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When the bacterium Legionella pneumophila, the causative agent of Legionnaires’ disease, is phagocytosed by alveolar macro-
phages, it delivers a large number of effector proteins through its Dot/Icm type IV secretion system into the host cell cytosol.
Among those proteins is LidA, an effector that interacts with several host GTPases of the Rab family, including Rab6A=, a regula-
tor of retrograde vesicle trafficking within eukaryotic cells. The effect of LidA on Rab6A= function and the role of Rab6A= for L.
pneumophila growth within host cells has been unclear. Here, we show that LidA preferentially binds Rab6A= in the active GTP-
bound conformation. Rab6 binding occurred through the central region of LidA and followed a stoichiometry for LidA and
Rab6A= of 1:2. LidA maintained Rab6A= in the active conformation by efficiently blocking the hydrolysis of GTP by Rab6A=, even
in the presence of cellular GTPase-activating proteins, suggesting that the function of Rab6A= must be important for efficient
intracellular replication of L. pneumophila. Accordingly, we found that production of constitutively inactive Rab6A=(T27N) but
not constitutively active Rab6A=(Q72L) significantly reduced the ability of L. pneumophila to initiate intracellular replication in
human macrophages. Thus, the presence of an active pool of Rab6 within host cells early during infection is required to support
efficient intracellular growth of L. pneumophila.

Many microbial pathogens reside within a membrane-en-
closed compartment within infected host cells. Their intra-

vacuolar life style requires pathogens to produce and deliver sig-
naling molecules from their own cytosol across the vacuolar
membrane to the host cell in order to accomplish critical tasks,
such as the acquisition of nutrients and the interference with im-
mune signaling cascades. Among Gram-negative microbes, this is
often accomplished by effector proteins that are delivered into the
host cell through specialized translocation machines, such as type
IV secretion systems (T4SSs). Although many pathogens take ad-
vantage of host cell vesicle transport, surprisingly few effectors
have been characterized to date that directly target Rab proteins
controlling these pathways. One of the better-understood exam-
ples of Rab GTPase exploitation by a pathogen occurs during in-
fection with Legionella pneumophila, an opportunistic human
pathogen that causes a potentially life-threatening pneumonia
called Legionnaires’ disease (1, 2). Upon phagocytosis by alveolar
macrophages, the microbe delivers its effector proteins through
the Dot/Icm T4SS into the host cell. These effectors help L. pneu-
mophila intercept proteins and transport vesicles of the infected
cell. By incorporating this material into the Legionella-containing
vacuole (LCV), the bacterium gradually transforms its surround-
ing membrane into a specialized compartment that supports bac-
terial replication, a process called replication vacuole formation
(3). L. pneumophila mutants with a nonfunctional Dot/Icm T4SS
are avirulent, and their vacuoles gradually mature along the en-
dolysosomal route into a microbicidal compartment, highlighting
the critical role of T4 effectors for L. pneumophila infection (4, 5).

Marker proteins from the early secretory pathway, such as the
soluble N-ethylmaleimide-sensitive factor attachment protein re-
ceptor (SNARE) protein Sec22b, the luminal endoplasmic reticu-
lum (ER) protein BiP, and the small GTPase Rab1, have been
found to colocalize with LCVs (6–8), indicating that at least some
of the material that contributes to replication vacuole formation is
derived from the ER-to-Golgi complex transport route. Consis-

tent with this observation, it has been shown that GTPases of the
Arf and Rab family are direct targets of L. pneumophila effector
proteins. RalF recruits Arf1 to LCVs and activates it by catalyzing
exchange of GDP against GTP (9). SidM (also known as DrrA) pos-
sesses similar activities toward Rab1 (10, 11), but in addition to re-
cruiting and activating this GTPase, SidM also catalyzes Rab1
AMPylation, a posttranslational modification that interferes with
Rab1 inactivation (12). The effector SidD catalyzes de-AMPylation of
Rab1 later during infection, enabling Rab1 inactivation by the L.
pneumophila GTPase-activating protein (GAP) LepB and release of
Rab1 from the LCV (13, 14).

The cascade of Rab1 manipulation events by L. pneumophila
effectors is further complicated by the existence of another Rab1
binding protein, the L. pneumophila effector LidA (15). LidA is
translocated by the Dot/Icm system throughout the duration of
the infection cycle (16). Early on, the protein is detectable primar-
ily on the LCV surface, where it is believed to assist in the recruit-
ment of Rab1 and/or secretory transport vesicles (15, 17). As the
infection cycle progresses, LidA accumulates at other locations
throughout the infected host cell and associates with membranes
of a yet-unknown origin (16). These findings suggest that LidA
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could play multiple roles in different cellular locations during the
infection process.

In addition to binding Rab1, LidA has been shown to interact
with other Rab GTPases of mammalian cells, including Rab6 and
Rab8 (17, 18). Rab8 is involved in the transport of cargo to the
apical membrane of polarized epithelial cells and has recently been
found on the LCV during growth within the amoebean host Dic-
tyostelium discoideum (19). Rab6 exists in three isoforms: Rab6A/
A=, which are ubiquitously expressed, and Rab6B, which is found
primarily in the brain. Rab6A/A= are the products of alternative
splicing and differ in only three amino acid residues near the GTP
binding site (20, 21). Both isoforms localize to trans-Golgi appa-
ratus cisternae and have been ascribed various functions, such as
coat protein I-independent retrograde vesicle flow (22), cytokine-
sis (23, 24) and, more recently, delivery of exocytotic membrane
carriers to plasma membrane domains enriched for Rab6-inter-
acting protein 1A (R6IP1A) (25), as well as fission of tubular
membrane extensions from the Golgi complex (26). The critical
role of Rab6A/A= in cellular trafficking to various organelles might
explain why this GTPase is a valuable target of human pathogens.
For instance, the intravacuolar pathogen Chlamydia trachomatis
shows reduced proliferation in host cells depleted of Rab6 (29),
and vacuoles or “inclusions” containing this pathogen colocalize
with Rab6 (30). Unlike Chlamydia inclusions, the vacuoles con-
taining L. pneumophila are not decorated with Rab6 during infec-
tion of mammalian cells (reference 7 and unpublished data), in-
dicating that different pathogens exploit Rab6 for distinct
purposes. In the present study, we characterized the effect of L.
pneumophila LidA on the activity of Rab6A= in vitro, and we dem-
onstrate the importance of this GTPase for replication of the bac-
terium within infected cells.

MATERIALS AND METHODS
Strains, media, plasmids, and antibodies. L. pneumophila strains were
grown and maintained in medium containing thymidine as previously
described (31, 32). L. pneumophila strain Lp02 (thyA hsdR rpsL) is a
thymidine auxotroph derivative of the isolate Philadelphia-1 (33, 34).
Escherichia coli strains for cloning and production of recombinant pro-
teins were GC5 (Genesee) and BL21(DE3) (Novagen), respectively. Plas-
mids for production of recombinant tagged proteins in E. coli and of

fluorescently tagged proteins in tissue culture cells were generated as de-
scribed in Table 1. The oligonucleotides used to PCR amplify the desired
DNA fragments and the restriction sites used to clone the open reading
frames are listed in Table 2. Rab6A antibodies were purchased from Santa
Cruz Biotechnology. Rabbit antibodies directed against L. pneumophila
were generated using formalin-killed bacteria (Genscript USA, Inc. stan-
dard immunization protocol for polyclonal antibody). Anti-LidA serum
was a kind gift of R. Isberg (Boston, MA).

Production and purification of recombinant proteins. Recombinant
proteins were purified as previously described (13). Briefly, plasmids en-
coding GST-Rab6A=, GST-Rab1, 6�His-LidA, or 6�His-GapCenA were
expressed in E. coli BL21 at 20°C overnight after induction with 0.2 mM
isopropyl-�-dithiogalactopyranoside (IPTG). Harvested cells were me-
chanically lysed, and the soluble fraction of the lysate was incubated over-
night at 4°C with either glutathione-Sepharose 4B (GE Healthcare) for
glutathione S-transferase (GST)-tagged proteins or with Talon metal af-
finity resin (Clontech) for 6�His-tagged proteins. Beads were washed
with phosphate-buffered saline, 1 mM MgCl2, and 1 mM �-mercaptoeth-
anol (PBS-MM), and GST-tagged proteins were incubated overnight with
PreScission protease to cleave the GST tag. Untagged proteins were eluted
off the resin, and aliquots were stored at �80°C. 6�His-tagged proteins
were eluted in PBS-MM supplemented with 125 mM imidazole. Proteins
were dialyzed overnight in PBS-MM and stored in aliquots at �80°C.

Protein interaction assays. For pulldown experiments, constitutively
inactive Rab6A=(T27N) or active Rab6A=(Q72L) (10 �g each) was immo-
bilized on Affigel beads (Bio-Rad) according to the manufacturer’s rec-
ommendations. Beads were incubated for 2 h at 4°C in PBS containing a
molar excess of full-length LidA, LidA variants (N-LidA, M-LidA, and

TABLE 1 Plasmids used in this study

Name Insert Oligonucleotidesa Source or reference

pGEX-6p-1 Rab6A= WT Human Rab6A= WTb P1, P2 This study
pGEX-6p-1 Rab6A= T27N Human Rab6A= T27N P3, P4 This study
pGEX-6p-1 Rab6A= Q72L Human Rab6A= Q72L P5, P6 This study
pQE80L-Rab6A= WT Human Rab6A= WT P1, P2 This study
pQE80L- Rab6A= T27N Human Rab6A= T27N P3, P4 This study
pQE80L-Rab6A= Q72L Human Rab6A= Q72L P5, P6 This study
pEGFP-Rab6A= WT Human Rab6A= WT P1, P2 This study
pEGFP-Rab6A= T27N Human Rab6A= T27N P3, P4 This study
pEGFP-Rab6A= Q72L Human Rab6A= Q72L P5, P6 This study
pGEX-6p-1-LidA L. pneumophila LidA (aa 1–729) 35
pGEX-6p-1-N-LidA L. pneumophila LidA fragment (aa 1–189); 35
pGEX-6p-1-M-LidA L. pneumophila LidA fragment (aa 190–600) 35
pGEX-6p-1-C-LidA L. pneumophila LidA fragment (aa 601–729) 35
pQE80L-LidA L. pneumophila LidA (aa 1–729) 35
pQE80-GapCenA Human TBC1D11 P7, P8 This study
a See Table 2 for oligonucleotide sequences and names.
b WT, wild type.

TABLE 2 Oligonucleotides used in this study

Oligonucleotide
no. Name Sequencea

P1 5=Rab6A=_BamHI gatcGGATCCatgtccacgggcggag
P2 3=Rab6A=_SalI gatGTCGACttagcaggaacagcctc
P3 5’=ab6A= T27N caaagcgttggaaagaattctttgatcaccaga
P4 3=Rab6A= T27N tctggtgatcaaagaattctttccaacgctttg
P5 5=Rab6A=Q72L tgggatactgcgggtctagagcgtttccgtagc
P6 3=Rab6A=Q72L gctacggaaacgctctagacccgcagtatccca
P7 5=GapCenA_BamHI gatcGGATCCatggacgaccagccagggg
P8 3=GapCenA_SalI gatcGTCGACtcagcaagtctctttccc
a Uppercase letters indicate restriction sites; nucleotide exchanges are underlined.
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C-LidA), or GapCenA. Beads were washed 5 times with cold PBS-MM and
resuspended in SDS sample buffer. Proteins retained on the beads were
resolved by SDS-PAGE and visualized by Coomassie staining. For pull-
down from tissue culture cell lysate, 293T cells transiently transfected with
plasmids encoding green fluorescent protein (GFP)-tagged R6IP1A or
R6IP2B were mechanically lysed by Dounce homogenization, and post-
nuclear supernatant was generated by spinning the lysate at 10,000 � g
and incubated with protein-coated beads. Beads were washed five times in
PBS-MM, and proteins retained by the beads were detected by immuno-
blotting using rabbit anti-GFP antibody (Invitrogen). Isothermal titration
calorimetry assays were carried out at 25°C with an ITC200 microcalo-
rimeter (GE Healthcare). LidA (10 mg/ml) dialyzed against PBS-MM buf-
fer was titrated into the sample cell containing 5 mg/ml wild-type Rab1.
For Rab competition experiments, LidA was preincubated with Rab6A=
for 1 h prior to titration into the sample cell containing Rab1. Data were
analyzed using Origin 7 software.

Fast protein liquid chromatography (FPLC) for the analysis of protein
complex formation between LidA and Rab6A= was performed by using an
AektaPurifier 10 apparatus (GE Healthcare). Samples of 100 �l with pu-
rified recombinant proteins at a concentration of 1 �g/�l were loaded
onto a Superdex 75 10/300 column (GE Healthcare) equilibrated with
PBS-MM. The protein elution profile was monitored in real time by mea-
suring the absorbance of light at a 280-nm wavelength. Proteins within
each fraction (0.5 ml) were analyzed by SDS-PAGE followed by immuno-
blotting with the indicated antibody. The molecular weights of proteins/
complexes were determined based on a calibration curve of a protein
standard kit after calculating their partition coefficients (KAV), as follows:
KAV � (elution volume of protein � void volume)/(column bed volume �
void volume).

GTP hydrolysis assay. All nucleotide hydrolysis experiments were
performed at room temperature. Rab6A= (40 �M) was incubated with 5
mM EDTA for 10 min to extract any unlabeled nucleotide. Nucleotide-
free Rab6A= was incubated for 30 min with a molar excess of [�-32P]GTP
in PBS, followed by the addition of 20 mM MgCl2. Unbound [�-32P]GTP
was removed by using a desalting column. GTP hydrolysis reactions were
carried out in a total volume of 30 �l. To initiate GTP hydrolysis, [�-
32P]GTP-loaded Rab6A= was incubated with postnuclear supernatant
(PNS) or with PNS pretreated with LidA-coated beads. To determine the
protective effect of LidA on Rab6A= inactivation, [�-32P]GTP-loaded
Rab6A= was preincubated with LidA or LidA variants (with or without
proteinase K treatment) at the molar ratios indicated in the figure legends.
Samples (5 �l) were removed at the indicated time points, mixed with 5 �l
sample buffer (2% SDS, 20 mM EDTA), and boiled at 95°C for 10 min to
release any protein-bound guanine nucleotides. Samples (6 �l) were spot-
ted onto Polygram Cel 300 polyethylenimine cellulose paper (Macherey-
Nagel) approximately 0.6 to 1.5 cm apart at a distance of 0.7 to 2.5 cm
from the edge of the plate. The thin-layer chromatography (TLC) plates
were run vertically in a sealed chamber filled with a 1-cm column of
solvent (1 M acetic acid and 0.5 M lithium chloride). Once the solvent
reached the top, the plates were dried and exposed to a film or phosphor-
imager screen for 12 h. The radioactive signals were quantified and nor-
malized using ImageJ (http://rsb.info.nih.gov/ij).

Infectious center assay. Differentiated U937 cells were transiently
transfected with plasmids encoding GFP-Rab6A= wild type or the active
(Q72L) or inactive (T27N) Rab6A= mutant protein by using the Neon
transfection system (Invitrogen). U937 cell monolayers were challenged
with L. pneumophila wild-type strains for 1 h at a multiplicity of infection
(MOI) of 5, washed three times to remove extracellular bacteria, and
incubated for an additional 12 h at 37°C to allow bacterial replication to
proceed. Cells were fixed in PBS (3.7% formaldehyde) for 20 min at 37°C,
blocked with PBS supplemented with 10% goat serum, and stained for
extracellular bacteria by using rabbit anti-Legionella antibody and Cas-
cade Blue-conjugated goat anti-rabbit antibody. Cells were permeabilized
through incubation with �20°C methanol for 10 s and then blocked, and
intracellular bacteria were labeled using rabbit anti-Legionella primary

antibody and Texas Red-conjugated goat anti-rabbit antibody (Invitro-
gen). Coverslips were mounted using antifade reagent (Invitrogen). The
number of bacteria per vacuole at 13 h postinfection was visually deter-
mined using an AxioObserver inverted microscope (Zeiss).

Coimmunoprecipitation assay. Differentiated U937 cells were chal-
lenged with L. pneumophila wild type or a �lidA deletion strain at an MOI
of 10. Extracellular bacteria were removed by washing the cell monolayer
with RPMI. Cells were harvested either 2 h or 6 h after the initial challenge
and lysed in PBS-MM containing Complete protease inhibitor cocktail
(Roche) by using a Dounce homogenizer (BC Scientific). After centrifu-
gation at 10,000 � g for 10 min, the PNS was incubated for 1 h at 4°C with
Affigel beads (Bio-Rad) coated with anti-LidA antibody. Beads were
washed five times in PBS-MM and boiled in SDS-PAGE loading buffer,
and Rab6A= or LidA that eluted off the beads was detected by immuno-
blotting with a protein-specific antibody.

RESULTS
Interaction of LidA with Rab6A= is direct and nucleotide depen-
dent. Rab6A/A= was identified previously as a potential LidA li-
gand in pulldown studies from mammalian cell lysate (17). To
exclude the possibility that this interaction was mediated by an-
other protein/factor within the lysate, we probed for a direct in-
teraction between LidA and Rab6A=. Using purified recombinant
Rab6A= variants locked in either the active [Rab6A=(Q72L)] or
inactive [Rab6A=(T27N)] conformation, we found that LidA
showed a strong preference for binding to the active GTP-locked
form (Fig. 1). Binding of LidA to either Rab6A=(T27N)-coated
beads or uncoated control beads was undetectable. Similar results
were obtained using Rab6A as bait (data not shown), consistent
with the idea that LidA targets both Rab6 isoforms. Any attempt to
validate these results using wild-type Rab6A= were hindered by the
fact that nucleotide loading of purified Rab6A= with either GDP or
GTP�S, a nonhydrolyzable GTP analog, was incomplete (data not
shown). To determine the region of LidA that mediates the
Rab6A= interaction, we performed binding experiments using
truncated forms of LidA that had previously been determined,
based on proteolytic degradation analyses (35): the N-terminal
region (N-LidA) spanning amino acids (aa) 1 to 189, a middle
region (M-LidA; aa 190 to 600) enriched in coiled-coils (a typical
Rab GTPase binding domain), and a C-terminal region (C-LidA;
aa 601 to 729) (Fig. 1). Upon incubation of purified LidA variants
with bead-immobilized Rab6A=(Q72L), we found that M-LidA
but not N-LidA or C-LidA was efficiently retained by the beads
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FIG 1 The central region of LidA binds Rab6A= in a nucleotide-dependent
manner. (Left) Schematic representation of LidA and the truncated variants
used in this study. The numbers indicate amino acid residues. (Right) Pull-
down of LidA variants by Rab6A=. Purified recombinant full-length LidA or
LidA variants were incubated with beads coated with either constitutively ac-
tive Rab6A=(Q72L) or inactive Rab6A=(T27N), and proteins pelleted by the
beads were visualized by SDS-PAGE and Coomassie staining. The gel images
are representatives of two repetitions.
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(Fig. 1). Taken together, these studies revealed that LidA binding
to Rab6A and -A= is direct, nucleotide dependent, and mediated
by the central region of LidA.

Several attempts to identify additional Rab6A/A= binding part-
ners other than LidA from lysates of L. pneumophila strain Lp02 in
pulldown studies were unsuccessful (data not shown). We there-
fore focused our effort on characterizing the interaction between
LidA and Rab6A= in more detail.

Rab6A= and Rab1 compete for LidA binding. In addition to
binding Rab6A=, the central region of LidA also mediates interac-
tion with Rab1 (35). The LidA-Rab1 crystal structure reveals that
the middle region of LidA (aa 224 to 559) assumes an extended
fold reminiscent of a hand with four fingers that tightly grasp
Rab1, explaining the exceptionally high binding affinity between
the two proteins (18). To investigate whether Rab6A= and Rab1
compete for LidA binding, we performed pulldown studies using
purified recombinant proteins (Fig. 2A). LidA, but not SidM, was
efficiently precipitated by beads coated with GST-Rab6A=(Q72L)
but not by beads coated with GST alone. Incubation of full-length
LidA with an equimolar amount of Rab1 prior to the pulldown
reaction abolished its ability to bind GST-Rab6A=(Q72L)-coated
beads, suggesting that Rab1 occupies an epitope on the LidA sur-
face that overlaps with the Rab6A=-LidA interface. When Rab1
was added to a preformed complex of GST-Rab6A=(Q72L) and
LidA, it did not reduce coprecipitation of LidA with GST-
Rab6A=(Q72L)-coated beads, suggesting that Rab1 cannot effi-
ciently displace Rab6A= once it is bound by LidA. Similar results
were obtained in binding studies using isothermal titration calo-
rimetry (Fig. 2B). Whereas in the absence of Rab6A= LidA effi-
ciently bound Rab1 in a 1:1 complex (KD, 89.6 	 1.6 nM [mean 	
standard deviation]), preincubation of LidA with a 2-fold molar
excess of Rab6A= blocked any detectable LidA-Rab1 complex for-
mation. Together, these results indicate that LidA interacts either
with Rab1 or with Rab6A= but not with both GTPases simultane-
ously, most likely because the LidA interface for Rab6A= binding
overlaps with that for Rab1.

LidA interacts with two Rab6A= molecules. To further analyze
the complex formed by LidA and Rab6A=, we performed gel per-
meation chromatography, which separates proteins and protein
complexes based on their molecular masses as well as their topol-
ogies. Purified Rab6A= was separated into two protein fractions
with retention coefficients analogous to those of globular proteins
of 54.2 kDa and 29.1 kDa, respectively, corresponding to a mix-
ture of Rab6A= monomer and dimer (Fig. 3A, dashed line). LidA,
which has an estimated molecular mass of 83.2 kDa, eluted as a
single peak with a retention coefficient equivalent to a 172-kDa
protein (Fig. 3A, solid black line), corresponding to either an elon-
gated LidA monomer or a globular LidA dimer. When LidA and
Rab6 were incubated at a molar ratio of 1:1, both proteins comi-
grated in a single peak with a molecular mass of 192 kDa (Fig. 3A),
equivalent to a heterodimeric complex of LidA and Rab6A=. No
uncomplexed Rab6A= was detected under these conditions, either
by UV absorption or by immunoblotting. Similar results were
obtained for a 1:2 molar ratio of LidA to Rab6A=, with no uncom-
plexed Rab6A= detectable and a further increase in the size of the
LidA-Rab1 complex to 204 kDa (Fig. 3A and B). Only upon addi-
tion of a 3-fold or 4-fold molar excess of Rab6A= relative to LidA
did we detect increasing amounts of the uncomplexed form of
Rab6A=, both as monomer and dimer (Fig. 3A), while no further
increase in the molecular mass of the LidA-Rab6A= complex was
noticeable (Fig. 3B). Densitometry analysis of the protein bands
detected by immunoblotting at LidA:Rab6A= molar ratios of 1:3
and 1:4 confirmed that 21.5% and 43.5% of the total amount of
Rab6A= was present as uncomplexed protein (Fig. 3A), which cor-
responded well with the 33% and 50% free Rab6A= anticipated for
a 1:2 complex of LidA and Rab6A=. Similar results were obtained
when we analyzed complex formation between LidA and consti-
tutively active Rab6A=(Q72L) (Fig. 3C) or Rab6A=(Y42A), a mu-
tant protein that was exclusively monomeric (Fig. 3D), demon-
strating that the oligomerization state of Rab6A= (monomer
versus dimer) did not affect the stoichiometry of the complex with
LidA.

FIG 2 Rab6A= and Rab1 compete for LidA binding. (A) Rab1 interferes with LidA precipitation by Rab6A=. Agarose beads coated with either GST or
GST-Rab6A=(Q72L) were incubated with LidA, and LidA binding to protein-immobilized beads was determined by SDS-PAGE and Coomassie staining. Rab1
was added to LidA either 30 min prior (t � �30 min) or 5 min after (t � 
5 min) addition of Rab6A=(Q72L)-coated beads. SidM served as negative control. (B)
Rab6A= prevents Rab1 from binding to LidA. Complex formation between LidA and Rab1 was analyzed by isothermal titration calorimetry in either the absence
(left graph) or presence (right graph) of a 2-fold molar excess of Rab6A=. (Top) Raw data for 14 injections of full-length LidA into the isothermal titration
calorimetry cell containing wild-type Rab1. Each injection peak corresponds to the heat released during that injection. (Bottom) Scatter plot showing the binding
isotherm for the Rab1-LidA interaction, with the integrated heat plotted against the stoichiometry.
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LidA interferes with GTP hydrolysis by directly binding to
Rab6A=. We recently showed that LidA, by binding to active Rab1,
interferes with GTP hydrolysis even in the presence of bacterial or
host cell GAPs (35). Given that LidA showed a strong preference
for the active form of Rab6A= (Fig. 1A), we investigated if LidA
exhibits a similar protective effect toward GTP-Rab6A=. These
studies were complicated by the existence of conflicting data
about the identity of a mammalian Rab6-specific GAP. While the
Goud lab has proposed that TBC1D11 (also known as GapCenA)
possesses Rab6-GAP activity (36), Barr and colleagues reported
that they found no evidence for GapCenA triggering GTP hydro-
lysis by Rab6 (37). We amplified the open reading frame encoding
GapCenA from human cDNA and purified GapCenA from E. coli.
Consistent with the findings of the Barr group, we were unable
to detect any stimulating effect of GapCenA on [�-32P]GTP
hydrolysis by Rab6A= (data not shown). In fact, when we used
purified recombinant proteins in pulldown studies, we found
no evidence for a direct interaction between His6-GapCenA
and Rab6A= [active (Q72L) or inactive (T27N)] (Fig. 4A), sug-
gesting that GapCenA is not a GAP for Rab6A= under any of the
conditions tested here.

In order to determine the effect of LidA on Rab6A= inactiva-

tion, we developed an alternative GAP assay that utilized PNS
from mammalian tissue culture cells rather than purified GAP to
stimulate inactivation of Rab6A=. Rab6A= loaded with [�-
32P]GTP (not [�-32P]GTP) was mixed with either buffer or PNS,
and generation of [�-32P]GDP by Rab6A= was monitored by thin-
layer chromatography (Fig. 4B). Incubation of [�-32P]GTP-
Rab6A= with buffer alone showed no significant generation of [�-
32P]GDP over time, consistent with Rab6A= exhibiting extremely
low intrinsic GTP hydrolysis activity (38). In contrast, the pres-
ence of PNS in the reaction mixture resulted in increased forma-
tion of [�-32P]GDP over time (Fig. 4C), demonstrating that the
Rab6GAP protein(s) within the lysate triggered conversion of [�-
32P]GTP to [�-32P]GDP by Rab6A=. Notably, LidA alone had no
effect on GTP hydrolysis by Rab6A=, consistent with LidA lacking
Rab6GAP activity (Fig. 4D). We subsequently analyzed the effect
of LidA on GAP-mediated inactivation of Rab6A=. [�-32P]GTP-
loaded Rab6A= was incubated with PNS in the absence or presence
of LidA, and [�-32P]GTP hydrolysis was monitored over time.
Whereas [�-32P]GTP was efficiently hydrolyzed in the absence of
LidA, increasing amounts of LidA efficiently blocked [�-32P]GTP
hydrolysis by Rab6A=, with complete protection at a LidA to
Rab6A= molar ratio of 1:2 or higher (Fig. 4E), in accordance with

FIG 3 LidA binds Rab6A= with a 1:2 stoichiometry. (A) Gel permeation chromatogram showing LidA-Rab6A= complex formation. Purified recombinant
Rab6A= and LidA were mixed at the indicated molar ratios and separated by gel filtration. The protein amount detected by absorbance (at 280 nm) is plotted
against the elution volume. The amount of LidA and Rab6A= within each fraction (0.5 ml) was determined by immunoblotting using protein-specific antibodies.
The elution profiles of uncomplexed LidA and Rab6A= are shown in each chromatogram. (B) Summary of the molecular mass of the LidA-Rab6A= complex
shown in panel A, plotted against the molar ratio of LidA to Rab6A=. (C) Results of the same experiment as shown in panel B, showing LidA-Rab6A=(Q72L)
complex formation. (D) Gel permeation chromatogram of Rab6A= variants. Purified recombinant Rab6A= wild type (WT) or the indicated Rab6A= point
mutants were analyzed by gel permeation chromatography. Proteins within the eluted fractions were detected by absorbance (at a 280-nm wavelength).
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LidA forming a 1:2 complex with Rab6A= (Fig. 3). Thus, the pres-
ence of LidA interfered with Rab6A= inactivation through host cell
GAP(s) present in the PNS.

We wanted to determine the molecular mechanism underlying
the prevention of [�-32P]GTP hydrolysis by Rab6A= in the pres-
ence of LidA. First, we tested if the inhibitory effect of LidA on
[�-32P]GTP hydrolysis by Rab6A= was caused by a nonproteina-
ceous factor that may have been copurified along with recombi-
nant LidA from the E. coli lysate. Prior to its incubation with
[�-32P]GTP-loaded Rab6A=, we incubated LidA with proteinase K

to degrade LidA and any other polypeptide present in the sample.
Proteinase K treatment resulted in a complete loss of the inhibi-
tory effect from the LidA sample (Fig. 5A), arguing that the block
in [�-32P]GTP hydrolysis by Rab6A= was caused by LidA rather
than a small molecule.

We proceeded to further dissect the mechanism of LidA-me-
diated inhibition of GTP hydrolysis by Rab6A=. We envisioned
two possible scenarios: one in which LidA binding to Rab6A= steri-
cally hinders potential GAPs from gaining access to the nucleotide
binding pocket of Rab6A=, and another scenario where LidA di-
rectly binds to or modifies the GAP(s) present in the PNS to pre-
vent Rab6A= inactivation. To distinguish between these two pos-
sibilities, we designed an experiment in which PNS, prior to its
incubation with [�-32P]GTP-loaded Rab6A=, was preincubated
with LidA-coated beads (Fig. 5B). If LidA directly targets and in-
activats the GAP(s), pretreatment with LidA should result in a
reduction or loss of the Rab6A= inactivation activity from PNS.
We found that neither incubation with control beads nor treat-
ment with LidA-coated beads had a detectable effect on the ability
of PNS to trigger conversion of [�-32P]GTP to [�-32P]GDP by
Rab6A= (Fig. 5C), showing that the Rab6GAP activity had not
been depleted from PNS through the exposure to LidA. We also
analyzed the truncated variants of LidA for their abilities to inter-
fere with [�-32P]GTP hydrolysis by Rab6A=. We found that pre-
incubation of Rab6A= with M-LidA, the region sufficient for
Rab6A= binding, inhibited [�-32P]GTP hydrolysis by Rab6A= to a
degree similar to that of the full-length form of LidA (Fig. 5D).
N-LidA or C-LidA, on the other hand, had no effect on [�-
32P]GDP generation by Rab6A= in the presence of PNS, consistent
with their inabilities to interact with this GTPase (Fig. 1). Thus,
our findings strongly favor the hypothesis that the inhibitory ef-
fect on GTP hydrolysis is caused by direct binding of the central
region of LidA to Rab6A=.

Rab6 is required for efficient intracellular replication of L.
pneumophila within human macrophages. The ability of LidA to
interfere with the inactivation of Rab6A= in vitro suggested that
active Rab6 plays an important role for L. pneumophila intracel-
lular replication. To address this question, we analyzed the ability
of L. pneumophila to form large replication vacuoles in transiently
transfected U937 macrophages producing GFP-tagged versions of
Rab6A= (Fig. 6A). Quantitative analysis of the number of bacteria
per vacuole by immunofluorescence microscopy revealed that in
the presence of either GFP-tagged Rab6A= or GFP alone, L. pneu-
mophila Lp02 intracellular replication appeared normal, with
more than 70% large replication vacuoles and only 8.6% 	 3%
(GFP; mean 	 standard deviation) and 7.8% 	 3% (Rab6A= wild
type) vacuoles containing one to two bacteria, respectively. Simi-
lar results were observed in cells overproducing constitutively ac-
tive Rab6A=(Q72L). In contrast, growth of L. pneumophila Lp02 in
cells overproducing constitutively inactive GFP-Rab6A=(T27N)
was significantly attenuated, with 23% 	 3% of vacuoles contain-
ing a single bacterium. This effect of Rab6A=(T27N) could not be
attributed to secondary effects, because the previously described
growth defect of a �lidA mutant (17) was not further exacerbated
by the presence of Rab6A=(T27N) (Fig. 6A). In fact, growth of the
�lidA strain was slightly improved in cells producing either the
wild-type or active form of Rab6A=, compared to growth in con-
trol cells producing GFP (Fig. 6A), indicating that the availability
of an excess amount of Rab6A= can compensate for the absence of
LidA. Notably, the number of intermediate-sized vacuoles con-
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FIG 4 LidA protects Rab6A= from GAP-mediated inactivation. (A) GapCenA
does not interact with Rab6A=. Beads coated with the indicated Rab6A=
proteins or with GST (control) were incubated with purified recombinant
GapCenA, and retention of GapCenA by the beads was determined by SDS-
PAGE and Coomassie staining. (B) Schematic representation of the GTP hy-
drolysis assay developed in this study. Rab6A= loaded with [�-32P]GTP was
incubated with PNS from 293T cell lysate. Samples taken at the indicated time
points were denatured in 1% SDS (final concentration), and radiolabeled nu-
cleotides were separated by TLC. (C) Example of TLC plates, showing that PNS
but not buffer triggered conversion of [�-32P]GTP to [�-32P]GDP by Rab6A=.
(D) Quantification of [�-32P]GDP formation by Rab6A= incubated with PNS
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trarily set to 100%. (E) LidA blocks GTP hydrolysis by Rab6A= in a dose-
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indicated molar ratios and with PNS, and generation of [�-32P]GDP over time
was monitored by TLC. The graphs shown in panels D and E are representa-
tives of two independent experiments.
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taining 3 to 11 Lp02 bacteria did not significantly change in cells
producing GFP-Rab6A=(T27N) versus GFP, indicating that the
lack of Rab6A= function affected the ability of bacteria to initiate
rather than maintain replication within the LCV. Thus, active
Rab6A= plays an important role for L. pneumophila during the
early stage of its intracellular replication cycle.

To confirm that LidA and Rab6A= interact during host cell
infection, we tested if endogenous Rab6A= could be coimmuno-
precipitated with LidA from infected host cells. Human U937
macrophages challenged with L. pneumophila Lp02 or a �lidA
strain were mechanically lysed, LidA was pelleted using beads
coated with anti-LidA antibody, and the amount of Rab6A= co-
precipitated by the beads was determined by immunoblotting
(Fig. 6B). Rab6A= was enriched in the pulldown assay from the
lysate of cells infected with L. pneumophila Lp02 but not that from
cells challenged with the �lidA strain, consistent with LidA di-
rectly targeting host cell Rab6A=. At 6 h postinfection, Rab6A= was
not enriched in either pulldown fraction, even though the amount
of LidA precipitated from Lp02-infected cell lysate had further
increased relative to that at the 2-h time point, demonstrating that
complex formation was not a consequence of the cell lysis proce-
dure. These results demonstrate that LidA interacts with host cell
Rab6A= preferentially at the early stage of infection.

We recently found that LidA competes with cellular Rab1 li-
gands, such as p115 or GM130, for Rab1 binding, arguing for a
role of LidA in restricting Rab1 interactions with host proteins
(35). Given that LidA binds active Rab6A=, we determined if LidA
also blocked interaction of Rab6A= with its downstream effectors.

As expected, beads coated with Rab6A=(Q72L) efficiently precip-
itated GFP-tagged R6IP1A and R6IP2B from lysates of transiently
transfected 293T cells, whereas Rab6A=(T27N) did not (Fig. 6C).
Upon preincubation of Rab6A=(Q72L) with a molar excess of
LidA, neither R6IP1A nor R6IP2B was detectable in the bead frac-
tion, demonstrating that LidA blocked Rab6A= binding to these
cellular interaction partners. Taken together, these results suggest
that LidA is important for maintaining an active pool of Rab6A=
within infected cells and for controlling the interactions of Rab6A=
with cellular ligands.

DISCUSSION

LidA was among the first effector proteins reported to be delivered
into the host cell by the L. pneumophila Dot/Icm T4SS (15). Sub-
sequent studies revealed that it targets host vesicle transport
GTPases of the Rab family, such as Rab1, Rab6, and Rab8 (17, 18).
We and others recently described the interaction between LidA
and Rab1, a GTPase that regulates ER-to-Golgi complex vesicle
trafficking (18, 35). In the present study, we focused on the anal-
ysis of Rab6A= binding to LidA and on determining the role of
Rab6 for replication vacuole formation by L. pneumophila. Not
surprisingly, we discovered several similarities in the interplay of
LidA with either Rab6A= or with Rab1, but also significant differ-
ences, as discussed below.

Using purified recombinant proteins in pulldown studies, we
found that the interaction between LidA and Rab6A= was direct
and nucleotide dependent, with a strong preference of LidA for
the constitutively active form of Rab6A= (Fig. 1). The ability of
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LidA to distinguish the active from the inactive form of Rab6A= is
a distinct feature, compared to the interaction with Rab1, which is
recognized by LidA in a nucleotide-independent manner (17). A
recent study using a truncated version of Rab6A (not A=) found
results similar to ours (39), although those authors reported that
binding of LidA to the inactive form of Rab6A was reduced but not
undetectable. It has been described that the isoforms Rab6A and
Rab6A=, although closely related, exhibit several functional differ-
ences and that their roles are not entirely redundant. For instance,
Rab6A but not Rab6A= was found to interact with Rabkinesin-6, a
Golgi complex-associated Rab6 ligand, and only Rab6A causes
redistribution of Golgi complex-resident proteins into the ER
when overproduced as constitutively active form in HeLa cells
(21). Another study reported that depletion of Rab6A=, but not
Rab6A, through RNA interference disturbed retrograde traffick-
ing as well as cell cycle progression (20), thus emphasizing the
functional specificity of each isoform. Although LidA interacts
with both isoforms in vitro, it is currently unknown whether
Rab6A=, Rab6A, or both represent a target for LidA during L.
pneumophila infection and which of the processes that they regu-
late might contribute to L. pneumophila replication vacuole for-
mation.

Our gel permeation chromatography analysis found that LidA
forms a 1:2 complex with Rab6A= (Fig. 3). To our knowledge, this
has not been observed for any other known bacterial or mamma-
lian Rab ligand, including the complex of LidA with Rab1 or Rab8,

and it is a somewhat surprising finding. Rab6IP1 has been shown
to bind GTP-Rab6A with a 1:1 stoichiometry (40), whereas
GCC185 forms a 2:2 complex with Rab6A(Q72L) (41). A 1:2 stoi-
chiometry suggests either that LidA possesses two separate Rab6A=
binding surfaces or that LidA interacts with a Rab6A= dimer or
stimulates its formation. Although wild-type Rab6A= appeared to
exist as a mixture of monomer and dimer in solution (Fig. 3A and
D), we never observed a LidA-Rab6A= stoichiometry above 1:2
(Fig. 3B), arguing that LidA binds either a dimer or two mono-
mers of Rab6A= but not two dimers (which would result in a
stoichiometry of 1:4). Although the structure of Rab6A= in com-
plex with LidA is not yet known, it is reasonable to assume that one
Rab6A= molecule is bound in a manner very similar to that de-
scribed for Rab1 and Rab8 (18, 39). In support of this hypothesis,
we found that Rab6A= competed with Rab1 for binding to LidA in
vitro (Fig. 2), suggesting that both GTPases have overlapping
binding sites on LidA. Given that only Rab1 and not Rab6A= lo-
calizes to LCVs, we do not anticipate that these two GTPases com-
pete for LidA binding in vivo. Also, we can only speculate about
the mechanism of how the second Rab6A= monomer is bound by
LidA. A truncated version of Rab6A comprising only the GTPase
domain (residues 13 to 174) was reported to exist as a dimer of
dimers within the asymmetric unit of protein crystals (38). Al-
though protein contacts within crystals do not necessarily repre-
sent interactions that are relevant for the function of a protein, it
cannot be excluded that under certain conditions or upon binding
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to a particular ligand, in this case L. pneumophila LidA, Rab6A=
forms dimers. We also found that LidA interfered with inactiva-
tion of not just one but two Rab6A= molecules simultaneously,
further indicating that binding of the second Rab6A= molecule is
not random but rather coordinated to achieve the same protective
effect. It is noteworthy that the crystal structures of the central
region of LidA in complex with either Rab8 or Rab1 offered no
definite clues about the in vivo function of LidA beyond what had
already been reported (15–17). It remains to be seen if the struc-
ture and function of the N- and C-terminal domains of LidA can
provide a more detailed insight into the activity of this effector and
their contribution to Rab GTPase manipulation by L. pneumo-
phila.

Interference with Rab6A= function by overproduction of GFP-
Rab6A=(T27N) in transiently transfected U937 macrophages at-
tenuated L. pneumophila’s capability to efficiently initiate intracel-
lular replication (Fig. 6), pointing toward an important role of the
Rab6A=-regulated pathway(s) for bacterial virulence. It is unlikely
that this phenomenon was caused by Rab6A=(T27N) indirectly
affecting interconnecting pathways, such as the early secretory
trafficking route. Although Rab6(T27N) reduced retrograde
cargo flow from the Golgi compartment to the ER, this pathway is
not considered essential in eukaryotic cells. Rab6(Q72L), on the
other hand, reduced vesicle flow through the secretory pathway,
which is considered essential in eukaryotic cells, yet this Rab6A=
mutant did not cause a measurable reduction in L. pneumophila
growth, suggesting that the inability of L. pneumophila to effi-
ciently initiate replication vacuole formation was a direct conse-
quence of the absence of active Rab6A= rather than an indirect one
due to compromised host cell viability. Another possibility is that
overproduction of a recombinant Rab protein in eukaryotic cells
affects the steady state of endogenous Rab proteins by competing
with them for binding to the chaperone GDI. A recent report
described a similar phenomenon for Rho GTPases (42). Like Rab
proteins, Rho GTPases require a chaperone (RhoGDI) to cycle
from the membrane-bound form to the cytosolic pool. Over-
production of an exogenous Rho protein depleted the pool of
RhoGDI and caused competition among endogenous Rho
GTPases for RhoGDI binding, which resulted in misfolding
and increased degradation. Although we cannot exclude the
possibility that overproduction of Rab6A=(T27N) altered the
homeostasis of other Rab proteins within transfected cells by
depleting RabGDI, we noticed no correlation between the level
of GFP-Rab6A=(T27N) protein and the frequency in failure of
L. pneumophila to initiate replication within those cells (data
not shown), arguing against a role for Rab protein cross talk in
the growth experiment (Fig. 6A).

Given that Rab6A= is involved in several trafficking processes,
we can only speculate about how and where LidA may exploit
Rab6A= in order to promote efficient intracellular multiplication
of L. pneumophila. Based on the results of both the infectious
center and coprecipitation assays (Fig. 6B and C), we hypothesize
that LidA targets Rab6A= early during infection. It is, however,
unclear what portion of the cellular pool of Rab6A= is affected by
LidA and at what subcellular location. LidA has been reported to
be most abundant at the LCV early during infection, yet it cannot
be excluded that its dissemination to other locations within the
infected cell occurs immediately after bacterial uptake but that its
levels distal to the LCV remain below the microscopic detection
limit for several hours. We do believe that the function of Rab6A=

is not redundant with that of Rab1, since we found no evidence for
Rab6A= accumulation on the LCV (data not shown), making a
role for this GTPase in the recruitment of host cell vesicles to the
LCV unlikely. It is also unclear if LidA exhibits a stimulating or
attenuating effect on the pathway(s) regulated by Rab6A=. On one
hand, LidA seems to play a promoting role in maintaining an
active pool of Rab6A= by preventing its inactivation by GAPs (Fig.
4). On the other hand, LidA binds Rab6A= with unusually high
affinity (18, 39) and competes with cellular Rab6A= ligands for
binding (Fig. 6B), which would argue for an inhibitory role of
LidA on Rab6A=-controlled processes. Further studies will be
needed to determine the precise time and intracellular localization
at which LidA interacts with Rab6A= during infection and how the
Rab6A=-regulated cellular pathway(s) supports L. pneumophila
infection.
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