

Superscript IIT Plus RNase H reverse transcriptase (RT; Invitrogen,
Carlsbad, CA, USA) and random primers. Primers listed in Table 1
were used to amplify Skp1 from the generated cDNA. The resulting
PCR products were cloned in pDM314 (Veltman et al., 2009) to
generate GST-Skp1 fusion or pDXA-CFP/YFP to generate Skp1-YC
(Knetsch et al., 2002) using the standard procedure.

To create NY-ankB and NY-ankB AF-box in pDXA-CFP/YFP;
the ankB gene was amplified from the genome of L. pneumophila
AA100/130b strain. The pBCSK+ vectors that harbors ankB-AF-
box mutant alleles was used as templates to generate ankB-AF-
box fusion as described previously (Price et al., 2009). Primers
were used are listed in Table 1. The PCR product was treated with
restriction enzymes that are mentioned in the table and was sub-
cloned. The ligation products were transformed into E. coli DH50.

Table 1| List of primers used to generate corresponded fusions.

Constructs Primer sequences (5-3’) Restriction sites

NY-ankB F 5"-AGATCTATGAAAAAGA
ATTTTTTTTCTGATCTTC-3
R 5"-ACTAGT TTA ACAAACA
AGGCACTTG-3"

F 5"-AGATCTATGAAAAAGC
AACAGCATATAAA-5

R 5-ACTAGT TTA ACAAA
CAAGGCACTTG-3"

F 5-CTCGAGATGTCTTTAG
TTAAATTAGAATCTTC-3'

R 5-ITCTAGATTAGTTTCCA
CCTTTATCTTCACACC-3’
AnkBBglIF; 5’-AGATCTat
gaaaaagaattttttttctgatcttc-3”
AnkBSpelR; 5-ACTAGT TTA
ACAAACAAGGCACTTG-3
FboxBgllF; 5’-AGATCTat
gaaaaagcaacagcatataaa-3’
FboxSpelR; 5-ACTAGT TTA
ACAAACAAGGCACTTG-3
AnkBA9L10P/AABgIIF
5-AGATCTatgaaaaaga
attttttttctgatg-3”
AnkBA9L10P/AASpelR
5-ACTAGTTTAACAAACA
AGGCACTTG-3
AnkBAA1A2BglIF
5-AGATCTatgaaaaa
gaattttttttctgatcttc-3”
AnkBAATA2 SpelR
5"-ACTAGTTTA ACAAA
CAAGGCACTTG-3"
AnkBA169C/A BgllF
5-AGATCTatgaaaaaga
attttttttctgatcttc-3”
AnkBA169C/A spelR
5-ACTAGTTAACAAA
CAAGAGCCTTG-3’

BsrGl, Xbal

NY-ankB AFbox

BsrGl, Xbal

skp1-YC

Xhol, Xbal

3XFLAG-ankB

Bglll, Spel

3XFLAG-AFbox

Bglll, Spel

3XFLAG-ank
BA°LP/AA

Bglll, Spel

3XFLAG-ank
BAATA2

Bglll, Spel

3XFLAG-ank
BA™C/A

Bglll, Spel
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D. discoideum were transfected by electroporation following stand-
ard protocols (Pang et al., 1999). Cells were harvested at log phase
and washed two times in cold H50 buffer and re-suspended in H50
at a concentration of 2 x 107 cells/ml. One hundred microliters
of cells was then added to a cold 1-mm electroporation cuvette
containing 4 pg of plasmid DNA. Cells and DNA were mixed and
then incubated on ice for 5 min. Two consecutive pulses of 0.85 kV
with a capacitance of 25 mF were applied to the cuvette with a
5-s recovery between pulses. After 5 min of incubation on ice,
the cells from each transformation were plated onto a 100-mm
culture dish containing 10 ml of HL5 and were allowed to recover
for 24 h. Then, the medium was replaced by HL5 containing G418
20 pg/ml.

STATISTICAL ANALYSIS

All experiments were performed at least three times and the data
shown are representatives of one experiment. To analyze for sta-
tistically significant differences between different sets of data, the
two-tail Student’s #-test was used and the p-value was obtained.

RESULT

ECTOPICALLY EXPRESSED AnkB IN D. DISCOIDEUMMEDIATES DOCKING
OF POLYUBIQUITINATED PROTEINS TO THE PLASMA MEMBRANE AND
TRANS-RESCUES THE AnkB NULL MUTANT

We have previously shown that AnkB functions as platforms for the
docking of polyubiquitinated proteins to the LCVs within D. discoi-
deum and macrophages (Price et al., 2009, 2010a; Al-Khodor et al.,
2010). We examined whether an ectopically expressed FLAG-tagged
AnkB in D. discoideum exhibited functional activity in recruitment
of polyubiquitinated proteins. Co-localization of FLAG-AnkB with
polyubiquitinated proteins was observed at the plasma membrane
of FLAG-AnkB-transfected D. discoideum, where AnkB was exclu-
sively localized (Figure 1). To determine the role of the F-box
domain and its two conserved LP residues in the biological function
of ectopically expressed AnkB, we transfected D. discoideum with
the FLAG-AnkB-’L'’P/AA or the FLAG-AnkB-AF-box constructs.
The data showed that the F-box domain of AnkB was indispen-
sable for the biological function of the effector, since ectopically
expressed FLAG-AnkB-’L'°P/AA and FLAG-AnkB-AF-box proteins
failed to function as platforms for the docking of polyubiquitinated
proteins despite their localization to the host plasma membrane
(Figure 1). The C-terminal CaaX farnesylation motif of AnkB was
indispensable for targeting AnkB to the plasma membrane, since
ectopically expressed FLAG-AnkB'®C/A failed to be targeted to the
plasma membrane, which resulted in loss of biological function
in recruiting polyubiquitinated proteins to the plasma membrane
(Figure 1). Interestingly, FLAG-AnkBAA1,2 ectopically expressed in
D. discoideum was localized to the plasma membrane and also dis-
tributed throughout the cytosol, but it had no biological function
as it failed to recruit polyubiquitinated proteins. We conclude that
ectopically expressed AnkB in D. discoideum is biologically func-
tional as platforms for the docking of polyubiquitinated proteins
to the plasma membrane. The farnesylation motif and the ANK
domains are required for targeting AnkB to the plasma membrane
of D. discoideum. However, the F-box domain is not involved in
localization of ectopically expressed AnkB to the plasma membrane
of D. discoideum.

Anti-AnkB Anti-polyUb Merge

FIGURE 1 | Biological function of AnkB as platforms for the recruitment
of polyubiquitinated proteins to the plasma membrane of AnkB-
transfected D. discoideum. D. discoideum was transfected with the
FLAG-ANkB, or FLAG-AnkB'®°C/A, FLAG-AANkB1,2, FLAG-AF-box, or
AnkBP°L™P/AA. Localization of FLAG-AnkB fusion proteins was examined by
confocal laser scanning microscopy. Cells were labeled with anti-AnkB
antibodies (green) and anti-polyubiquitin antibodies (red). The data are
representatives of three independent experiments.

To examine whether the ectopically expressed AnkB would restore
intracellular proliferation to the ankB mutant, D. discoideum cells
transfected with FLAG-AnkB were infected with either the wild type
strain AA100 or the ankB null mutant for 1 h, incubated for a total of
2 and 12 h and analyzed by microscopy for formation of replicative
vacuoles, as we described previously (Price et al., 2009). The data
revealed that there was no detectable proliferation of the ankBmutant
in untransfected D. discoideum. However, the ankB mutant replicated
similar to the wild type strain by 12 h post-infection of transfected
D. discoideum (Figure 2). The dotA translocation-defective mutant
was not trans-rescued by ectopically expressed FLAG-AnkB (data not
shown). Interestingly, the ectopically expressed FLAG-AnkB protein
was detected only at the plasma membrane but not on the LCV. We
conclude that ectopically expressed AnkB in D. discoideum exhibits its
biological function by acting as a platform for the docking of polyu-
biquitinated proteins at the plasma membrane and that is sufficient
to trans-rescue the intracellular growth defect of the ankB mutant
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within the LCV. This is the first demonstration of a trans-rescue of
a mutant of L. pneumophila defective in intracellular proliferation
by ectopic expression of the mutated gene in ameba.

INTERACTION OF Skp1 OF D. DISCOIDEUM WITH AnkB IN VIVO

We have recently shown that AnkB interacts with the mamma-
lian Skp1, but whether AnkB interacts with Skp1 of ameba is not
known. Therefore, a bimolecular fluorescence complementation
(BiFc) approach was used to determine whether AnkB interacts
with Skp1 of D. discoideum in vivo. In the BiFc approach, the yel-
low fluorescence protein (YFP) is expressed as N-terminal (YN)
and C-terminal (YC) non-fluorescent fragments. Restoration of
YFP fluorescence occurs when the two fragments are brought into
proximity by an interaction between two proteins that have been
fused to the YN and YC fragments, respectively (Hu et al., 2002).
Either ankB-YN or ankB-AF-box-YN fusion proteins were co-
expressed with YC—skpI in D. discoideum. As a negative control;
untransfected cells were used to rule out any auto-fluorescence.
The results showed that a fluorescent protein was detected in cells
transformed with AnkB—YN and YC-Skp1. Importantly, the F-box
domain of AnkB was essential for Skp1-AnkB interaction, since the
AnkB-AF-box-YN fusion did not interact with YC-Skp1, which
confirmed the specificity of the interaction (Figure 3A).

A 2hr

FIGURE 2 | Trans-rescue of the ankB null mutant for intra-ameba growth
defect in AnkB-transfected D. discoideum. Representative confocal
microscopy images of D. discoideum to determine the formation of replicative
LCVs. (A) Untransfected and (B) Transfected D. discoideum with FLAG-AnkB
were infected with either the WT strain or the AankB mutant for 1 h and
examined at 2 and 12 h post-infection. Cells were labeled with anti-Lpn
antibodies (blue) and anti-AnkB antibodies (green). Rescue was determined by
the observations of replicative vacuoles for the ankB mutant. The data are
representatives of three independent experiments.

12hr B 12hr

WT

A ankB

A B
ankB/ Skp1 ankB A Fbox / Skp1

FIGURE 3 | In vivo interaction of AnkB with Skp1 of D. discoideum.

(A) Representative confocal images of co-transfected D. discoideum with
constructs expressing fusions of AnkB-YN and Skp1-YC or AnkB-AF-boxYN
and Skp1-YC. The data are representatives of three independent experiments.
(B) D. discoideum were infected with L. pneumophila strains for 2 h. Skp1
was immunoprecipitated from semi-purified LCVs using anti-AnkB antibodies
and then analyzed by immunoblotting with anti-AnkB antibodies followed by
anti-Skp1 antibodies. The experiments were performed twice and
representative examples are shown.
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To confirm the BiFC results, the LCVs were semi-purified at 2 h
post-infection of D. discoideum and were processed for Co-IP using
anti-AnkB antibodies and analyzed by western blots probed with
anti-Skp1 and anti-AnkB antibodies. The results showed that endog-
enous Skp1 of D. discoideum interacted with AnkB. In contrast, the
AnkB-AF-box or AnkB-°L'’P/AA variants failed to interact with Skp1
(Figure 3B). Taken together, we conclude that the F-box domain of
AnkB interacts specifically with Skp1 of D. discoideum in vivo.

POST-TRANSLATIONAL MODIFICATION OF AnkB BY THE
FARNESYLATION MACHINERY OF D. DISCOIDEUM AND ITS ROLE IN
ANCHORING AnkB TO THE LCV MEMBRANE

We have previously shown that substitution of the cysteine residue
in the CaaX motif with alanine (AnkB!*®C/A) abolishes anchoring
of AnkB to the LCV membrane (Price et al., 2010b). It is not known
whether the LCV-anchored AnkB was farnesylated by the host far-
nesylation machinery. To test if AnkB anchored to the LCV mem-
brane was modified by the farnesylation machinery of D. discoideum,
we infected D. discoideum with the wild type strain, the ankB null
mutant, the ankB'*C/A mutant or the translocation-defective dotA
mutant as a negative control. Co-immunoprecipitation of semi-
purified LCVs was performed using anti-AnkB antibodies, followed
by western blots probed with anti-AnkB followed by anti-farnesyl
antibodies. The data showed that AnkB but not the AnkB'“C/A
variant was detected by anti-farnesyl antibodies (Figure 4). As
expected, AnkB expressed by the translocation-defective dotA
mutant was not farnesylated.

To confirm farnesylation of AnkB on the LCV within D. discoi-
deum, immunoprecipitation was performed on LCVs harvested
from D. discoideum that was pre-treated with the FTase inhibitor
FT1-277 (Lerner et al., 1995). The data showed that inhibition of
FTase blocked recognition of AnkB by the anti-farnesyl antibodies,
similar to the AnkB'®C/A variant in non-treated cells (Figure 4). We
conclude that AnkB anchored to the LCV membrane is farnesylated
by D. discoideum.

Inhibition of the farnesylation machinery has been shown to
block intracellular proliferation (Price et al., 2010b). We examined
whether inhibition of the FTase of D. discoideum by FTI-277 would
prevent anchoring AnkB to the cytosolic face of LCV membrane.
Therefore, D. discoideum was infected with the wild type strain
AA100, the ankBnull mutant or the ankB'*C/A mutant. The LCVs
were isolated from untreated or FTI-277-treated D. discoideum to

anti- farnesyl -
anti-AnkB Fe——m—— —

FIGURE 4 | Ankyrin B is modified by the host cell farnesylation
machinery. D. discoideum were infected with the L. pneumophila strains. The
infection was performed for 1 h and the cells were examined at 2 h
post-infection. The AnkB proteins were immunoprecipitated from semi-
purified LCVs using anti-AnkB antibodies and then analyzed by
immunoblotting with anti-AnkB and by anti-farnesyl antibodies. The data are
representatives of independent experiments.

www.frontiersin.org

February 2011 | Volume 2 | Article 23 | 5



Al-Quadan and Abu Kwaik

Legionella exploits conserved ameba machineries

determine whether AnkB was localized to the cytosolic face of the
LCV membrane. The inhibitor had no effect on viability of the
cells (data not shown). AnkB was labeled with anti-AnkB antibod-
ies prior to or after permeabilization of membranes. In untreated
cells, permeabilized and non-permeabilized LCVs containing the
ankB mutant failed to bind the anti-AnkB antibodies. Prior to per-
meabilization of membranes, the LCVs harboring the WT strain
bound the anti-AnkB antibodies (Figure 5). In untreated cells, the
LCVsharboring the ankB'*C/A mutant did not bind the anti-AnkB
antibodies prior to permeabilization but did bind after permeabili-
zation. Importantly, in LCVs that harbored the WT strain isolated
from FTI-277-treated D. discoideum, AnkB was not anchored to
the cytosolic face of the LCV membrane, similar to the ankB'*C/A
mutant in untreated cells. We conclude that farnesylation of AnkB
by D. discoideum is essential for anchoring AnkB to the cytosolic
face of the LCV membrane.

THE F-BOX AND ANK DOMAINS ARE DISPENSABLE FOR ANCHORING
AnkB TO THE LCV MEMBRANE BUT ARE ESSENTIAL FOR BIOLOGICAL
FUNCTION WITHIN D. DISCOIDEUM

Our data above showed that farnesylation was indispensable for
targeting AnkB to the plasma membrane of D. discoideum during
ectopic expression but that the ANK domains contributed to this
localization. Therefore, we examined whether the two ANK domains
also contributed to localization of AnkB to the LCV membrane dur-
ing infection of D. discoideum by L. pneumophila. Semi-purified
LCVs from infected D. discoideum harboring the wild type strain
of L. pneumophila or its isogenic mutants, were labeled with anti-
AnkB antibodies prior to or after permeabilization of membranes,

as described previously (Price etal.,2010b). After permeabilization,
L. pneumophila was labeled with DAPI. To ensure that isolation
of the LCVs did not disrupt their integrity, anti-SidC antibodies
were used to label the LCVs, since the SidC effector is localized to
the cytosolic face of the LCV membrane (Ragaz et al., 2008). Prior
to permeabilization of membranes, anti-AnkB antibodies recog-
nized AnkB on the LCVs that harbor the WT strain, as expected,
indicating localization of AnkB to the cytosolic face of the LCV
membrane (Figure 6; Price et al., 2010b). Both permeabilized and
non-permeabilized LCVs containing the ankB mutant failed to bind
the anti-AnkB antibodies (student’s #test, p < 0.005; Figure 6; Price
etal.,2010b). The AnkB-AF-box or AnkB-°L'°P/AA variant forms of
AnkB were also detected on the LCV prior to permeabilization of
membranes. Interestingly, the AnkBAA1, AnkBAA2, AnkBAA1A2
variants forms of AnkB were also localized to the cytosolic face of
the LCV membrane. This is in contrast to the ectopic expression
where the two ANK domains contributed to targeting of AnkB to
the plasma membrane (Figure 1). We conclude that the two ANK
domains and the F-box domain do not contribute to targeting of
AnkB to the LCV membrane within D. discoideum.

Although the two eukaryotic-like ANK domains of AnkB were
not involved in targeting the effector to the LCV membrane, we
examined whether the two domains contributed to the biological
function of AnkB in intracellular proliferation of L. pneumophila
within ameba. The intracellular growth kinetics analysis was per-
formed in D. discoideum and A. polyphaga. Mutants with in-frame
deletions of either or both of the two ANK domains (ankBAA1,
ankBAA?2, and ankBAA1A2), the wild type strain, or the ankB null
mutant were used to infect D. discoideum and A. polyphaga. The

A
anti -Lpn anti-AnkB Merge

EEE
WT 95+1%
H=
=
|

FIGURE 5 | Farnesylation by D. discoideum anchors AnkB to the LCV
membrane. The infection was performed for 1 h and the cells were lysed at 2 h
post-infection. The LCVs were isolated from untreated or FTI-277-treated

D. discoideum.The LCVs were labeled with (A) anti-AnkB antibodies prior to
permeabilization (green). After permeabilization, the LCVs were labeled with

WT FTI-27

169
ankB C/A

B
anti -Lpn anti-AnkB Merge

93+1%

87+1%

anti-L. pneumophila (Lpn, red). (B). The LCVs were permeabilized then labeled
with anti-AnkB and anti-L. pneumophila antibodies. Samples were analyzed by
confocal microscopy and analyses were based on examination of 100 LCVs from
different coverslips from triplicate samples. The data are representatives of three
independent experiments.
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FIGURE 6 | The two ANK domains are dispensable for anchoring AnkB to
the cytosolic face of the LCV membrane. The infection was performed for

1 h and the cells were lysed at 2 h post-infection to purify the LCVs.
Semi-purified LCVs were analyzed by confocal microscopy. Representative
confocal microscopy images that show location of AnkB at the cytosolic face
of LCVs. (A) The LCVs were probed with anti-SidC prior to permeabilization of
membranes (green). After permeabilization of membranes, the LCVs were
stained with DAPI to visualize L. pneumophila (Lpn blue). (B) The LCVs were
permeabilized then labeled with anti-SidC and DAPI stain. (C,D) Integrity of
the membrane of semi-purified LCVs from D. discoideum was verified by (C)
labeling with anti-AnkB antibodies (green) prior to permeabilization of the
LCVs. After permeabilization, the LCVs were labeled with anti-Lpn antibodies
(blue) within the LCVs. (D) The LCVs were permeabilized followed by labeling
with anti-AnkB and anti-Lpn antibodies (blue). Quantification is shown in the
merged panels, where the numbers represent the percentage +SD of LCVs
that showed localization of AnkB to the cytosolic face of the LCV membrane.
Quantitation was based on analyses of 100 LCVs from different coverslips. The
data are representatives of three independent experiments.

complemented ankB mutant and the translocation-defective dotA
mutant were used as positive and negative controls, respectively. The
cells were infected with MOI of 10 for 1 h. Gentamicin treatment

was followed for another hour to kill extracellular bacteria. The
data showed that the ankB mutant exhibited a severe intracellular
growth defect within D. discoideumand A. polyphaga and the defect
was complemented by the native ankB, as expected (Figure 7). The
kinetics of the intracellular growth of the ANK domains deletion
mutants showed a partial defect in intracellular growth at 24 and
48 h but significant (Student’s #-test, p < 0.05). As expected, the
negative control dotA mutant strain did not replicate within D.
discoideum or A. polyphaga. Therefore, the ANK domains are not
required for targeting AnkB to the cytosolic face of the LCV mem-
brane but they are indispensable for full biological function of AnkB
in promoting intracellular proliferation within ameba.

DotA/ICM-DEPENDENT RECRUITMENT OF FTase RCE-1, AND lcmt TO THE

LCV WITHIN D. DISCOIDEUM

The FTase is cytosolic while the other two processing enzymes
RCE-1 and Icmt are located in the ER, and the three enzymes are
highly conserved through evolution at the structural and functional
levels. Since AnkB is only detectable on the LCV during infection of
ameba, we hypothesized that ameba-mediated post-translational
modification of the effector and its subsequent anchoring to the
LCV membrane occurred locally at the ER-derived LCV mem-
brane. To determine whether the three enzymes were recruited to
the LCV in ameba, confocal microscopic analyses were performed
after 2 h of infection of D. discoideum with the wild type strain
AA100, the AankB null mutant, the dotA translocation-defective
mutant, or the ankB'®C/A mutant. Our data showed that 76% of the
WT strain-containing LCVs co-localized with the host FTase, and
~60% co-localized with RCE-1 and Icmt (Figure 8). Importantly,
the LCVs that harbored the translocation-defective dotA mutant
failed to recruit the three farnesylation enzymes. Interestingly, LCVs
that harbor the AankB mutant and the ankB'“C/A mutant also
co-localized with the three host enzymes; FTo, RCE-1, and Icmt.
We conclude that the three farnesylation enzymes FTase, RCE-1,
and Iemt of D. discoideum are recruited to the LCVs in a Dot/Icm-
dependant manner, but AnkB is dispensable for this recruitment.

DISCUSSION

It has been generally believed that L. pneumophila has evolved
through frequent interaction with various protozoa, which has
facilitated its infection of mammalian cells. We have previously
shown that AnkB is necessary for decorating the LCV with polyu-
biquitinated proteins and is essential for intracellular proliferation
within protozoan hosts, mammalian cells and for intrapulmo-
nary proliferation in the mouse model of Legionnaires” disease
(Al-Khodor et al., 2008; Habyarimana et al., 2008; Price et al., 2009).
The AnkB effector is the first remarkable example of how L. pneu-
mophila exploits conserved eukaryotic processes, which are the
ubiquitination and farnesylation machineries to proliferate within
the two evolutionarily distant hosts, mammalian and protozoan
cells (Price et al., 2009, 2010a,b; Al-Khodor et al., 2010; Price and
Abu Kwaik, 2010).

Our data show that the ankB mutant that is defective in intracel-
lular proliferation is trans-rescued for its defect within D. discoi-
deum ectopically expressing AnkB that is biologically functional
as platforms for the docking of polyubiquitinated proteins to the
plasma membrane of D. discoideum. This is the first demonstration
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FIGURE 7 | The two ANK domains of AnkB are essential for the
biological function of AnkB in intracellular growth of L. pneumophilain
D. discoideum. (A) D. discoideum or (B) A. polyphaga were infected with the
WT strain, the ankB mutant, or the ankB mutant harboring one of the mutant
alleles ankBAA1, ankBAA2, or ankBAATA2.The ankB mutant complemented
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with native WT ankB (c.ankB) and the dotA were used as controls. The infection
was carried out for 1 h using an MOI of 10 followed by treatment with
gentamicin for 1 h. The infected monolayers were lysed at different time points
and plated onto agar plates for colony enumeration. The results are
representative of three independent experiments performed in duplicate.
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FIGURE 8 | Dot/Icm-dependent recruitment of the three farnesylation
enzymes FTa, RCE-1, and Icmt to the LCV within D. discoideum.

D. discoideum were infected with various strains for 1 h. At 2 h after infection,
the cells were labeled with anti-Lpn antibodies (red) and anti-FTa., anti-RCE-1, or
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of trans-rescue of a L. pneumophila mutant in ameba by ectopic
expression of the lost protein. Remarkably, similar phenomenon
is also exhibited in human-derived cells (Price et al., 2009). It is
unclear why ectopically expressed AnkB is targeted to the plasma
membrane but not at the LCV. The mechanism by which this trans-
rescue occurs is not known. We speculate that it is possible that
the host factors ubiquitinated by AnkB on the LCV are also ubiq-
uitinated during ectopic expression of AnkB, which would ensure
formation of a replicative niche, but we find that to be unlikely. It
is important to note that ectopic expression is an artificial system
that may not represent what is exhibited during infection as the case
in here. Interestingly, during ectopic expression in D. discoideum
the two ANK domains contribute to localization of AnkB to the
plasma membrane and are required for polyubiquitination. The
two ANK domains of AnkB are also required for the recruitment
of polyubiquitinated proteins to the plasma membrane during
ectopic expression in D. discoideum. However, during infection,
the two ANK domains are dispensable for localization of AnkB to
cytosolic face of the LCV membrane. It is possible that the ANK
domains interact with host cell targets that are located in the plasma
membrane, which may be supported by recent work that the AnkB
allele of the Paris strain of L. pneumophila interacts with Parvin B
located in the plasma membrane (Lomma et al., 2010).

Our data show that the F-box domain of AnkB interacts specifi-
cally with the Skp1 protein the component of the SCF1 ubiquitin
ligase complex of D. discoideum, similar to mammalian cells. Other
studies have shown that orthologs of AnkB in the Philadelphia
(legU13) and Paris (Ipp2082) strains of L. pneumophila interact
with mammalian Skp1 (Ensminger and Isberg, 2010; Lomma et al.,
2010). Further investigations are needed to verify the interaction
of AnkB with other components of the SCF1 complex and identify
the substrates that are polyubiquitinated.

During infection by L. pneumophila, AnkB is modified by the
farnesylation machinery of D. discoideum and this post-translation
modification of the microbial effector is essential for anchoring AnkB
to the LCV membrane, which is indispensable for the biological func-
tion of the effector. Remarkably, the three host enzymes (FTase, RCE-1,
and IcmT) that constitute the farnesylation enzymatic machineryare
recruited to the LCV within D. discoideum by a Dot/Icm-dependent
process but AnkB is dispensable for this recruitment. Since lemT and
RCE-1 are localized to the ER and the LCV is ER-derived, we pos-
tulate that these two enzymes are part of the LCV membrane that is
derived from the ER in a Dot/Icm-dependent manner. Since farnesyl
transferase is cytosolic and its recruitment is Dot/Icm-dependent,
it is likely that another Dot/Icm-translocated effector(s) of L. preu-
mophila is involved in recruiting this host cytosolic enzyme to the
LCV membrane. It is likely that recruitment of the three farnesyla-
tion enzymes would ensure local post-translational farnesylation and
processing of the C-terminus of AnkB to anchor the effector to the
LCV membrane, without exporting AnkB to the cytosol where it
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