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Legionella pneumophila is an opportunistic intracellular pathogen
that causes sporadic and epidemic cases of Legionnaires’ disease.
Emerging data suggest that Legionella infection involves the sub-
version of host phosphoinositide (PI) metabolism. However, how
this bacterium actively manipulates PI lipids to benefit its infection
is still an enigma. Here, we report that the L. pneumophila viru-
lence factor SidF is a phosphatidylinositol polyphosphate 3-phos-
phatase that specifically hydrolyzes the D3 phosphate of PI(3,4)P2
and PI(3,4,5)P3. This activity is necessary for anchoring of PI(4)P-
binding effectors to bacterial phagosomes. Crystal structures of
SidF and its complex with its substrate PI(3,4)P2 reveal striking
conformational rearrangement of residues at the catalytic site to
form a cationic pocket that specifically accommodates the D4
phosphate group of the substrate. Thus, our findings unveil
a unique Legionella PI phosphatase essential for the establishment
of lipid identity of bacterial phagosomes.
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secretion system | virulence factor

The Legionella genus is mainly constituted by environmental
bacteria. Several species, in particular Legionella pneumophila

and Legionella longbeachae, are pathogenic to humans (1–3).
Because of the development of artificial water systems, such as
air conditioning, Legionnaires’ disease has emerged as a signifi-
cant health threat in modern societies (4). Inhalation of L.
pneumophila in contaminated aerosols allows the pathogen to
reach the alveoli of the lung, where they can be phagocytosed by
host macrophages. Once engulfed by macrophages, L. pneumo-
phila delivers a large array of effector proteins into host cell
through a specialized secretion system called defective organelle
trafficking (Dot)/ intracellular multiplication (Icm) type IV se-
cretion system (T4SS) (5, 6). The translocated Dot/Icm substrates
hijack host cellular processes, particularly the membrane traf-
ficking pathways to bypass the default phagosome maturation
pathway. In fact, several Dot/Icm substrates mediate the re-
cruitment of secretory vesicles derived from endoplasmic re-
ticulum to establish a replication-permissive compartment called
the Legionella-containing vacuole (LCV) (7, 8). Because mem-
brane trafficking is extensively regulated by phosphoinositides
(PIs), studies on how host cell PI signaling and metabolism
pathways are exploited by intracellular bacterial pathogen have
recently been placed on the center of focus.
PIs are a collection of several lipid species that can be re-

versibly phosphorylated at the 3′, 4′, and 5′ positions of their
inositol headgroup. PIs localize at the membrane–cytosol inter-
faces and achieve their functions through the recruitment of
effector proteins to their cytoplasmic exposed headgroups. Al-
though comprising less than 10% of total phospholipids, PIs are
pivotal cellular regulators and play essential roles in a broad
spectrum of cellular processes including defining intracellular
organelle identity, cell signaling, proliferation, cytoskeleton or-
ganization, and membrane trafficking (9–11). Interference of the
temporal and spatial distribution of intracellular PIs often leads
to abnormal cellular functions, which has been capitalized by

virulent invaders (12, 13). Bacterial pathogens have evolved
a variety of mechanisms to subvert PI metabolism in host cells.
For examples, Shigella flexneri, the causative agent of human
dysentery, modifies PI metabolism in host cells to favor its in-
ternalization through the PI-4-phosphatase activity of the virulent
factor IpgD (14). Salmonella typhimurium, which is responsible
for most food-borne gastroenteritis (15), delivers the PI phos-
phatase SigD/SopB into the host. By hydrolyzing PI(3,4,5)P3,
SopB contributes to the localized membrane ruffling that leads to
bacterial internalization in nonphagocytic cells (16, 17).
Modulation of host PI metabolism by Legionella is important

for the establishment of the Legionella-containing vacuole (LCV)
within which the bacterium replicates (8, 12, 13). It has been
suggested that PI(4)P is enriched on the LCV membrane, which
among other functions, anchors effectors such as SidM/DrrA,
SidC, and SdcA to promote the recruitment and fusion of the
endoplasmic reticulum derived vesicles with the LCV (18, 19). In
the amoebae host Dictyostelium discoideum, the Legionella ef-
fector protein LpnE appears to recruit the host PI-5-phosphatase
OCRL to the LCV, leading to restriction of intracellular bacte-
rial growth (20). Although significant progress has been made
toward our understanding of the roles of PI metabolism in
bacterial pathogenesis, our knowledge on how bacterial patho-
gens actively exploit host cell PI metabolism and signaling is still
in its infancy. Currently, no virulence factors that directly modify
host PIs have been identified in Legionella. Hence, we performed
bioinformatic and biochemical studies on Legionella effector
proteins. We identified the Legionella effector SidF as a unique
PI phosphatase that specifically hydrolyzes PI(3,4)P2 and
PI(3,4,5)P3. In agreement with this enzymatic activity, we found
that deletion of SidF results in the reduced recruitment of ef-
fector proteins that anchor on the LCV via binding to PI(4)P.
We further report the crystal structures of SidF and its complex
with bound short-chain (dibutanoyl) derivative of PI(3,4)P2. The
structures show that the conserved “CX5R” catalytic motif is
located in a large cationic groove. Remarkably, structural anal-
ysis reveals key features responsible for substrate specificity.
Residue His233, located in a loop region between α6 and β5,
translocates approximately 20 Å to the catalytic site and together,
with a serine and three lysine residues, forms a pocket that spe-
cifically accommodates the D4 phosphate group of the substrate.
Our findings uncover a family of bacterial PI phosphatases and
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establish a role of SidF in the maintenance of the lipid compo-
sition of LCV.

Results
Legionella Effector SidF Is a Phosphoinositide 3-Phosphatase. To
search for Legionella effector proteins that may directly modify
host PIs, we used a sequence pattern based method to retrieve
proteins containing the “CX5R” motif, a signature sequence
of the catalytic residues in PI phosphatases (21), in the genome
of L. pneumophila strain Philadelphia 1. More than 400 hypo-

thetical proteins were found to possess this motif. Among these
candidates, 29 proteins have been identified as substrates of the
Dot/Icm transporter (22) (Table S1). Some of these proteins
were then expressed, purified, and examined for in vitro PI
phosphatase activities by a malachite green-based assay (23).
SidF, a Dot/Icm substrate shown to be involved in modulating
host cell death (24), was found to possess PI phosphatase activity
(Fig. 1A). Mutation of the catalytic cysteine to serine (C645S)
abolishes SidF PI phosphatase activity (Fig. 1A). SidF is com-
prised of 912 residues with a large N-terminal domain (1–760) of

Fig. 1. Legionella effector SidF is a phosphoinositide phosphatase. (A) Phosphoinositide substrate specificity of purified wild-type and C645S mutant SidF as
determined by the malachite green assay (green color indicates the release of free phosphate). PI(3,4)P2 and PI(3,4,5)P3 are the preferred substrates. (B)
Quantification of the amount of released phosphates. Data are from three replicate experiments (mean ± SEM). (C) Determination of SidF substrate spec-
ificity by fluorescent lipids. Phosphatase reactions were carried out with di-C8- Bodipy-FL-PI(3,4)P2 and PI phosphatases as labeled. In lane 6 and 7, the
reactions were first carried out with SidF, and the products were further hydrolyzed by the addition of a specific 3-phosphatase MTM (lane 6) or Sac1 (lane 7),
that hydrolyzes both PI(3)P and PI(4)P. (D) Schematic diagram to illustrate the enzymatic reactions shown in C. (E) TLC results of the hydrolysis of PI(3,4,5)P3 by
SidF. In lane 6, the reaction was first carried out with SidF, and the products were further hydrolyzed by the addition of OCRL, a 5-phosphatase that
hydrolyzes PI(4,5)P2. (F) Schematic illustration of the reactions in E.

Fig. 2. SidF is required for anchoring SidC to the bacterial phagosomes. (A) Representative images of SidC immuno-staining of mouse bone marrow-derived
macrophages infected with indicated L. pneumophila strains at an MOI of 1 for 1 h. (B) Quantitation of SidC positive bacterial phagosomes. Phagosomes
positive for SidC staining are normalized against total phagosomes. Data shown are from two independent experiments performed in triplicate in which at
least 100 phagosomes were scored per coverslip. **P < 0.01, paired Student t test. WT: L. pneumophila Philadelphia-1 wild type strain Lp02; dotA-: the type IV
secretion system defective strain Lp03(dotA-); ΔSidF: the sidF deletion mutant Lp02 strain; ΔSidF(pSidF): the sidF deletion Lp02 strain complemented with
a plasmid expressing SidF and ΔSidF(pSidF C/S): the sidF deletion Lp02 strain complemented with a plasmid expressing SidF C/S catalytically dead mutant.
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unknown function and two predicted transmembrane motifs at
the C terminus (Fig. S1). Ectopically expressed GFP-SidF
localizes to the ER membrane in mammalian cells (Fig. S2 A–C).
Interestingly, deletion of the C-terminal portion of SidF in-
cluding the two transmembrane motifs changes its localization to
the cell periphery (Fig. S2 D–F), suggesting that the N-terminal
cytosolic portion of SidF has the propensity to associate with
membranes (discussed below). In agreement with the prediction
of SidF as a membrane protein, endogenous SidF delivered into
the host cell associates with the LCV membrane during
Legionella infection (Fig. S3 A and B). These observations imply
a role of SidF in controlling the lipid composition of the
LCV membrane.
Although SidF is a membrane protein, deletion of the putative

transmembrane domains did not affect its enzymatic activity and,
thus, the N-terminal portion (1–760) of SidF was used in our
in vitro activity assays. SidF exhibited phosphatase activities
against PI(3,4)P2 and PI(3,4,5)P3 with a preference for PI(3,4)P2
(Fig. 1 A and B). To further investigate the enzymatic function of
SidF, a fluorescent phosphoinositide-based TLC method (25)
was used to determine the specific phosphate group hydrolyzed
by SidF (Fig. 1 C–F). SidF hydrolyzed PI(3,4)P2 to a single
phosphorylated PI product (Fig. 1C, lane 5), and this product
could not be further digested by the specific PI-3-phosphatase
MTM (26). However, it could be hydrolyzed to phosphotidyli-
nositol (PtdIns) by the Sac domain of yeast Sac1, a phosphatase
that hydrolyzes both PI(3)P and PI(4)P (27) (Fig. 1C, lanes
6 and 7). This result suggests that SidF can specifically de-
phosphorylate PI(3,4)P2 at the D3 position of the inositol ring.
Similarly, when PI(3,4,5)P3 was used as the substrate, double
phosphorylated PI species were generated and this species could

be further hydrolyzed by OCRL, a PI-5-phosphatase that
hydrolyzes the D5 phosphate of PI(4,5)P2 and PI(3,4,5)P3 (28)
(Fig. 1E, lanes 5 and 6). Therefore, these results demonstrate
that SidF is a PI-3-phosphatase that specifically hydrolyzes
PI(3,4)P2 and PI(3,4,5)P3 to PI(4)P and PI(4,5)P2, respectively.

SidF Facilitates the Anchoring of Effector Proteins to Bacterial
Phagosomes. The identification of a PI phosphatase from L.
pneumophila has addressed the long-standing hypothesis that this
bacterium employs its own PI phosphatase(s) to actively modify
the PI composition on bacterial phagosomes. Indeed, SidF
converts PI(3,4)P2 and PI(3,4,5)P3, which are two PI species
generated on phagosomes at early stages of phagocytosis (29,
30), to PI(4)P and PI(4,5)P2, respectively. Intriguingly, PI(4,5)P2
may be further converted to PI(4)P by the host PI-5-phosphatase
OCRL (20). Thus, one plausible hypothesis is that SidF plays
a role in the establishment of LCVs with a lipid composition
enriched in PI(4)P. It has been suggested that PI(4)P provides
specific anchors on the LCV for Legionella effectors, such as
SidC/SdcA (18) and SidM(DrrA) (31). Through binding to
PI(4)P, these effectors presumably facilitate the fusion of ER-
derived vesicles with the LCV. Hence, we examined the role of
SidF in the association of SidC with LCVs. Strikingly, compared
with the wild-type strain, the association of SidC with phag-
osomes formed by the sidF deletion mutant was significantly
reduced, and such defect can be almost fully restored byFig. 3. Crystal structure of SidF. (A and B) Two orthogonal views of the

crystal structure of SidF represented in ribbons. The catalytic “CX5R” motif is
shown in spheres and indicated by an arrow. Two loops that protrude out
from a flat surface (the bottom surface in A and C) are highlighted with
a square and colored in gold. (C and D) Two orthogonal views of the crystal
structure of SidF represented in surface. The surfaces are colored based on
electrostatic potential with positively charged regions in blue (+4 kcal per
electron) and negatively charged surface in red (−4 kcal per electron). C and
D have an identical orientation as in A and B, respectively. Note that the
catalytic motif is localized in a highly basic groove.

Fig. 4. Substrate recognition by SidF. (A) Difference electron density map
(Fo−Fc at 3σ, green mesh) calculated near the catalytic site. The substrate
diC4-PI(3,4)P2 molecule shown in sticks fits nicely in the electron density. (B) A
view of the SidF–substrate complex represented in surface. The substrate
colored in yellow binds deeply in the positively charged groove at the cata-
lytic site. (C) The binding of substrate induces a large conformation change of
a loop containing residue His233. The apo structure is shown in pink with the
His233 loop shown in red. The complex structure is colored in cyan with the
corresponding loop in blue. The diC4-PI(3,4)P2 molecule is shown in sticks and
enveloped in a yellow surface. His233 forms a hydrogen bond with the D4
phosphate group of the substrate. (D) Specific recognition of the D4 phos-
phate group of the substrate. Five residues (Lys717, Lys740, Lys466, Ser647,
and His233) form a basic pocket that holds the D4 phosphate through an
intensive hydrogen bond network and electrostatic interactions. Hydrogen
bonds are indicated by dashed lines, and the distance in Å is labeled.
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expressing wild-type SidF from a plasmid but not the catalytically
inactive SidF C645S mutation (Fig. 2 A and B). These observa-
tions are not due to the changes in total protein levels of SidC
(Fig. S4). Instead, our data suggest that SidF facilitates the an-
choring of PI(4)P binding effectors, such as SidC to the LCV
membrane through the generation of PI(4)P.

Crystal Structure of SidF. To understand the molecular mechanism
of the catalytic function of SidF, the cytosolic portion (residues
1–760) of SidF (Fig. S5) was purified and crystallized. The crystal
structure of SidF was determined by Single Isomorphous Re-
placement with Anomalous Scattering (SIRAS) method (Fig. S6
and Table S2). The crystal structure revealed that the entire N-
terminal portion of SidF is folded into one large single domain
(Fig. 3). This domain is comprised of 19 α-helices with lengths
ranging from 6 to 60 amino acids surrounding a 10-pleated
β-sheet core (Fig. S7). The overall shape of the phosphatase
domain resembles a cowboy hat. The bottom of the hat has a flat
surface with two protrusion loops (Fig. 3 A and C colored in gold
and highlighted with a square). Interestingly, these two loops are
mainly comprised of hydrophobic residues (Figs. S5 and S8). The
catalytic CX5R motif (shown in spheres) resides in the middle of
a groove that nearly bisects the bottom surface (Fig. 3 B and D).
Like other PI phosphatases (32), this groove is enriched with
positively charged residues, which contribute a highly basic
character to the groove. These architectural arrangements sug-
gest a molecular mechanism for PI hydrolysis by SidF at the
membrane interface. The flat bottom surface of SidF may asso-
ciate with the membrane with the two hydrophobic loops pene-
trating into the bilayer. When scooting on the membrane surface,
the overall positive charge in the groove may facilitate the
loading of negatively charged PI lipids into the catalytic site.
Structural homology search by the DALI program (33) indicated
that SidF has no overall structural homologs in the PDB

database; however, the catalytic core of SidF bears similar to-
pological fold with other PI phosphatases. Among these PI phos-
phatases, Sac1 has a highest Z-score of 8.6 and a rmsd of 4.1 Å
for 240 aligned residues. The other phosphatase PTEN has a Z-
score of 7.3 and an rmsd of 2.7 Å for 111 aligned residues
(further discussed below).

Structure of SidF-PI(3,4)P2 Complex. To address how SidF can
specifically hydrolyze PI(3,4)P2 and PI(3,4,5)P3, catalytically in-
active (C645S) recombinant SidF (1–760) proteins were pre-
pared. The mutant proteins were mixed with substrate diC4-PI
(3,4)P2 [a dibutanoyl derivative of PI(3,4)P2] and screened for
crystals of the protein–lipid complex. Diffraction data were
processed and used in the refinement against the apo protein
structure. After the first round of refinement, the difference
Fourier electron density clearly revealed a well-defined substrate
molecule diC4-PI(3,4)P2 bound at the catalytic site (Fig. 4 A and
B). Remarkably, the binding of PI(3,4)P2 to SidF induces a large
conformational change of the loop connecting α6 and β5. His233
on this loop shifts approximately 20 Å to the substrate binding
site (Fig. 4C), where His233, together with Ser647 and three
lysines (Lys646, Lys717, and Lys740), forms a highly cationic
pocket that selectively accommodates the D4 phosphate group
of the substrate (Fig. 4D). The phosphate group at the D3 po-
sition of PI(3,4)P2 is also heavily involved in the interaction with
SidF. The D3 phosphate group subject to hydrolysis forms in-
tensive hydrogen bonds and electrostatic interactions with five
main chain amide groups of the catalytic CX5R loop and the
guanidinium group of the CX5R arginine Arg651 (Figs. S8 and
S9). The D1 phosphate group of the substrate is less involved in
the interaction with the enzyme. It forms electrostatic inter-
actions with Arg651 and one hydrogen bond with the amido
group of Asn419 (Figs. S8 and S9). It is also notable that the
diacylglycerol moiety of the substrate molecule makes significant

Fig. 5. Structure comparison of SidF with other phosphoinositide phosphatases. (A) Ribbon diagram showing the topology of the SidF active site. This
conserved structural core contains four parallel β strands and one α helix (colored in cyan). The catalytic CX5R motif (colored in red and the conserved cysteine
and arginine residues shown in sticks) is located between the C terminus of one of β strands and the first turn of the α helix. (B and C) The active site topology
of Sac1 (32) and protein tyrosine phosphatase 1b (PTB1b) (42). (D) Slice of the active site surface showing the docking of substrate diC4-PI(3,4)P2 at the active
site. diC4-PI(3,4)P2 is shown in sticks. In this particular slice, Trp420 can be seen to form hydrophobic interactions with the lipid tails of the substrate. (E) Slice of
the active site surface of MTMR2 (37, 38) with a diC4-PI(3,5)P2 molecule shown in sticks bound at the active site. (F) Slice of the active site surface of PTEN (36).
The active site pocket is occupied by a tartrate molecule. Comparison of these three PI phosphatases suggests the overall shape of the catalytic site pocket may
also play a role in substrate selectivity.
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contact with several hydrophobic residues, including Trp420 and
Phe421 (Figs. S5 and S10). These hydrophobic residues are lo-
cated within the two hydrophobic protrusion loops and may
penetrate into the lipid bilayer during hydrolysis.
SidF also hydrolyzes PI(3,4,5)P3 but with less efficiency com-

pared with PI(3,4)P2. Based on our complex structure, it can be
predicted that the D5 phosphate will be exposed to solvent and
no significant interactions can be formed with the protein (Fig.
S11). Instead, the presence of a glutamate residue (Glu370) near
the D5 position may repel the binding of D5 phosphate of
PI(3,4,5)P3, which may explain the lower activity of SidF against
PI(3,4,5)P3 (Fig. 1A).

Structure Comparison of SidF to Other Phosphatases. Despite the
lack of detectable overall sequence and structural fold similarity,
comparison of the structure of SidF with other CX5R motif-
based protein and lipid phosphatases reveals that the topology of
the catalytic core of SidF is conserved with other phosphatases.
All CX5R motif-based phosphatases share a common architec-
ture of a central β-sheet consisting of four parallel β strands and
one α helix. The peptide containing the catalytic CX5R motif
connects the carboxyl end of one of the β strands with the amino
terminus of the α helix in the structural core (Fig. 5 A–C) (32,
34–36). It is interesting to note that the electric dipole of this α
helix contributes net-positive electrostatic potentials to its amino
terminus, where the catalytic site resides. Hence, this structural
organization may facilitate the docking of negatively charged
phosphate group of the substrate.
Structural comparison of SidF with other PI phosphatases,

such as the myotubularin phosphatases (37, 38) and the tumor
suppressor PTEN (36), further reveals the difference in the
overall shape of the active site pocket, which is one of the key
determinants for substrate specificity. In SidF, the active site
pocket is deep and wide at the bottom to fit the two adjacent
phosphate groups at D3 and D4 position (Fig. 5D). However, in
MTMR2, which hydrolyzes both PI(3)P and PI(3,5)P2, the width
of the active site pocket is much narrower at the bottom region
that limits the hydrolysis of substrates with two consecutive
phosphate groups attached. Steric clashes between the protein
and the lipid prohibit the binding of PI molecules phosphory-
lated at the D4 position to MTMR2 (Fig. 5E). The active site in
PTEN is much wider, consistent with the larger size of its pre-
ferred substrate PI(3,4,5)P3 (Fig. 5F).

Discussion
Although PI phosphatases have been reported from other bac-
terial pathogens, such as the PI-4-phosphatases IpgD from Shi-
gella flexneri (14), SigD/SopB from S. typhimurium (16, 17), no
such enzymes have been reported from Legionella species. Our
discovery of a PI phosphatase in L. pneumophila not only estab-
lishes an archetypal family of PI phosphatase, but also opens
a new avenue toward the understanding of the roles of PI sig-
naling and metabolism in L. pneumophila infection.
Our results further demonstrated a role of SidF in maintaining

the PI composition of LCV. By hydrolyzing PI(3,4)P2 and
PI(3,4,5)P3 that are generated on phagosomes at their early stage
(29, 30), SidF (possibly in coordination with other possible PI
metabolizing enzymes either from host or bacterium) converts
the LCV into a PI(4)P enriched organelle. As a result, the lipid
composition of LCV would resemble that of the cis-Golgi com-
partment and may render the LCV a better recipient site for
secretory vesicles originating from ER. PI(4)P enrichment at the
LCV also provides specific membrane anchors for PI(4)P bind-
ing effector proteins. Deletion of SidF from L. pneumophila
significantly reduced the anchoring of PI(4)P binding effectors
such as SidC on LCV compartments (Fig. 2). The residual as-
sociation of SidC with the LCVs may result from additional
bacterial effectors with activity similar to that of SidF, or host

proteins involved in the production of PI(4)P, or a combination
of both.
The hydrolysis of PI(3,4)P2 and PI(3,4,5)P3 by SidF at the D3

position may also play a role in preventing the conversion of
these two lipids into PI(3)P by other 4- or 5-phosphatases, such
as SHIP-1 and Inpp4A during endocytic processes (39). It has
been shown that the accumulation of PI(3)P at the phagosome
membrane facilitates the fusion of phagosome with endosomes
and lysosomes (40, 41) and promotes the degradation of phag-
osomal contents. However, the precise lipid composition of LCV
is not known. A thorough understanding of the role of SidF in
controlling the PI composition and the fate of LCV would re-
quire lipid composition analysis on purified LCVs under a variety
of genetic backgrounds and infection stages.
SidF has been shown to play a role in conferring cell death

resistance in infected macrophages by interacting through its C-
terminal portion with BNIP3 and Bcl-rambo, two prodeath
members of the Bcl2 protein family (24). Here, we further show
that the N-terminal part of SidF is a specific PI-3-phosphatase.
Given the pleiotropic effects of PI(3,4)P2 and PI(3,4,5)P3 on
cellular physiology, including the cell surviving process (9–11), it
is clear that SidF is a multifunctional protein that may be involved
in diverse biological processes of the host by distinct mechanisms.
Future investigations are required to elucidate the role of SidF in
host PI3K signaling pathways and their potential interplays with
the host cell-death process under infection conditions.

Fig. 6. Functional model of SidF. The Legionella effector protein SidF is a PI-
3-phosphatase that specifically hydrolyzes PI(3,4)P2 and PI(3,4,5)P3. By the
action of SidF and/or other unknown mechanisms, a PI(4)P enriched LCV
membrane is established. PI(4)P enrichment may allow specific anchoring of
Dot/Icm effectors, such as SidC, to the LCV, thus facilitates the recruitment and
fusion of ER-derived vesicles with the LCV. (Inset) Molecular mechanisms of
SidF. SidF anchors on the LCV membrane through its C-terminal double
transmembrane motifs. The flat surface of the cytosolic domain of SidF
interfaces with the LCVmembrane and the two hydrophobic loops protruding
out from the flat surface penetrate into the bilayer. The basic charges in the
catalytic groove facilitate the loading of substrate into the catalytic site.
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Our findings led us to propose a functional model of SidF on
the bacterial phagosome (Fig. 6). In this model, SidF is delivered
into the host through the Dot/Icm complex and anchors on the
LCV membrane via two C-terminal transmembrane domains.
The flat surface of the catalytic domain is interfaced with the
LCV membrane, and the two hydrophobic loops are inserted into
the hydrophobic lipid bilayer. SidF then hydrolyzes PI(3,4)P2 and
PI(3,4,5)P3, which may cause the accumulation of PI(4)P on LCV
and the subsequent recruitment of other effectors that anchor on
the LCV membrane through the binding to PI(4)P. By control-
ling the lipid composition of LCV, SidF may facilitate the pro-
gramming of LCV to an amenable niche for bacterial growth to
escape from the default degradative phagolysosomal pathway.

Materials and Methods
Cloning and Mutagenesis. PCR products for SidF amplified from L. pneumophila
genomic DNA was digested and inserted into a pET28a-based vector in frame
with an N-terminal His-SUMO tag. All constructs were confirmed by DNA se-
quencing. Point mutations were generated by site directed mutagenesis.

Protein Expression and Purification. For protein expression, Escherichia coli
Rosetta strains harboring the expression plasmids were grown in Luria–
Bertani medium supplemented with 50 μg/mL kanamycin to midlog phase.
Protein expression was induced for overnight at 18 °C with 0.1 mM iso-
propyl-B-D-thiogalactopyranoside (IPTG). Harvested cells were resuspended

in a buffer containing 20 mM Tris·HCl at pH 8.0, 200 mM NaCl, and protease
inhibitor mixture (Roche) and were lysed by sonication. Soluble fractions
were collected by centrifugation at 40,000 × g for 20 min at 4 °C and in-
cubated with cobalt resins (Clontech) for 1 h at 4 °C. Protein bound resins
were extensively washed with lysis buffer. The SUMO-specific protease Ulp1
was then added to the resin slurry to release SidF from the His-SUMO tag.
Eluted protein samples were further purified by FPLC size exclusion chro-
matography. The peak corresponding to SidF was pooled and concentrated to
10 mg/mL in a buffer containing 20 mM Tris at pH 7.4 and 150 mM NaCl. To
express recombinant OCRL proteins, OCRL gene was cloned into a pFAST-based
vector in frame with an N-terminal His-GST tag. Baculovirus was generated by
using standard protocols (Invitrogen). Tni cells at 2 × 106 cells per mL were
infected with baculovirus for 2 d. Cells were harvested and lysed as described
above. Recombinant OCRL proteins were affinity purified with glutathione
Sepharose resins (GE). Other materials and methods used are described in SI
Materials and Methods.
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