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Legionella pneumophila, the causative agent of a severe pneumonia known as Legionnaires’ disease, intercepts material from
host cell membrane transport pathways to create a specialized vacuolar compartment that supports bacterial replication. Deliv-
ery of bacterial effector proteins into the host cell requires the Dot/Icm type IV secretion system. Several effectors, including
SidM, SidD, and LepB, were shown to target the early secretory pathway by manipulating the activity of the host GTPase Rab1.
While the function of these effectors has been well characterized, the role of another Rab1-interacting protein from L. pneumo-
phila, the effector protein LidA, is poorly understood. Here, we show that LidA binding to Rab1 stabilized the Rab1-guanosine
nucleotide complex, protecting it from inactivation by GTPase-activating proteins (GAPs) and from nucleotide extraction. The
protective effect of LidA on the Rab1-guanine nucleotide complex was concentration dependent, consistent with a 1:1 stoichiom-
etry of the LidA-Rab1 complex. The central coiled-coil region of LidA was sufficient for Rab1 binding and to prevent GAP-
mediated inactivation or nucleotide extraction from Rab1. In addition, the central region mediated binding to phosphatidylino-
sitol 3-phosphate and other phosphoinositides. When bound to Rab1, LidA interfered with the covalent modification of Rab1 by
phosphocholination or AMPylation, and it also blocked de-AMPylation of Rab1 by SidD and dephosphocholination by Lem3.
Based on these findings, we propose a role for LidA in bridging the membrane of the Legionella-containing vacuole (LCV) with
that of secretory transport vesicles surrounding the LCV.

Over the past decade, Legionnaires’ disease, a severe pneumo-
nia caused by the bacterium Legionella pneumophila, has be-

come an increasingly prominent infectious disease (10). L. pneu-
mophila is ubiquitously found in natural and man-made aquatic
environments, where it is a parasite of freshwater amoebae (19).
When inhaled by humans, L. pneumophila is ingested by alve-
olar macrophages and enclosed in a membrane-bound phago-
some. Unlike avirulent bacteria, L. pneumophila avoids fusion
of its surrounding phagosome with destructive endosomes and
lysosomes (24). Instead, the pathogen hijacks proteins and
membrane organelles from the host cytosol to slowly transform
its Legionella-containing vacuole (LCV) into a specialized
membrane compartment with morphological features remi-
niscent of rough endoplasmic reticulum (ER) (23, 44, 47).
Within this protective niche, L. pneumophila replicates to high
numbers, lyses the host cell, and infects neighboring macro-
phages.

Replication vacuole formation depends on the ability of the
pathogen to divert host cell vesicle flow to its LCV. For that, L.
pneumophila delivers over 300 effector proteins across the vacuo-
lar membrane into the host cytosol, where they manipulate host
signaling processes (17). L. pneumophila mutants with a defective
Dot/Icm system are unsuccessful in transforming their vacuole
into a camouflaged replication compartment and are trafficked
along the endolysosomal route for degradation, underscoring the
importance of effector proteins for bacterial virulence (2, 5, 7, 38,
40, 44, 47, 51). Predicting their molecular activity has proven chal-
lenging because many effector proteins are unique to the genus
Legionella and lack significant homology to known proteins.

Consistent with the establishment of a membrane organelle
reminiscent of the ER, marker proteins of this host compartment,
such as calnexin, BIP, and Sec22, were found to localize to LCVs
during infection (13, 27, 44). Another host protein hijacked by L.

pneumophila during infection is Rab1, a small GTPase that regu-
lates transport of vesicular cargo from the ER to the Golgi com-
partment (36, 37, 48, 52). Rab1 cycles between an active GTP-
bound and an inactive GDP-bound conformation, the latter being
associated with the chaperone GDP dissociation inhibitor (GDI)
in the cytosol. Transition between these two conformations is
controlled by upstream regulatory factors. GDP/GTP exchange
factors (GEFs) activate Rab1 by replacing GDP against GTP. In its
active conformation, GTP-Rab1 is membrane associated and in-
teracts with downstream effectors involved in vesicle tethering,
docking, and fusion. GTPase-activating proteins (GAPs) stimu-
late the intrinsic GTP hydrolysis activity of Rab1, thereby convert-
ing the GTPase back into its inactive GDP-bound form, which is
recognized and extracted from the membrane by GDI.

We and others recently showed that several L. pneumophila
Dot/Icm-translocated substrates are molecular mimics of host
regulatory factors and specifically target Rab1 to modulate its ac-
tivity (25, 30, 31, 34). Recruitment of Rab1 to the LCV membrane
and activation of Rab1 require SidM (DrrA), an effector protein
with multiple activities. SidM exhibits GDI displacement factor
(GDF) activity as well as GEF activity, resulting in the generation
of GDI-free active GTP-Rab1. Additionally, SidM possesses ad-
enylylation (AMPylation) activity, covalently attaching AMP to
tyrosine 77 of GTP-Rab1. Active AMPylated Rab1 is released by
SidM and thought to mediate tethering of early secretory vesicles
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to the LCV, thereby promoting vacuolar transformation. The ef-
ficiency of this process is believed to be enhanced by AMPylation
because Rab1 in the AMP-modified form cannot be inactivated by
the L. pneumophila effector LepB and remains active for an ex-
tended period of time (33). When replication vacuole formation
has progressed sufficiently, Rab1 is no longer needed for vesicle
recruitment and it is de-AMPylated by the effector protein SidD
(35, 46). Once AMP-free, GTP hydrolysis in Rab1 is triggered by
the GAP LepB and Rab1 is removed from the LCV membrane
by GDI.

During infection of host cells by L. pneumophila, Rab1 can be
the substrate of yet another covalent modification, phosphocho-
lination, which is catalyzed by AnkX (also known as LegA8) (32).
This event involves the addition of a phosphocholine moiety to a
serine residue in the switch II region of Rab1 adjacent to the ty-
rosine that is the target of AMPylation. However, it is not yet clear
when and where this modification takes place and what its impact,
if any, is on the activity of Rab1.

While the effects of SidM, SidD, and LepB on Rab1 have been
well studied, the role of the L. pneumophila effector protein LidA
during Rab1 manipulation is unclear. LidA was initially identified
as a “gatekeeper” for the L. pneumophila Dot/Icm type IV secre-
tion system (T4SS) (12). LidA is translocated into the host cell
throughout the infection cycle of L. pneumophila (14). Indirect
immunofluorescence studies showed that early during infection,
LidA is associated with the cytosolic surface of the vacuole (12),
whereas at later times, LidA is also dispersed throughout the in-
fected cell and associated with membrane compartments of un-
known identity (14). Subsequent studies revealed that, after deliv-
ery into host cells, LidA interacts with Rab1 and other Rab

GTPases (31). In contrast to other Rab ligands described to date,
LidA binds the GTP-bound active and the GDP-bound inactive
form of Rab1 with almost equal affinity (31). However, unlike
SidM and LepB, which alter the guanine nucleotide binding state
of Rab1, LidA does not exhibit any detectable GEF or GAP activity
toward this GTPase. In addition, despite the fact that AMPylation
of Rab1 blocks its inactivation by L. pneumophila LepB and inter-
action with the host cell ligand MICAL-3, LidA is still able to
interact with AMPylated Rab1 (33).

LidA seems to fulfill a critical yet unknown function during L.
pneumophila infection. Deletion mutants of lidA show a kinetic
defect in Rab1 recruitment, consistent with the hypothesis that
LidA promotes Rab1 accumulation on the LCV by enhancing the
process of SidM-mediated Rab1 recruitment and/or by antagoniz-
ing Rab1 removal from LCVs. In the present study, we have per-
formed a detailed analysis of the effect of LidA on Rab1 function
and propose a model that predicts a role for LidA in Rab1-
mediated vesicle tethering to LCVs.

MATERIALS AND METHODS
Strains, media, and plasmids. L. pneumophila strains were grown and
maintained in medium containing thymidine as previously described (18,
20). L. pneumophila strain Lp02 (thyA hsdR rpsL) is a thymidine auxotroph
derivative of Philadelphia-1. The strain Lp02�lidA was a kind gift from Zhao-
Qing Luo (Purdue University, IN), and Lp02�sidM harboring an in-frame
deletion in sidM was described previously (16, 29). The Lp02�lidA�sidM
mutant was generated in the �lidA mutant background by allelic exchange
using plasmid pSR47S-sidM as described before (16). Plasmids were intro-
duced into L. pneumophila by natural transformation (43).

Plasmids for production of recombinant tagged proteins in Esche-
richia coli are listed in Table 1. Antibodies were purchased from Santa

TABLE 1 Microbial strains and plasmids used in this study

Strain or plasmid Relevant characteristic(s)a Source or reference

L. pneumophila strains
Lp02 Philadelphia-1, serogroup 1, salt sensitive, restriction deficient, thymidine auxotroph; Smr 6
Lp02�lidA Philadelphia-1, serogroup 1, salt sensitive, restriction deficient, thymidine auxotroph, lacking lidA; Smr Zhao-Qing Luo
Lp02�lidA�sidM Philadelphia-1, serogroup 1, salt sensitive, restriction deficient, thymidine auxotroph, lacking lidA and

sidM; Smr

This study

E. coli strains
GC5 F� �80lacZ�M15 �(lacZYA-argF)U169 recA1 endA1 hsdR17(rK

� mK
�) phoA supE44 thi-1 gyrA96

relA1 �� tonA
Genesee

BL21(DE3) F� ompT hsdSB(rB
� mB

�) gal dcm(DE3) Novagen

Plasmids
pGEX-6p-1 GE Healthcare
pGEX-6p-1-lidA pGEX6p1 with L. pneumophila lidA (aa 1–729); Ampr This study
pGEX-6p-1-N-lidA pGEX6p1 with L. pneumophila lidA fragment (aa 1–189); Ampr This study
pGEX-6p-1-M-lidA pGEX6p1 with L. pneumophila lidA fragment (aa 190–600); Ampr This study
pGEX-6p-1-R-lidA pGEX6p1 with L. pneumophila lidA fragment (aa 190–400); Ampr This study
pGEX-6p-1-C-lidA pGEX6p1 with L. pneumophila lidA fragment (aa 601–729); Ampr This study
pGEX-6p-1-sidM pGEX6p1 with L. pneumophila sidM flanking fragments; Ampr 31
pGEX-6p-1-rab1a pGEX6p1 with human rab1a; Ampr 31
pGEX-6p-1-rab1aQ70L pGEX6p1 with human rab1a; Ampr 31
pGEX-6p-1-rab1aS25N pGEX6p1 with Human rab1a; Ampr 31
pSR47S-sidM pSR47S with L. pneumophila sidM flanking regions; Ampr 31
pQE80L-TBC1D201–364 pQE80L with human TBC1D20 (Thr364stop); Ampr 35
pQE80L-lepB1-1232 pQE80L with L. pneumophila lepB (Trp1232stop); Ampr 35
pDEST17-ankX pDEST17 with L. pneumophila ankX; Ampr This study
pQE80L-LidA pQE80L with L. pneumophila lidA; Ampr This study

aAbbreviations: Ampr, ampicillin resistance; Smr, streptomycin resistance.
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Cruz Biotechnology (Rab1a), Abcam (Giantin, GM130, and p115), Bell-
Brook Labs (AMP), and Sigma (TEPC-15). SidM- and LidA-directed an-
tibodies were described previously (12, 31).

The plasmids for production and purification of recombinant LidA,
SidM, Rab1, Rab1 variants, LepB1232, and TBC1D20364 in E. coli were
described before (12, 31, 35) and are listed and described in Table 1.
Plasmids for production of LidA variants were generated by subcloning
PCR fragments into pGEX-6P-1 (GE Healthcare) using oligonucleotides
Fw-N (5=-GAAGAATTCATGGCAAAAGATAACAAATCACATCAAG-
3=) and Rv-N (5=-CTCCTCGAGTTAGGATGAAGTGGACTGTTGGCT
TG-3=) to amplify the sequence encoding the N-terminal fragment, Fw-M
(5=-GAAGAATTCATGACTTCGCAAGCTGATAAAGAAATTC-3=) and
Rv-M (5=-CTCCTCGAGTTATTCAGTATCTAAAGTTGGTTGGTTG-
3=) to amplify the sequence encoding the middle fragment, Fw-M and
Rv-R 1-2 (5=-CTCCTCGAGTTATTCCAAACTAAGCTTATGAATTAG
AGC-3=) to amplify the sequence encoding the R 1-2 fragment, and Fw-C
(5=-GAAGAATTCATGTCACCTGTCTTAACACCTTCTGGAG-3=) and
Rv-C (5=-CTCCTCGAGTTATGATGTCTTGAATGGAGATAAAGAC-
3=) to amplify the sequence encoding the C-terminal fragment. Recombi-
nant His-tagged LidA was generated by cloning the lidA gene into the
pQE80L plasmid. For production of recombinant His-tagged AnkX, the
ankX gene was cloned into the Gateway pDEST17 vector (Invitrogen)
from pDONOR221-AnkX (a kind gift from Ralph Isberg, Tufts Univer-
sity) using the LR clonase (Invitrogen). For production of recombinant
Lem3, a DNA fragment containing the lpg0696 open reading frame (lem3)
was amplified by PCR using the forward primer MMO105 containing an
SgfI restriction site (5=-GATCGCGATCGCCATGATGAAGTTACGCTA
TATTATTAATG-3=) and the reverse primer MMO106 containing a PmeI
restriction site (5=-GATCGTTTAAACTTTCAATTCATTTTTATTTTCT
ATTTCACTATCCAA-3=). The PCR fragment was digested with the
specified enzymes and cloned into the respective sites in pFN22K
HaloTagCMVd1 Flexi vector (Promega) to generate an N-terminal Ha-
loTag fusion.

Production and purification of recombinant proteins. LidA and its
variants (N-LidA, M-LidA, R-LidA, and C-LidA), SidM, Rab1a,
Rab1aS25N, and Rab1aQ70L were produced as glutathione S-transferase
(GST) fusion proteins in E. coli BL21(DE3) (Stratagene) and purified as
described before (12, 31). LepB1232 (amino acids [aa] 1 to 1232) and
TBC1D20364 (aa 1 to 364) lacking the transmembrane region, as well as
AnkX and LidA, were produced as 6�His fusions and were purified using
TALON metal affinity resin as previously described (35).

Recombinant HaloTag-Lem3 was produced in the Single Step (KRX)
competent E. coli strain (Promega), and Lem3 was purified using the
HaloTag protein purification system according to the manufacturer’s in-
structions. Briefly, E. coli cells producing HaloTag-Lem3 were harvested
and resuspended in protein purification buffer (50 mM HEPES, 150 mM
NaCl, pH 7.5) followed by lysis using a Microfluidics M-110P microflu-
idizer. The cell lysate was centrifuged at 25,000 � g for 20 min, and the
supernatant was incubated with preequilibrated HaloLink resin for 2 h at
4°C. The resin was then washed a total of 3 times using the protein puri-
fication buffer, and Lem3 was cleaved off the resin using tobacco etch
virus (TEV) protease (Promega) for 2 h at 4°C. HisLink resin (Promega)
was used to remove the TEV protease from the supernatant, and its re-
moval was verified by SDS-PAGE.

GTP hydrolysis assays. Rab1a was loaded with [�-32P]GTP by first
extracting MgCl2 with 5 mM EDTA for 5 min at room temperature to
release the Rab1a-bound nucleotide. Nucleotide-free Rab1a (12 �M) was
then loaded with 20 nM [�-32P]GTP in phosphate-buffered saline (PBS)
buffer for 5 min at room temperature, followed by the addition of 20 mM
MgCl2. Rab1a (2 �M) was incubated at room temperature with either 200
nM LepB1232 or 180 nM TBC1D20364. For samples containing LidA, the
GAPs were added to the reaction mixture after preincubation of LidA with
Rab1 for 15 min at room temperature. At the time intervals indicated in
Fig. 1, samples were transferred to PBS buffer containing 20 mM MgCl2
(PBS-M) and immediately applied to a prewetted nitrocellulose filter

(0.45 �m; Millipore) on a vacuum filtration manifold (model 1225; Mil-
lipore). Filters were washed with 2 ml of PBS-M. Nitrocellulose filters
were transferred to vials containing scintillation liquid, and radioactivity
was measured by using a Beckman LS 6500 liquid scintillation counter.

Guanine nucleotide extraction assay. For nucleotide extraction as-
says, 50 pmol nucleotide-free Rab1 (see above) was incubated for 2 h in
loading buffer containing 1 nmol [3H]GDP or [�-35S]GTP as indicated.
The loading reaction was stopped by the addition of MgCl2 (5 mM final
concentration). Rab1 loaded with [3H]GDP or [�-35S]GTP was diluted
into loading buffer containing 5 mM MgCl2 in the presence or absence of
LidA (in molar ratios as indicated in the description of each experiment)
or equimolar amounts of the LidA variants. Nucleotide extraction was
started by the addition of EDTA (final concentration, 20 mM). Samples
were removed at the time points indicated in Fig. 1 and analyzed by scin-
tillation counting as described for GTP hydrolysis.

Pulldown of Rab1 effector proteins in the presence of LidA. Purified
GST, GST-Rab1aS25N, or GST-Rab1aQ70L proteins (30 �g) were used to
coat 5 � 107 magnetic beads (Dynabeads Epoxy M270; Invitrogen) over-
night at 4°C according to the manufacturer’s instructions. The protein-
coated beads were then incubated with 400 �g of postnuclear supernatant
(PNS) for 2 h at 4°C. The PNS was generated by mechanically breaking
293T cells in PBS buffer containing 1 mM MgCl2 and 1 mM �-mercap-
toethanol (PBS-MM) using a Dounce homogenizer; the cell lysate was
centrifuged at 3,000 � g and the supernatant was used for pulldown stud-
ies. After incubation with PNS, the beads were washed six times with
PBS-MM. Proteins bound to the beads were analyzed by Western blotting
using the antibodies specified below.

In vitro AMPylation assays in the presence of LidA. Rab1a (5 �M)
was preincubated in buffer containing 20 mM HEPES, 1 mM MgCl2, 1
mM ATP, and 5 �M GTP for 15 min at room temperature with 0.5, 1, 2,
and 5 �M LidA or buffer as control. AMPylation was initiated by the
addition of 250 nM SidM, and the reaction was allowed to continue for a
total of 90 min. The reaction was stopped after 90 min by adding SDS
sample buffer and boiling the sample for 5 min. The samples were then
separated on a 4 to 15% SDS–PAGE gel (Bio-Rad) and transferred to a
nitrocellulose membrane (iBlot; Invitrogen) for immunoblot analysis
(Fast Western; Pierce) using polyclonal AMP antibody to detect Rab1-
AMP. The intensities of the protein bands detected by Western blot were
quantified using ImageJ software (http://rsb.info.nih.gov/ij; National In-
stitutes of Health, Bethesda, MD).

In vitro de-AMPylation assays in the presence of LidA. Rab1a (6
�M) preloaded with GTP was first AMPylated in a master reaction cata-
lyzed by 1.5 � 108 SidM-coated beads (Dynabeads M-270 Epoxy, Invit-
rogen) in PBS-M buffer in the presence of 50 nM [�32P]ATP. The reaction
was allowed to proceed for 3 h at room temperature to achieve complete
AMPylation of Rab1, after which SidM-coated beads were removed. Sub-
sequently, 2 �M Rab1a-[32P]AMP was incubated with 0.5, 1, or 2 �M
LidA or buffer as control for 15 min at room temperature to allow binding
of LidA to AMPylated Rab1. De-AMPylation was initiated by the addition
of 100 nM purified GST-SidD to each of the four samples. Loss of
[32P]AMP from Rab1 was monitored by nitrocellulose filter-binding as-
says as described for GTP hydrolysis.

Protein-protein binding assays. For pulldown experiments to iden-
tify the Rab1 binding domain, purified recombinant LidA or LidA vari-
ants (N-LidA, M-LidA, and C-LidA) were immobilized on Affigel beads
(Bio-Rad) according to the manufacturer’s recommendations. Beads
were incubated for 2 h at 4°C in PBS containing a molar excess of either
dominant active Rab1aQ70L or dominant inactive Rab1aS25N. Beads
were washed 5 times with cold PBS and resuspended in SDS sample buffer.
Rab1 bound to bead-immobilized proteins was detected by Western blot-
ting.

For pulldown of covalently modified Rab1, glutathione magnetic
beads (Pierce) were coated with GST or GST-LidA and incubated with
purified AMPylated Rab1a (Rab1-AMP) or phosphocholinated Rab1
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(Rab1-PC) generated as described below. Rab1a or SidM was used as the
positive or negative control, respectively.

Protein-lipid overlay assay. Phosphoinositide binding of full-length
LidA and the four truncated variants of untagged LidA (N-LidA, R-LidA,
M-LidA, and C-LidA) were tested in vitro using commercially available
PIP Strips (Echelon), which are nitrocellulose membranes spotted with
the phosphoinositides specified in Fig. 3. The membranes were blocked
with 2% fat-free milk in TBST (50 mM Tris, 150 mM NaCl, 0.1% Tween
20 [vol/vol], pH 7.4) for 1 h at room temperature prior to incubation with
4 �g of full-length LidA or the LidA variants for 1 h at room temperature.
The membranes were then washed with TBST and incubated with LidA-
directed antibody for 1 h at room temperature, followed by a 1-h incuba-
tion with a peroxidase-labeled secondary antibody in TBST. After a final
wash, proteins bound to the membrane were detected by chemilumines-
cence.

In vitro phosphocholination assay in the presence of LidA. Purified
Rab1a (5 �M) was preincubated with buffer or increasing amounts of
LidA (0.5, 1, 2, or 5 �M) for 15 min at room temperature in phosphocho-
lination buffer containing 20 mM HEPES, pH 7.5, 100 mM NaCl, 1 mM
CDP-choline, 1 mM MgCl2, and 1 mM ATP. The phosphocholination
reaction was initiated by the addition of His-AnkX (250 nM) as specified
in Fig. 4A. The reaction was stopped after 3 h by boiling in SDS sample
buffer for 5 min. Proteins were separated on a 4 to 15% SDS–PAGE gel
(Bio-Rad) and transferred to a nitrocellulose membrane (iBlot; Invitro-
gen) for immunoblot analysis (Fast Western; Pierce) using TEPC-15 an-
tibody to detect phosphocholinated Rab1 (Rab1-PC). The intensity of
protein bands detected by Western blotting was quantified using ImageJ
software.

In vitro AMPylation or phosphocholination reaction of Rab1a and
purification of covalently modified Rab1a. Rab1a was AMPylated in
vitro, and Rab1-AMP was purified by gel filtration as previously described
(35). Rab1a (25 �M) was phosphocholinated at room temperature for 4 h
in the presence of His-AnkX (0.25 �M) in a phosphocholination buffer
(described above). The reaction mixture was then incubated with 60 �l of
HisLink beads (Promega) to remove His-AnkX before purification by gel
filtration on a HiLoad 16/60 Superdex 75-pg column (GE Healthcare) at
4°C. Fractions containing Rab1-PC in PBS-MM were pooled, concen-
trated, and stored at �80°C.

In vitro dephosphocholination assay in the presence of LidA.
Rab1-PC (5 �M), purified as described above, was preincubated with
buffer or increasing amounts of LidA (0.5, 1, 2, and 5 �M) for 15 min at
room temperature in PBS-M buffer, followed by the addition of 250 nM
Lem3. Phosphocholinated Rab1 was detected by Western blotting as de-
scribed above for the phosphocholination assay.

Electron microscopy of U937 cells infected with wild type or mu-
tants of L. pneumophila. U937 cells were grown in RPMI 1640 supple-
mented with 10% fetal bovine serum in a 5% CO2 humidified atmosphere
at 37°C. The cells were activated with phorbol 12-myristate 13-acetate for
48 h in a culture flask. Differentiated U937 cells were replated in 24-well
tissue culture dishes containing 12-mm coverslips at a density of 5 � 105

cells per well prior to infection with L. pneumophila. The cells were chal-
lenged with post-exponential-phase L. pneumophila wild type or the
�lidA or �lidA �sidM mutant at a multiplicity of infection of 5 in culture
medium containing thymidine (100 �g/ml). At 30 min, the extracellular
bacteria were washed off with warm culture medium, after which fresh
medium plus thymidine was added to the wells and incubation continued
until the incubation time postinfection totaled 2 h. The cells were fixed
with 2% glutaraldehyde–2% formaldehyde in 0.1 M cacodylate buffer, pH
7.2, followed by postfixation in 1% osmium tetroxide–1.5% potassium
ferrocyanide. Upon dehydration and embedding in EMBed-812 (EM Sci-
ence, Horsham, PA), the coverslips were removed by hydrofluoric acid,
cells were thin sectioned parallel to the glass, and the sections were stained
with uranyl acetate and lead citrate. The samples were viewed on a Tecnai
20 transmission electron microscope (FEI, Hillsboro, OR) at 80 kV accel-
eration voltage.

The presence of ER vesicle LCVs was quantified from electron micro-
graphs of host cells infected with L. pneumophila for 30 min (wild type, 10
vacuoles;�lidA mutant, 24 vacuoles; and �lidA �sidM mutant, 9 vacu-
oles) and 2 h (wild type, 11 vacuoles;�lidA, 29 vacuoles; and �lidA �sidM
mutant, 20 vacuoles). Vacuoles with a minimum of 50% surface coverage
were considered positive for vesicle recruitment.

RESULTS
LidA prevents inactivation of GTP-Rab1 by Rab1 GAPs. LidA
plays a supportive role in Rab1 recruitment to the LCV during
infection, but it is not clear how LidA contributes to enhancing the
presence of Rab1 on the vacuole. Prior studies have shown that
LidA interacts with high affinity with Rab1 in its GTP-bound form
and that it binds GDP-Rab1 with slightly lower affinity (31). How-
ever, to date there is no evidence of LidA being either a GEF or a
GAP for Rab1 (31). Given its tight binding to GTP-Rab1 in vitro
and its effect on Rab1 recruitment in vivo, we wanted to test
whether interaction of LidA with GTP-Rab1 prevents inactivation
by the L. pneumophila-encoded Rab1-GAP LepB and the mam-
malian Rab1-GAP TBC1D20. Rab1 loaded with radioactive
[�32P]GTP was preincubated with increasing amounts of LidA,
and GTP hydrolysis was initiated by the addition of truncated
versions of LepB1232 or TBC1D20354 that lack the transmembrane
domain. In the absence of LidA, the two GAPs efficiently stimu-
lated GTP hydrolysis, whereas LidA present in an equimolar or
larger amount completely blocked GTP hydrolysis by Rab1 in the
presence of either type of GAP. At a subequimolar concentration
(2-fold excess of Rab1), LidA prevented GTP hydrolysis in ap-
proximately half of the Rab1 molecules, consistent with a 1:1 stoi-
chiometry of the LidA-Rab1 complex (Fig. 1A and B). Thus, the
presence of LidA negatively affected GTP hydrolysis triggered by
either GAP, probably by directly binding Rab1.

LidA prevents dissociation of guanosine nucleotides from
Rab1. To further investigate how LidA exerts its protective effect
over Rab1, we set out to explore the possibility that LidA binding
to Rab1 sterically hinders GAP access to the nucleotide binding
pocket. In previous analyses, we noted that spontaneous nucleo-
tide dissociation from Rab1 appeared to be reduced in the pres-
ence of LidA, which led us to further analyze a possible effect of
LidA on the guanosine nucleotide-Rab1 complex. Magnesium
(Mg2�) is an essential cofactor for high-affinity binding of
guanosine nucleotides to GTPases (11), whereas EDTA causes nu-
cleotide dissociation by chelating Mg2� ions (9, 26). Rab1 loaded
with [�-35S]GTP, a nonhydrolyzable GTP analog, was preincu-
bated with LidA in different molar ratios, followed by the addition
of EDTA. In the absence of LidA, radiolabel was rapidly lost from
Rab1, indicating that [�-35S]GTP was released from Rab1 after
Mg2� extraction by EDTA (Fig. 1C). In contrast, LidA efficiently
prevented nucleotide release from Rab1 in the presence of EDTA.
No interaction between LidA and or any other radiolabeled
guanosine nucleotide was detectable (data not shown). The inhib-
itory effect of LidA on [�-35S]GTP dissociation from Rab1 was
proportional to the concentration of LidA, with the greatest pro-
tection at an equimolar ratio of LidA to Rab1. Similar results were
obtained in EDTA extraction assays using Rab1 loaded with ra-
dioactive [3H]GDP (Fig. 1D). Thus, LidA binds Rab1 in a 1:1 ratio
and blocks guanine nucleotide dissociation from Rab1.

LidA prevents interaction of active Rab1 with its down-
stream effectors. Since LidA not only stabilized GTP-Rab1 but
also prevented Rab1 inactivation by GAPs, we hypothesized that
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LidA may keep Rab1 in an active conformation to allow it to bind
its downstream ligands. To test this hypothesis, we performed a
pulldown experiment from 293T cell lysate in which Rab1aS25N
(constitutively inactive) or Rab1aQ70L (constitutively active)
bound to beads was incubated with increasing amounts of LidA to
assess its effect on the binding of Rab1 interacting partners (Fig.
1E). In the absence of LidA, Rab1aQ70L interacted with tethering
proteins p115, giantin, and GM130 while Rab1aS25N did not,
consistent with earlier studies (1, 4, 50). However, in the presence
of LidA, interaction with these three Rab1 effectors was dis-
rupted in a concentration-dependent manner (Fig. 1E). Con-
trary to our hypothesis, these results seem to support an inhib-
itory role of LidA on Rab1 interaction with the downstream
effectors tested.

LidA binding to Rab1 inhibits AMPylation and de-AMPylation.
SidM preferentially catalyzes AMPylation of the GTP-bound form
of Rab1 (33). Given that LidA binding keeps Rab1 in an active
conformation even in the presence of GAPs, we wanted to deter-
mine if LidA would still allow Rab1 AMPylation by SidM. In the
absence of LidA, Rab1 was efficiently AMPylated by SidM (Fig. 2A
and B). When LidA was preincubated with Rab1, it inhibited Rab1
AMPylation in a concentration-dependent manner. After 90 min,
the most severe attenuation of AMPylation was detectable at an
equimolar amount of LidA relative to the amount of Rab1, indi-
cating that LidA binding to Rab1 interfered with the posttransla-
tional modification of this GTPase by SidM (Fig. 2A and B). We
also tested the effect of LidA on the reverse reaction catalyzed by
SidD. Rab1 AMPylated by SidM was preincubated with increasing

FIG 1 LidA maintains Rab1 in an active conformation. (A, B) LidA prevents inactivation of GTP-Rab1 by LepB1232 and TBC1D20364. Rab1 (2 �M) loaded with
[�32P]GTP was preincubated with LidA at the indicated molar ratios or with buffer as negative control, followed by the addition of LepB1232 (A) or TBC1D20364

(B). Rab1-[�32P]GTP levels were monitored over time by a filter-binding assay. Data are means � standard deviations from three independent experiments. (C,
D) LidA protects Rab1 from guanosine nucleotide extraction by EDTA. Results shown are from a guanosine nucleotide extraction assay of Rab1 loaded with
[�35S]GTP (C) or [3H]GDP (D) and preincubated for 1 min with LidA in the molar ratios indicated. The release of radiolabeled guanosine nucleotides from Rab1
was stimulated by the addition of EDTA (20 mM final concentration), and the loss of radioactive nucleotide from Rab1 was monitored by a filter-binding assay.
Data are means � standard deviations from three independent experiments. (E) LidA prevents interaction of Rab1 with downstream effectors. Magnetic beads
were coated with GST, GST-Rab1aS25N, or GST-Rab1aQ70L and incubated with postnuclear supernatant (PNS) from 293T cells. Where indicated, GST-
Rab1aQ70L was preincubated with increasing amounts of LidA prior to incubation with the 293T cell PNS.
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amounts of LidA followed by the addition of SidD. When
AMPylated Rab1 and LidA were preincubated at a 4:1 molar ratio,
loss of [32P]AMP was reduced in about 25% of [32P]AMP-Rab1,
whereas de-AMPylation was completely inhibited when the two
proteins were present at equimolar amounts (Fig. 2C). A 2:1
ratio of Rab1 to LidA resulted in the protection of approxi-
mately half of the Rab1 molecules from de-AMPylation by
SidD. These results show that LidA interfered with both
AMPylation and de-AMPylation of Rab1, probably by binding
to Rab1 and preventing access of SidM as well as SidD.

Identification and functional analysis of LidA domains.
Many bacterial effector proteins characterized so far are com-
posed of multiple domains that are functionally autonomous. For
example, SidM binds phosphatidylinositol 4-phosphate [PI(4)P]
through its C-terminal domain to mediate its attachment to the
LCV, and it catalyzes GDP/GTP exchange of Rab1 through its
central part and Rab1 AMPylation through its N-terminal part
(21). Because LidA also binds Rab1 and phosphoinositides, we
wanted to identify the domains that are responsible for binding
these molecules. We initially divided LidA into three regions: an
N-terminal part (N-LidA, amino acids [aa] 1 to 189), a middle
region predicted to be rich in coiled-coil structures (M-LidA, aa
190 to 600), and a C-terminal part (C-LidA, aa 601 to 729) (Fig.
3A). The borders of the LidA regions were chosen based on the
proteolytic degradation pattern we observed during long-term
storage of LidA at 4°C, which resulted in the accumulation of an

approximately 48-kDa degradation fragment that was identified
as the central region of LidA (data not shown). The purified trun-
cated LidA variants were water soluble and resistant to proteolytic
degradation during production in E. coli, suggesting that they in
fact represent independent domains of the full-length protein
(Fig. 3B).

The central coiled-coil region of LidA mediates Rab1 bind-
ing. To identify the region of LidA that mediates interaction with
Rab1, an in vitro binding assay was performed using purified pro-
teins. LidA variants immobilized to agarose beads were incubated
with Rab1 mutants locked either in the active (Rab1aQ70L) or in
the inactive form (Rab1aS25N). The amount of Rab1 mutant pro-
tein retained by the beads was determined by Western blot analy-
sis using Rab1-specific antibody. Both Rab1 variants efficiently
interacted with beads coated with M-LidA or full-length LidA,
respectively, whereas N-LidA and C-LidA showed Rab1 binding
similar to the level obtained with BSA-coated control beads (Fig.
3C). Thus, the central coiled-coil region of LidA is sufficient for
Rab1 binding, and any further truncation of this region abrogated
interaction with Rab1 (data not shown).

Though the N- and C-terminal regions are dispensable for
Rab1 binding, we tested their involvement in the other activities
described above for full-length LidA. As full-length LidA protects
Rab1 from nucleotide extraction by EDTA, we tested the different
LidA fragments for their effect on Rab1-guanine nucleotide com-
plexes in an in vitro nucleotide extraction assay. Purified Rab1

FIG 2 LidA inhibits AMPylation and de-AMPylation of Rab1. For both assays, data are means � standard deviations from three independent experiments. (A)
LidA interfered with AMPylation of Rab1 by SidM. Rab1a was preincubated with His-LidA at a 10:1. 5:1, 2.5:1, or 1:1 molar ratio or with buffer as control,
followed by the addition of SidM to initiate AMPylation. After 90 min, the accumulation of Rab1-AMP was determined by Western blotting. Ponceau staining
shows total amounts of His-LidA, SidM, and Rab1 present on the blot (top); Rab1-AMP signal was detected using an AMP antibody (bottom). (B) Quantification
of Rab1-AMP at 2 h after initiation of the AMPylation reaction of Rab1 preincubated with His-LidA at the indicated molar ratios or with buffer as control. The
intensities of the bands were determined relative to the signal obtained in the absence of His-LidA, which was arbitrarily set as 100%. (B) LidA blocks
de-AMPylation of Rab1-AMP by SidD. Rab1a-[32P]AMP was incubated with LidA at the indicated molar ratios or with buffer as control. De-AMPylation was
initiated by the addition of GST-SidD to each of the four samples. Loss of [32P]AMP from Rab1 was monitored by filter-binding assays.
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loaded with radiolabeled [�35S]GTP was incubated with an
equimolar amount of either full-length LidA or the truncated
LidA variants prior to the addition of EDTA. The amount of �35S-
GTP–Rab1 present in the experiment was monitored over time
(Fig. 3D). In the absence of LidA, [�35S]GTP was rapidly extracted
from Rab1 by EDTA, leading to a quick drop in radioactivity. In
contrast, full-length LidA and M-LidA efficiently prevented
[�35S]GTP extraction from Rab1, whereas N-LidA and C-LidA
showed no effect on nucleotide extraction from Rab1 (Fig. 3D).
Therefore, the central coiled-coil region of LidA is sufficient to
prevent EDTA-mediated nucleotide extraction, without a re-
quirement for the N- or C-terminal domain.

The central region of LidA mediates phosphoinositide bind-
ing. LidA was previously shown to bind PI(3)P and, less strongly,
PI(4)P and PI(5)P. To identify the LidA region that is responsible
for binding these phosphoinositides, we performed a protein-
lipid overlay assay. In addition to the three regions tested as de-
scribed above for Rab1 binding (N-LidA, M-LidA, and C-LidA),
we included a subregion spanning the amino-terminal 200 amino
acids of the M-LidA fragment, called R1-2-LidA (aa 190 to 400)
(14). This region contained two repeats with weak homology to
spectrin repeats, which are known to bind phosphoinositides (39).
Of the four LidA fragments tested, M-LidA and R1-2-LidA
showed strong binding to PI(3)P and reduced binding to PI(4)P
(Fig. 3E). N-LidA and C-LidA did not bind any phosphoinosi-
tides. Thus, the central coiled-coil region of LidA is responsible
not only for Rab1 binding but also for binding to phosphoinositi-
des. Full-length LidA showed variable binding to phosphatidic
acid depending on the antibody used to detect the binding. Over-

all, LidA bound to phosphatidic acid in three out of six indepen-
dent experiments, whereas LidA bound to PI(3)P in each of our
phosphoinositide binding experiments.

LidA interferes with phosphocholination and dephospho-
cholination of Rab1. A recent study found that Rab1 can be phos-
phocholinated by AnkX during infection of host cells by L.
pneumophila (32). Thus, we evaluated LidA’s effect on this post-
translational modification. Rab1 was preincubated with LidA at
different molar ratios, and AnkX was added to initiate phospho-
cholination in the presence of CDP-choline as substrate. We
found that phosphocholination of Rab1 by AnkX was increasingly
impaired when LidA was present at a 10:1, 5:1, or 2.5:1 molar ratio
of Rab1 to LidA and that the reaction was almost completely in-
hibited by an equimolar amount of LidA (Fig. 4A and B).

We subsequently analyzed the effect of LidA on phosphocho-
line removal from Rab1 by L. pneumophila Lem3, a previously
uncharacterized L. pneumophila effector that catalyzes the re-
moval of phosphocholine from Rab1a (45; also M. Machner, un-
published data). Similarly to de-AMPylation, dephosphocholina-
tion of Rab1 by Lem3 was efficiently prevented by increasing
amounts of LidA (Fig. 4C and D). Thus, like Rab1 AMPylation by
SidM and de-AMPylation by SidD, phosphocholination by AnkX
and dephosphocholination by Lem3 were attenuated by LidA
binding to Rab1. We also found that phosphocholination of Rab1
did not affect its binding to LidA (Fig. 4E). Consequently, the
most likely explanation for the inhibitory effect of LidA is that by
binding to Rab1, it occludes the access of SidM, SidD, AnkX, or
Lem3 to the residue of Rab1 that needs to be covalently modified
or demodified.

FIG 3 LidA binds to Rab1 and phosphoinositides through its central coiled-coil region. (A) Schematic of LidA regions used for binding studies. (B) Purified
full-length LidA and LidA variants. (C) Binding to Rab1 is mediated by the central region of LidA. Pulldown of constitutively active Rab1aQ70L or inactive
Rab1aS25N by purified LidA or LidA variants (N-LidA, M-LidA, and C-LidA) immobilized on agarose beads was performed. Beads were incubated for 2 h at 4°C
in the presence of a molar excess of either form of Rab1, and Rab1 bound to bead-immobilized proteins was detected by Western blotting. (D) The central region
of LidA protects GTP-Rab1 from EDTA-mediated guanosine extraction. Rab1 was loaded with [�35S]GTP and preincubated with full-length LidA or a truncated
version of LidA for 1 min at room temperature. The release of radiolabeled guanosine nucleotides from Rab1 was stimulated by the addition of EDTA (20 mM
final concentration). Loss of radioactive nucleotide was monitored by a filter-binding assay. Data are means � standard deviations from three independent
experiments. (E) The central region of LidA mediates binding to phosphoinositides. PIP Strip assays of full-length LidA or truncated versions of LidA (LPA,
lysophosphatidic acid; LPC, lysophosphocholine; PtdIns, phosphatidylinositol; PE, phosphatidylethanolamine; PC, phosphatidylcholine; SIP, sphingosine-1-
phosphate; P, phosphate; P2, biphosphate; P3, triphosphate; PA, phosphatidic acid; PS, phosphatidylserine). LidA binding was detected using anti-LidA antibody.
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LidA and Rab1 are not essential for the recruitment of host
cell vesicles. The findings that LidA is dispensable for the recruit-
ment and activation of Rab1 suggested that this effector is in-
volved in events downstream of Rab1 recruitment by SidM. Given
that Rab1 binding occurs through LidA’s central region, predicted
to be enriched in coiled-coils, we hypothesized that this bacterial
protein may be a molecular mimic of cellular tethering factors.
Tethering factors are elongated proteins that bind Rab GTPases
via coiled-coil regions, thereby facilitating the initial docking of

transport vesicles to target membranes. To determine if LidA plays
a similar role during replication vacuole transformation, we chal-
lenged human macrophage-like U937 cells for 30 min or 2 h with
either wild-type L. pneumophila or a �lidA mutant strain and an-
alyzed the colocalization of LCVs with host vesicles by electron
microscopy (Fig. 5). We found no obvious difference in the ability
of �lidA mutants to recruit host vesicles to their LCV compared to
the ability of the parental strain at either 30 min postinfection (10
of 10 vacuoles for wild-type L. pneumophila versus 22 of 24 for

FIG 4 LidA interferes with phosphocholination and dephosphocholination of Rab1. (A, B) LidA inhibits phosphocholination of Rab1. (A) Rab1a was prein-
cubated with buffer or LidA at 10:1, 5:1, 2.5:1, and 1:1 molar ratios, followed by the addition of His-AnkX where indicated to initiate phosphocholination. After
3 h, Rab1-PC was detected by Western blotting using phosphocholine antibody (top); Ponceau staining shows total amount of Rab1 present on the blot (bottom).
The results shown are representative of three independent experiments. (B) Quantification of Rab1-PC at 2 h after initiation of the phosphocholination reaction
of Rab1 preincubated with LidA at the indicated molar ratios or with buffer as control. The intensities of the bands were determined relative to the signal obtained
in the absence of LidA, which was arbitrarily set as 100%. The bar graph shows means � standard deviations of relative band intensities obtained from three
independent experiments. (C, D) LidA inhibits dephosphocholination of Rab1-PC. (C) Rab1a-PC was preincubated with buffer or His-LidA at 10:1, 5:1, 2.5:1,
and 1:1 molar ratios, followed by the addition of Lem3 (Lpg0696) where indicated to initiate dephosphocholination. After 2 h, Rab1-PC was detected by Western
blotting using phosphocholine antibody (top); Ponceau staining shows total amount of Rab1 present on the blot (bottom). The results shown are representative
of three independent experiments. (D) Quantification of Rab1-PC at 2 h after initiation of the phosphocholination reaction of Rab1 preincubated with His-LidA
at the indicated molar ratios or with buffer as control. (E) LidA binds Rab1-PC. Pulldown experiment with purified protein using beads coated with GST or
GST-LidA shows binding of LidA to phosphocholinated Rab1 (Rab1-PC) and two positive controls, Rab1 and AMPylated Rab1 (Rab1-AMP) but not to SidM.
These results are representative of two independent experiments.

FIG 5 Host vesicles are recruited to the LCV in the absence of LidA and SidM. (Top) Electron micrographs show host vesicles attached to the cytosolic surface
of the LCVs at 2 h postinfection of U937 cells with L. pneumophila Lp02 wild-type, Lp02�lidA, or Lp02�lidA�sidM (for quantification, see text). (Bottom)
Magnification of selected regions (boxed) from the upper panel. The arrows indicate vesicles surrounding the LCV.
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�lidA mutants) or 2 h postinfection (8 of 11 for wild-type L. pneu-
mophila versus 29 of 29 for the �lidA mutant). Notably, an L.
pneumophila �lidA �sidM double mutant, which is unable to re-
cruit Rab1, was equally as proficient (19 of 20) as wild-type bac-
teria in recruiting host vesicles to its LCV at 2 h postinfection (Fig.
5). This strengthens the hypothesis that L. pneumophila exploits
vesicle transport routes other than the Rab1-regulated secretory
pathway, a feature that could ensure vacuolar transformation even
in the absence of SidM and LidA.

DISCUSSION

L. pneumophila is a pathogen that targets and modifies host Rab
GTPases to ultimately manipulate vesicular trafficking for its own
benefit. The organism employs multiple effector proteins that act
sequentially to achieve Rab1 recruitment and manipulation of the
GTPase at the LCV. Of the four effectors shown to influence Rab1
dynamics on the vacuole (SidM, LidA, SidD, and LepB), LidA’s
role in Rab1 manipulation is the least defined.

LidA’s early presence on the LCV seems to coincide with its
role in boosting SidM-driven recruitment of Rab1 to the LCV
(31). However, it is not clear how LidA is involved in this process.
One possibility is that LidA does not directly recruit Rab1 but,
rather, that it interferes with its inactivation and removal in order
to prolong the presence of active Rab1 on the LCV. We found that
LidA inhibited LepB- or TBC1D20-stimulated GTP hydrolysis by
forming a complex with Rab1 (Fig. 1A and B). LidA’s inhibitory
effect on Rab1 inactivation is most likely due to its close interac-
tion with active Rab1, which probably sterically hinders GAP ac-
cess to the nucleotide binding pocket of active Rab1. LidA binds to
Rab1 with unparalleled affinity among known Rab effectors, in-
cluding GAP proteins (41). This affinity may increase the stability
of the LidA-Rab1 complex to such an extent that GAP proteins
could not compete for access to Rab1 (41). Thus, LidA binding
locks GTP-loaded Rab1 in the active conformation, thereby ex-
tending its presence on the LCV surface by preventing its GDI-
mediated extraction from the membrane. This conclusion is fur-
ther supported by the fact that EDTA, a small molecule with a
molecular weight of only 292 Da, was unable to cause extraction of
GTP or GDP from Rab1 in the presence of LidA (Fig. 1C and D),
suggesting that LidA binds Rab1 close to its guanine nucleotide
binding pocket. Another bacterial effector that acts similarly is
EspG, a type III effector protein of the enterohemorrhagic Esche-
richia coli O157:H7. EspG forms a complex with ARF6 and blocks
its inactivation by GAPs (42). Though examples of cellular ligands
exist that were found to decelerate GTP hydrolysis by binding to
their target GTPase (22), pathogenic bacteria seem to use this
mechanism in a more forceful manner to precisely control signal-
ing events regulated by small GTPases without interference from
the host.

We reasoned that LidA might keep Rab1 in an active confor-
mation in order to present it to downstream effectors involved in
vesicle tethering and fusion. However, our results so far do not
support this idea, since LidA had an inhibitory rather than a stim-
ulating effect on Rab1 interaction with GM130, giantin, and p115
(Fig. 1E). The possibility that other cellular downstream effectors
might be able to interact with Rab1 even in the presence of LidA
cannot be excluded. Alternatively, we speculate that while LidA
interferes with binding of host downstream effectors of Rab1, it
may facilitate the interaction of this GTPase with L. pneumophila
effectors that mimic the function of host Rab1 ligands. The inhi-

bition of Rab1 binding to its downstream ligands by LidA is rem-
iniscent of the inhibitory effect of SidM-catalyzed AMPylation of
Rab1 which also blocks the interaction of the GTPase with at least
one of its cellular binding partners, MICAL-3 (33). L. pneumo-
phila may use this strategy to restrict Rab1 interaction to a selected
set of ligands, thereby allowing the organism to efficiently com-
pete with host proteins on the Golgi compartment for recruitment
of secretory vesicles.

Our studies revealed that LidA interfered with Rab1 AMPyla-
tion and de-AMPylation in vitro, raising the question about its
effect on these posttranslational modifications during infection.
Given that Rab1 recruitment to LCVs is dependent on SidM, it is
most likely that LidA primarily interacts with Rab1 after it has
been AMPylated by SidM. Consistent with this, LidA is the only
known protein that interacts with Rab1 in its AMPylated (35) or
phosphocholinated form (Fig. 4E). The inhibitory effect of LidA
on the de-AMPylation (and dephosphocholination) of Rab1 is
corroborated by the recently released structure of LidA in complex
with another host GTPase, Rab8 (41). The serine and tyrosine
residues of Rab8 that are equivalent to the ones phosphocholi-
nated or AMPylated in Rab1 are buried within the complex with
LidA and may not be easily accessible to SidD (or Lem3), respec-
tively. It should also be noted that activation of Rab1 by SidM
precedes AMPylation and, in vitro, it seems to take place at a
higher rate than AMPylation. Due to SidM’s low binding affinity
for GTP-bound Rab1, we could envision an alternative role for
LidA in capturing those Rab1 molecules on the LCV surface that
have been activated by SidM but escaped AMPylation, thereby
protecting them from GAP-stimulated inactivation. Overall L.
pneumophila appears to delay the inactivation of Rab1 in several
ways that, at a first glance, may seem redundant but that are nec-
essary to efficiently antagonize host cell processes that may other-
wise interfere with Rab1-mediated binding of ER-derived vesicles
to the LCV.

The concept of functional redundancy explains why interfer-
ence with individual factors or pathways within living cell systems
does not always result in a detectable phenotype. The emerging
consensus is that L. pneumophila infection displays a high degree
of functional redundancy which makes it challenging to detect
growth phenotypes when individual or even several effector pro-
teins or host cell pathways are disrupted (15). For instance, an L.
pneumophila strain lacking SidM is unable to recruit host cell
Rab1, yet this mutant is as proficient as wild-type bacteria in in-
tracellular survival and replication vacuole formation (31, 34). In
fact, none of the known L. pneumophila effector proteins that
modulate the activity of Rab1 are required for virulence. This sug-
gests that L. pneumophila targets multiple vesicle-trafficking
routes simultaneously to reroute membrane material to the LCV.
Consistent with this, we found that LCVs containing L. pneumo-
phila �lidA or �sidM �lidA mutants showed extensive colocaliza-
tion with host cell vesicles (Fig. 5), presumably because deletion of
sidM and lidA, alone or together, affected only the recruitment of
Rab1-dependent vesicles to the LCV, leaving intact other path-
ways that provided material for the vacuolar transformation pro-
cess. Thus, it will be interesting to identify the source(s) of the
Rab1-independent membrane material and to determine which
bacterial and host factors are involved in diverting those vesicles to
the LCV.

LidA has characteristics of tethering factors, proteins that me-
diate docking of transport vesicles with the membrane of the des-
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tination compartments. Since LidA is exclusively membrane-
associated within infected cells (14) but lacks an obvious
transmembrane domain, it is most likely that LidA is a “periph-
eral” membrane protein that is recruited to the cytosolic surface of
the LCV or to surrounding vesicles by binding either Rab1 or the
phosphoinositide PI(3)P (8). These features may allow LidA to
also bind membranes elsewhere in the cell on which this GTPase-
lipid combination is found. Several effectors, including SidM,
have been shown to bind PI(4)P and use this interaction for at-
tachment to the vacuolar membrane. We found that, unlike SidM,
LidA does not have separate regions for binding Rab1 and PI(3)P;
instead, the same central coiled-coil region binds both Rab1 and
the phosphoinositide, while the N- and C-terminal regions do not
bind either (Fig. 3C to E). PI(3)P is commonly found on early
endosomal membranes, and intracellular pathogens can interfere
with its metabolism to avoid phagosome maturation. SapM from
Mycobacterium tuberculosis is a PI(3)P phosphatase (49), and
it avoids phagosome maturation by preventing the PI(3)P-
dependent recruitment of lysosomal enzymes and vacuolar
ATPase (28). No enzymatic activities have been described for
LidA, but given its affinity for PI(3)P, it could either interfere with
its metabolism or simply mask its presence on the vacuole to oc-
clude potential binding sites for the early endosomal marker
EEA1. The presence of PI(3)P on ER subdomains involved in au-

tophagosome formation (3) suggests that additional host cell
membrane compartments enriched in this phosphoinositide may
be targeted by LidA.

We propose a model in which LidA promotes docking of host
vesicles with the LCV early during infection (Fig. 6). In one sce-
nario, LidA could localize to the LCV membrane, where it keeps
Rab1 recruited by SidM in an active conformation by blocking
inactivation through GAP-stimulated GTP hydrolysis. The LidA-
Rab1 complex could act as an adaptor for vesicular tethering and
fusion proteins, thereby bridging the membrane of the LCV with
that of secretory transport vesicles surrounding the LCV. Alterna-
tively, upon translocation, LidA might localize to the surface of
surrounding vesicles through interaction with phosphoinositides
and mediate docking of the vesicles with the LCV via interaction
with AMPylated Rab1 and/or other L. pneumophila effectors pres-
ent on the LCV. The former model would explain how LidA en-
hances Rab1 accumulation on LCVs (31), whereas the latter
model would be consistent with the fact that LidA is the only
known protein capable of binding Rab1 in its AMPylated form
(33).

In order to fully understand the function of LidA during L.
pneumophila infection, several questions remain to be answered.
It is currently unclear what protein or signal causes the high-
affinity LidA-Rab1 complex to dissociate in order to allow SidD-

FIG 6 Model(s) of LidA-mediated attachment of ER-derived vesicles to the LCV. (A) LidA translocated to the cytosol of infected host cells localizes to the LCV
membrane by binding AMPylated Rab1 and/or phosphoinosides present on the vacuolar membrane. LidA keeps modified Rab1 in an active conformation and
acts as an adaptor protein to mediate the interaction of Rab1 with tethering protein(s) located on the surface of ER-derived vesicles. (B) Upon translocation into
the cytosol of infected host cells, LidA localizes to ER vesicles through phosphoinositide binding and mediates docking of these vesicles to the LCV via interaction
with AMPylated Rab1 and/or other L. pneumophila effectors present on the LCV that act as tethers.
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mediated de-AMPylation and subsequent inactivation of Rab1.
Also, a function for the N- and C-terminal domain of LidA has yet
to be determined, and the identity of other bacterial or host pro-
teins or pathways likely to be targeted by LidA is currently unclear.
Though mammalian Rab6 and Rab8 were found to bind LidA (31),
the role of these interactions for L. pneumophila virulence has not
been elucidated yet. Addressing these questions is essential to obtain a
clear perspective on LidA’s role during infection of a host cell.
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