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Modulation of phagosome phosphoinositide
dynamics by a Legionella phosphoinositide 3-kinase
Gen Li1,†, Hongtao Liu1,†, Zhao-Qing Luo2,* & Jiazhang Qiu1,**

Abstract

The phagosome harboring the bacterial pathogen Legionella pneu-
mophila is known to be enriched with phosphatidylinositol 4-phos-
phate (PtdIns4P), which is important for anchoring a subset of its
virulence factors and potentially for signaling events implicated in
the biogenesis of the Legionella-containing vacuole (LCV) that
supports intracellular bacterial growth. Here we demonstrate that
the effector MavQ is a phosphoinositide 3-kinase that specifically
catalyzes the conversion of phosphatidylinositol (PtdIns) into
PtdIns3P. The product of MavQ is subsequently phosphorylated by
the effector LepB to yield PtdIns(3,4)P2, whose 3-phosphate is then
removed by another effector SidF to generate PtdIns4P. We also
show that MavQ is associated with the LCV and the ΔmavQ mutant
displays phenotypes in the anchoring of a PtdIns4P-binding
effector similar to those of ΔlepB or ΔsidF mutants. Our results
establish a mechanism of de novo PtdIns4P biosynthesis by L. pneu-
mophila via a catalysis axis comprised of MavQ, LepB, and SidF on
the surface of its phagosome.
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Introduction

The bacterial pathogen Legionella pneumophila is the causative agent

of Legionnaires’ disease that is characterized by severe pneumonia or

a flu-like sickness called Pontiac fever (Fraser et al, 1977). This

bacterium can survive and replicate intracellularly in a wide spectrum

of host cells ranging from free-living protozoans to mammalian

macrophages by exploiting evolutionarily conserved mechanisms (Al-

Quadan et al, 2012). Upon being internalized by host cells, the

pathogen establishes a degradation-resistant compartment termed the

Legionella-containing vacuole (LCV). The LCV does not undergo

lysosomal fusion, but instead develops into a compartment that

resembles the endoplasmic reticulum (ER) by intimately communicat-

ing with the secretory and, probably to a lesser extent, the endocytic

and retrograde branches of the vesicle trafficking pathways of host

cells (Isberg et al, 2009; Personnic et al, 2016; Barlocher et al, 2017).

The formation of the LCV requires the Dot/Icm (defective in organelle

trafficking/intracellular multiplication) type IV secretion system

which delivers more than 330 effector proteins into host cells (Qiu &

Luo, 2017). Many Dot/Icm effector proteins are involved in the

subversion of host membrane trafficking pathways through targeting

small GTPases of the Arf (Nagai et al, 2002), Rab (Qiu & Luo, 2017)

and Ran families (Rothmeier et al, 2013), which are important regula-

tory knots for specific routes of vesicle trafficking. Among these, the

activity of Rab1, the central regulator of vesicle trafficking between

the ER and the Golgi apparatus, is regulated by multiple Dot/Icm

effectors through sophisticated mechanisms. For example, SidM/DrrA

is a Rab1-specific guanine nucleotide exchange factor (GEF) (Mach-

ner & Isberg, 2006; Murata et al, 2006) which recruits Rab1 to the

LCV, and LepB is a GTPase-activating protein (GAP) (Ingmundson

et al, 2007) for Rab1. By controlling the activation cycle of Rab1,

SidM/DrrA facilitates the fusion of ER-derived vesicles to the LCV

(Arasaki et al, 2012). The hijacking of the activity of Rab1 and other

Rab small GTPases is further regulated by several effector-induced

reversible modifications, including AMPylation by SidM/DrrA (Muller

et al, 2010) and SidD (Neunuebel et al, 2011; Tan & Luo, 2011), phos-

phorylcholination by AnkX (Mukherjee et al, 2011; Tan et al, 2011)

and Lem3 (Tan et al, 2011), phosphoribosyl-linked serine ubiquitina-

tion by members of SidEs (Bhogaraju et al, 2016; Qiu et al, 2016;

Kotewicz et al, 2017), SidJ (Bhogaraju et al, 2019; Black et al, 2019;

Gan et al, 2019; Sulpizio et al, 2019), DupA and DupB (Wan et al,

2019; Shin et al, 2020). These different layers of regulation appear to

occur at distinct cellular locations and times during the intracellular

life cycle of L. pneumophila (Qiu & Luo, 2017).

In addition to small GTPases, phosphoinositides (PIs) are

another class of critical regulatory determinants in membrane traf-

ficking (Di Paolo & De Camilli, 2006). These lipids are minor phos-

pholipid components (less than 10%) of the organellar membranes

localizing on their cytoplasmic surfaces. The core chemical moiety

of PI lipid is phosphatidylinositol (PtdIns), whose 30, 40 or 50 free
hydroxyl groups of the inositol ring can be phosphorylated by
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organelle-specific PI kinases or dephosphorylated by distinct lipid

phosphatases (Di Paolo & De Camilli, 2006). Coordinated activities

of these enzymes yield seven mono-, double-, or triple-phosphory-

lated PI derivatives (Di Paolo & De Camilli, 2006). Each of these

seven PIs preferentially localizes to distinct subcellular compart-

ments, where they exert signaling effects via the recruitment of

cytosolic proteins harboring such different PI-binding motifs as the

PH (pleckstrin homology), PX (phox homology), or FYVE (Fab-1,

YGL023, Vps27, and EEA1) domains (Downes et al, 2005; Lemmon,

2008). The presence of specific PI also dictates the organelle identity

and the category of the vesicle that the compartment interacts with.

Many intracellular bacterial pathogens subvert host PI metabo-

lism by effectors that function as PI kinases or phosphatases to facil-

itate their survival and replication (Hilbi, 2006). L. pneumophila

appears to employ several strategies to modulate PI metabolism in

infected cells (Qiu & Luo, 2017; Swart & Hilbi, 2020). One branch is

the biosynthesis of PtdIns4P on the surface of the LCV catalyzed by

Dot/Icm effector proteins endowed with PI-metabolizing activities

(Dong et al, 2016). In this pathway, the amino terminal portion of

LepB (LepB_NTD) acts as a lipid kinase that converts PtdIns3P into

PtdIns(3,4)P2, which serves as the substrate of another Dot/Icm

effector SidF, a PI phosphatase that specifically hydrolyzes its 3-

phosphate to yield PtdIns4P (Hsu et al, 2012). However, this model

is incomplete because the source of PtdIns3P on the LCV is

unknown. An earlier study by Urbanus et al (2016) reported that the

L. pneumophila Dot/Icm effector MavQ (Lpg2975) (Huang et al,

2011) is a PI kinase, but the exact PI product synthesized by MavQ

and the biological roles of MavQ during L. pneumophila infection

has not yet been defined. Here, we demonstrate that MavQ catalyzes

the formation of PtdIns3P using PtdIns as substrate. We also found

that MavQ works together with LepB and SidF to sequentially

synthesize PtdIns4P on the LCV surface.

Results

MavQ is a phosphatidylinositol-specific phosphoinositide
3-kinase (PI3K)

MavQ is a Dot/Icm substrate that is widely distributed in Legionella

spp., and genes coding for this protein are present in 71 out of the

80 sequenced genomes covering 58 Legionella species and subspe-

cies (Gomez-Valero et al, 2019). It has been demonstrated that

MavQ is a kinase potentially participating in the modulation of host

PI metabolism (Urbanus et al, 2016). However, neither the PI prod-

ucts generated by MavQ nor the biological roles of MavQ during

L. pneumophila infection have been elucidated.

It has been shown that MavQ is lethal to yeast (Nevo et al, 2014;

Burstein et al, 2015; Urbanus et al, 2016). Consistent with a previous

study (Urbanus et al, 2016), mutations in residues predicted to be

important for catalysis or ATP binding abolished its yeast toxicity

(Fig 1A). These mutants expressed similarly to the wild-type gene in

yeast (Fig 1B), indicating that the loss of toxicity is due to the lack of

kinase activity. Then, we utilized the ADP-Glo kinase assay to investi-

gate the kinase activity of MavQ. Recombinant MavQ displayed weak

but detectable ATP hydrolysis activity (Fig 2A). To probe the role of

lipids in its activity, we established reactions that contained each of a

panel of PIs and found that robust ATP hydrolysis occurred in

reactions receiving PtdIns (Fig 2A). This activity was strictly depen-

dent on the motifs predicted for kinase catalysis or for ATP binding,

since mutations in H149, N152, or D160 abolished the ability of

MavQ to hydrolyze ATP (Fig 2B). These observations are in good

agreement with previous data (Urbanus et al, 2016). An extremely

weak but detectable stimulation occurred toward PtdIns5P (Fig 2A).

In contrast, MavQ exhibited no detectable kinase activity in reactions

containing PtdIns3P, PtdIns4P, PtdIns(3,4)P2, PtdIns(3,5)P2, or

PtdIns(4,5)P2 (Fig 2A). These results further support the conclusion

that MavQ is a PI kinase with a high substrate specificity for PtdIns.

Next we employed the fluorescent PI-based thin-layer chromatog-

raphy (TLC) method (Dong et al, 2016) to determine the lipid prod-

ucts generated by MavQ. Incubation of PtdIns with MavQ resulted

in a product with a migration pattern similar to that of PIP, indicat-

ing mono-phosphorylation of PtdIns by MavQ (Fig 2C). This

product produced by MavQ can be hydrolyzed back to PtdIns by the

PtdIns3P-specific PI phosphatase myotubularin 1 (MTM) (Taylor

et al, 2000). It can also be further phosphorylated by LepB_NTD,

the kinase specific for PtdIns3P (Dong et al, 2016), to yield a PIP2

product (Fig 2C). In line with results from the ADP-Glo kinase

assay, the H149, N152, and D160 mutants of MavQ each have lost

the capacity to generate PIP from PtdIns (Fig 2D). Taken together,

these data demonstrate that MavQ functions as a PI3K to catalyze

the conversion of PtdIns into PtdIns3P.

The PI3K activity of MavQ suggests that this protein can disrupt

PI, particularly PtdIns3P metabolism in eukaryotic cells. We tested

this hypothesis by using the well-described PtdIns3P fluorescence

probe containing a duplicate FYVE finger from the human homologue

A

B

Figure 1. The kinase motif embedded inMavQ is critical for its activity to
inhibit yeast growth.

A Mutations in the kinase motif abolished the yeast toxicity of MavQ.
S. cerevisiae was transformed with plasmids expressing Flag-tagged wild-
type MavQ or the indicated MavQ mutants under the galactose-inducible
promoter. Yeast cells were spotted on synthetic medium supplemented
with glucose or galactose for 3 days before image acquisition.

B The expression of MavQ in the yeast was detected by Flag antibody. The
PGK (3-phosphoglyceric phosphokinase) was used as a loading control.

Data information: Data shown are from at least three independent
experiments (biological replicates, n ≥ 3).
Source data are available online for this figure.
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of the hepatocyte growth factor-regulated tyrosine kinase substrate

(GFP-2xFYVEHrs) (Gaullier et al, 1998). In mammalian cells, GFP-

2xFYVEHrs localizes to the early endosomal membrane through an

interaction with PtdIns3P (Gaullier et al, 1998). In response to wort-

mannin, an inhibitor of eukaryotic PI3Ks (Walker et al, 2000), fluo-

rescence signals of GFP-2xFYVEHrs were redistributed from the early

endosome network to the cytoplasm (Fig 3A and B). However, in

cells transfected to express MavQ, the puncta localization pattern of

GFP-2xFYVEHrs was not affected in cells treated with wortmannin,

indicating that MavQ catalyzes the production of PtdIns3P in cells.

These results also suggest that MavQ is a PI3K that is insensitive to

wortmannin. Indeed, preincubation of MavQ with high concentra-

tions of wortmannin did not detectably affect its ATP hydrolysis

activity, nor did it affect the production of PtdIns3P from PtdIns

(Fig 3C and D). In contrast, the activity of p110a, the mammalian

PI3K, which is known to be sensitive to wortmannin (Kumar & Doss,

2016), is inhibited (Fig 3C and D). This observation is similar to

previously described bacterial PI3Ks (Ledvina et al, 2018), which are

often wortmannin-resistant, probably due to divergence in their struc-

tures or the mechanisms of catalysis.

MavQ is associated with the LCV and is dispensable for the
intracellular growth of L. pneumophila

To detect the cellular localization of MavQ during infection, we

infected bone marrow-derived macrophages (BMDMs) with

A B

C D

Figure 2. MavQ is a phosphoinositide 3 Kinase that converts PtdIns into PtdIns3P.

A Biochemical assays for the kinase activity of MavQ. Purified MavQ was incubated with or without specific PI substrates, and the conversion of ATP to ADP was
measured by the ADP-Glo assay. RLU, relative luminescence units.

B H149, N152, and D160 in MavQ are critical for its kinase activity. Purified wild-type and mutant MavQ were reacted with PtdIns and ATP. The kinase activity was
determined by the ADP-Glo assay.

C The PI product produced by MavQ determined by TLC assays. di-C8-Bodipy-FL-PtdIns was used to react with MavQ (lane 4), and samples were further incubated with
the 3-phosphatase MTM which hydrolyzes both PtdIns3P and PtdIns(3,5)P2 (lane 5) or with the PI4K LepB_NTD which phosphorylates PtdIns3P into PtdIns (3,4)P2
(lane 6). A schematic illustration of the enzymatic reactions is shown in the lower panel.

D Mutations in H149, N152, and D160 abolish the ability of MavQ to convert PtdIns into PtdIns3P. Experiments were performed with the same procedure as described
in panel C.

Data information: In (A and B), data are shown as mean � SD of triplicates (technical replicates, n = 3) and are representative of three independent experiments
(biological replicates, n = 3). In (C and D), data are representative of at least three independent experiments (biological replicates, n ≥ 3). Unpaired two-tailed Student’s
t-test, p < 0.05 indicates significant difference.
Source data are available online for this figure.
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relevant L. pneumophila strains followed by immunostaining with

MavQ-specific antibodies. Staining signals corresponding to MavQ

were enriched on LCVs formed by the L. pneumophila strain

harboring a functional Dot/Icm transporter (Fig 4A). Approxi-

mately 60% of the LCVs harboring wild-type bacteria stained

positive for MavQ 2 h post-infection (Fig 4B). No such signal was

detected on LCVs containing the dotA mutant Lp03 or the mavQ

deletion mutant (Fig 4A and B). Furthermore, expression of the

MavQ from a plasmid in the ΔmavQ mutant restored such associ-

ation to levels close to those of the wild-type strain (Fig 4B).

Moreover, kinetic analysis indicates that the association of MavQ

with the LCV persists for more than 6 h, a duration similar to

that for LepB (Ingmundson et al, 2007) and SidF (Hsu et al,

2012; Fig 4C).

To assess whether mavQ plays a role in bacterial virulence, we

determined intracellular growth of the ΔmavQ mutant in BMDMs.

The mutant replicated similarly to the wild-type strain during the

entire experimental duration (Fig 4D and E), suggesting that dele-

tion of mavQ did not detectably affect intracellular growth of

L. pneumophila in this infection model, which is akin to mutants

lacking sidF (Banga et al, 2007; Hsu et al, 2012) or lepB (Ingmund-

son et al, 2007; Dong et al, 2016).

MavQ works together with LepB and SidF to produce PtdIns4P on
the LCV

The production of a specific PI is achieved by coordinated activities

of both kinases and phosphatases. PtdIns4P is the signature PI lipid

of the Golgi apparatus which is critical for organelle identity, signal-

ing, and vesicle trafficking (Graham & Burd, 2011). It is established

that LCVs are enriched with PtdIns4P and many Dot/Icm substrates

are associated with the bacterial phagosome via specifically binding

to this PI (Weber et al, 2006; Brombacher et al, 2009; Hsu et al,

2012; Dong et al, 2016). Two Dot/Icm effector proteins have been

described to participate in the PtdIns4P production by functioning

as kinase and phosphatase, respectively. LepB functions as a PI4K

via a domain in its amino terminal portion, and it specifically

converts PtdIns3P into PtdIns(3,4)P2 (Dong et al, 2016), which

A

C D

B

Figure 3. The PI3K activity of MavQ is insensitive to wortmannin.

A Representative fluorescence images of HeLa cells expressing the PtdIns3P probe GFP-2xFYVEHrs and MavQ with or without wortmannin treatment. Scale bars, 5 lm.
B Percentage of HeLa cells transfected with the indicated plasmids in which GFP-2xFYVEHrs localizes to vesicle-like structures. At least 100 cells (n ≥ 100) were counted

for each sample. Wort, wortmannin.
C Induction of the ATP hydrolysis activity of MavQ by PtdIns is not affected by wortmannin. Recombinant MavQ was incubated with increasing amounts of

wortmannin for 30 min at room temperature prior to the addition of PtdIns and ATP. The wortmannin-sensitive PI3K p110a was used as a control. The ADP-Glo assay
was used to measure the kinase activity.

D Wortmannin does not affect the production of PtdIns3P by MavQ. Purified MavQ was pretreated with 100 lM of wortmannin for 30 min at room temperature. di-
C8-Bodipy-FL-PtdIns and ATP were then added to the reaction mixtures. The TLC assay was employed to detect the generation of PtdIns3P by MavQ. The
wortmannin-sensitive PI3K p110a was included as a control.

Data information: In panel B, data show the mean � SD of three independent experiments (biological replicates, n = 3). In panel C, data are shown as mean � SD of
triplicates (technical replicates, n = 3) and are representative of three independent experiments (biological replicates, n = 3). In panel D, data are representative of at
least three independent experiments (biological replicates, n ≥ 3). Unpaired two-tailed Student’s t-test, p < 0.05 indicates significant difference.
Source data are available online for this figure.
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serves as the substrate for SidF, a PI 3-phosphatase that preferen-

tially removes the 3-phosphate from PtdIns(3,4)P2 to generate

PtdIns4P (Hsu et al, 2012).

The observation that MavQ catalyzes the conversion of PtdIns

into PtdIns3P prompted us to postulate that MavQ acts upstream of

LepB and SidF to form a catalysis cascade for the production of

PtdIns4P on the LCV. In agreement with this notion, sequential

addition of LepB_NTD and SidF in reactions containing PtdIns,

MavQ, and ATP resulted in the production of PtdIns4P (Fig 5A). In

addition, MavQ, LepB, and SidF are associated with the LCV during

bacterial infection (Banga et al, 2007; Hsu et al, 2012; Dong et al,

2016). Thus, MavQ likely functions in concert with LepB and SidF

to produce PtdIns4P on the LCV.

If MavQ functions in the same axis of LepB and SidF in PtdIns4P

production, a mutant lacking this gene will have phenotypes similar

to the ΔlepB and ΔsidF strains in the accumulation of PtdIns4P on

the LCV. One established method to determine PtdIns4P accumula-

tion on the LCV is to detect its ability to retain lipid-binding effectors

such as SidC and SidM/DrrA (Weber et al, 2006; Brombacher et al,

2009; Hsu et al, 2012; Dong et al, 2016). Thus, we determined the

association of SidC with the LCV formed by relevant L. pneu-

mophila strains. In samples infected with the wild-type strain, we

observed that approximately 75% of the vacuoles stained positive

for SidC, which was reduced to about 51% in cells infected with

the ΔmavQ mutant (Fig 5B and C). The rates of SidC-positive

vacuoles for the ΔmavQ mutant are similar to that of the ΔlepB or

ΔsidF mutant, which are about 47% in our experiments as well as

in previous studies (Hsu et al, 2012; Dong et al, 2016; Fig 5C).

Such defects in retaining SidC on the LCV displayed by the ΔmavQ

mutant can be restored by expressing wild-type MavQ but not its

catalytically inactive mutant MavQH149A from a plasmid (Fig 5C).

Furthermore, in samples infected by a mutant lacking both

mavQ and lepB, we did not observe additional reduction in the

percentage of vacuoles stained positive for SidC (Fig 5C). Consis-

tent with this phenotype, the lack of both mavQ and lepB in the

mutant did not significantly affect the intracellular replication of

L. pneumophila (Fig EV1). In all cases, deletion of the PI metabo-

lism genes did not detectably affect the expression or transloca-

tion of SidC into host cells by L. pneumophila (Fig 5D). Taken

together, these results indicate that MavQ catalyzes the first of a

A

C
E

B D

Figure 4. The association of MavQ with the LCV and its role in intracellular growth of L. pneumophila in macrophages.

A Representative immunofluorescence images of the association of MavQ with the LCV. BMDM cells infected with wild-type or Dot/Icm-deficient (dotA�) L. pneumophila
were sequentially stained with antibodies against L. pneumophila and MavQ. Images were taken under a fluorescence microscope. Insets represent 3× magnification
of regions defined by dash lines. Scale bar, 5 lm.

B The rates of LCVs positively stained for MavQ 2 h post-infection. At least 100 LCVs (n ≥ 100) were scored for each sample.
C Dynamics of MavQ association with LCV. BMDMs were infected with the wild-type L. pneumophila strain at an MOI of 2 for the indicated experimental durations. At

least 100 phagosomes (n ≥ 100) were counted for each sample to obtain the percentage of MavQ-positive LCVs.
D Intracellular growth of L. pneumophila in macrophages. BMDMs were infected with indicated L. pneumophila strains at an MOI of 0.05. At the indicated time points,

CFUs were determined by plating the saponin-solubilized lysates of infected cells on CYE plates.
E Expression of mavQ in L. pneumophila strains used for infection. Total proteins of bacteria cultured to the post-exponential phase separated by SDS–PAGE were

probed with MavQ-specific antibodies. ICDH was detected as a loading control.

Data information: In panels B and C, data are shown as mean � SD of three independent experiments (biological replicates, n = 3). In panel D, results shown are from
one representative experiment done in triplicate (technical replicates, n = 3) and are representative of three independent experiments (biological replicates, n = 3). In
panel E, results show one representative of three independent experiments (biological replicates, n = 3). Unpaired two-tailed Student’s t-test, p < 0.05 indicates
significant difference.
Source data are available online for this figure.
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three-reaction cascade for the production of PtdIns4P from PtdIns

on L. pneumophila phagosomes.

SidP does not affect the PI3K activity of MavQ

An earlier study (Urbanus et al, 2016) found that the PI 3-phos-

phatase SidP (Toulabi et al, 2013) was capable of suppressing the

toxicity of MavQ to yeast cells. Intriguingly, such inhibition is inde-

pendent of its PI 3-phosphatase activity but requires its uncharacter-

ized carboxyl terminus domain (Urbanus et al, 2016). Furthermore,

MavQ and SidP interact in yeast two-hybrid and in affinity

purification–mass spectrometry assays (Urbanus et al, 2016). Hence,

SidP was considered a metaeffector of MavQ (Urbanus et al, 2016).

In our yeast suppression assay, wild-type SidP, the catalytically

inactive mutant SidPR560K as well as the carboxyl fragment of SidP

(SidP664–822) each indeed suppresses the toxicity of MavQ (Fig EV2).

By GST pull-down assays, we also observed interactions between

these two proteins (Fig 6A). However, adding recombinant SidP

into reactions containing PtdIns and MavQ did not significantly

affect its kinase activity, even in reactions in which the molar ratio

between SidP and MavQ was 10: 1 (Fig 6B and C). Furthermore, the

generation of PtdIns3P in mammalian cells by ectopically produced

MavQ was not affected by SidP. In MavQ and SidP co-transfected

cells treated with wortmannin, approximately 70% of the cells

showed vesicular localization of GFP-2xFYVEHrs, which was similar

to samples transfected to express MavQ alone (Fig 6D). Thus, SidP

does not interfere with the activity of MavQ, at least with regard to

its PI3K enzymatic activity. Consistent with these observations,

deletion or overexpression of sidP does not affect the association of

SidC with the LCV (Figs 6E and EV3). Thus, it appears that SidP

A

C

D

B

Figure 5. MavQ functions together with LepB and SidF to produce PtdIns4P on the LCV.

A Biochemical synthesis of PtdIns4P from PtdIns by sequential reactions catalyzed by MavQ, LepB_NTD, and SidF. MavQ was reacted with di-C8-Bodipy-FL-PtdIns,
resulting in the production of PtdIns3P (lane 6). The PtdIns3P-specific PI4K LepB-NTD was then added into the reaction, yielding PtdIns(3,4)P2 (lane 7). The product of
the sample receiving LepB_NTD was further incubated with the 3-phosphatase SidF to yield PtdIns4P (lane 8). The lipid products were detected and visualized by TLC.
A schematic illustration of the enzymatic reactions is shown in the lower panel.

B Representative images of SidC anchoring on LCVs. BMDMs infected with the indicated L. pneumophila strains at an MOI of 2 for 2 h were sequentially stained with
antibodies against the bacteria and SidC. Images were acquired using a fluorescence microscope. Insets represent 3× magnification of regions defined by dash lines.
Scale bar, 5 lm.

C Quantitation of SidC-positive LCVs. At least 100 phagosomes (n ≥ 100) were scored for each sample.
D Expression and translocation of SidC. The lysates of L. pneumophila strains used for infection were probed for protein expression, and ICDH was detected as a loading

control (top panel). SidC translocation was detected by probing the saponin-soluble fractions of infected U937 cells with SidC-specific antibodies. Tubulin was probed
as a loading control (bottom panel).

Data information: In panels A and D, data show one representative of three independent experiments (biological replicates, n = 3). In panel C, results are shown as
mean � SD from three independent experiments (biological replicates, n = 3). Unpaired two-tailed Student’s t-test, p < 0.05 indicates significant difference.
Source data are available online for this figure.
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does not affect the PI3K activity of MavQ in biochemical assays. The

biological relevance of its ability to suppress MavQ toxicity awaits

further investigation.

LegA5 is not required for PtdIns4P accumulation on the
bacterial phagosome

It has been demonstrated that the Dot/Icm effector LegA5 (Lpg2322)

is also a PI3K, which catalyzes the formation of PtdIns3P from

PtdIns (Ledvina et al, 2018). To investigate whether this protein has

an impact on the production of PtdIns4P on the LCV, we constructed

a ΔlegA5 mutant and tested its ability to retain SidC on the bacterial

phagosome. We found that the rates of SidC-positive LCVs for

ΔlegA5 mutant were similar to those of the wild-type strain

(Fig EV4A and B). These results suggest that LegA5, unlike MavQ,

LepB, and SidF, is not involved in the production of PtdIns4P on

the LCV.

Discussion

One hallmark of the LCV membrane is its enrichment of PtdIns4P,

which appears to play important roles in the development of the

compartment permissive for intracellular L. pneumophila replica-

tion. Vesicles originating from the ER have been suggested to be a

major source of the membrane materials needed to support the

expansion of LCVs containing multiplying bacteria (Kagan & Roy,

2002). PtdIns4P is known to serve as the anchor for a subset of Dot/

Icm effectors, thus allowing their association with the LCV to

promote events such as membrane remodeling and the acquisition

of specific host proteins for its development (Weber et al, 2006). For

example, once anchored on the LCV by binding to PtdIns4P,

the multifunctional effector SidM/DrrA recruits Rab1 to facilitate

the fusion of ER-derived vesicles (Arasaki et al, 2012). Similarly, the

ubiquitin E3 ligases SidC and SdcA recruit and ubiquitinate Rab10

on the LCV (Jeng et al, 2019) in a process that is regulated by the

A

D E

B C

Figure 6. SidP does not affect the enzymatic activity of MavQ.

A Direct interactions between SidP and MavQ in the GST pull-down assay. GST beads coated with GST-SidP or GST were incubated with His6-MavQ. After washing
the beads with GST binding buffer, the proteins resolved by SDS–PAGE were detected by Coomassie brilliant blue staining.

B, C SidP does not impair the kinase activity of MavQ in vitro. MavQ was preincubated with increasing amounts of SidP, and the kinase activity of MavQ was measured
by the ADP-Glo assay (B) or the TLC assay (C).

D Co-expression of SidP with MavQ in HeLa cells does not influence the production of PtdIns3P caused by MavQ. The association of the fluorescence probe GFP-
2xFYVEHrs with vesicle-like structures was used to indicate the distribution of PtdIns3P in cells. At least 100 cells were scored in each sample (n ≥ 100) (left panel).
Wort, wortmannin. Expression of MavQ and SidP in the samples was shown in the right panel. EV represents empty vector.

E Deletion of sidP does not impact the association of SidC with the LCV. BMDMs infected with the indicated L. pneumophila stains were stained as described in Fig 5,
and the association of SidC with bacterial phagosomes was similarly determined (n ≥ 100) (left panel). Representative images of infected cells harboring bacterial
phagosomes were also shown (right panel). Insets represent 3x magnification of regions defined by dash lines. Scale bar, 5 lm.

Data information: In panels A and C, data show one representative of three independent experiments (biological replicates, n = 3). In panel B, data are shown as
mean � SD of triplicates (technical replicates, n = 3) and are representative of three independent experiments (biological replicates, n = 3). In panels D and E, data are
shown as mean � SD of three independent experiments (biological replicates, n = 3). Unpaired two-tailed Student’s t-test, p < 0.05 indicates significant difference.
Source data are available online for this figure.
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bacterial deubiquitinase Lem27 (Liu et al, 2020). Interestingly,

although the mechanism is unknown, Rab10 is required for optimal

bacterial replication in host cells (Hoffmann et al, 2014; Jeng et al,

2019). It is conceivable that other PtdIns4P-binding effectors such as

Lpg1101 and Lpg2603 (Hubber et al, 2014) also contribute to the

development of the LCV by recruiting and co-opting specific host

proteins. In addition, the enrichment of PtdIns4P on this compart-

ment mimics one important property of the Golgi apparatus, which

may facilitate the interception of vesicles from the ER by the bacte-

rial phagosome (Kagan & Roy, 2002).

Although PtdIns3P can be produced at other cellular locations

such as the plasma membrane during signaling, this lipid is mainly

found in the endosomal system (Mayinger, 2012). The PI3K activity

of MavQ clearly will produce PtdIns3P on the LCV, whose

membrane properties differ greatly from those of the endosome. The

high level substrate specificity and physical proximity among MavQ,

LepB, and SidF will maintain PtdIns3P on the LCV at low levels.

Furthermore, the phosphatase SidP (Toulabi et al, 2013) may

eliminate any residual PtdIns3P on the LCV. Thus, similar to

eukaryotic cells (Marat & Haucke, 2016), the interplay between

bacterial PI kinases and phosphatases determines the accumulation

of specific PI at distinct cellular compartments in cells infected by

L. pneumophila.

Two lines of evidence suggest that MavQ, LepB, and SidF func-

tion in the same pathway in the production of PtdIns4P. First,

mutants lacking mavQ, lepB, or sidF exhibit similar phenotypes in

the retention of the PtdIns4P-binding effector SidC (Hsu et al, 2012;

Dong et al, 2016; Fig 5B and C). Second, the mutant lacking both

lepB and mavQ did not cause additional defects in the anchoring of

SidC (Fig 5B and C). Thus, we propose a model for the production

of PtdIns4P by these three Dot/Icm effectors on the LCV (Fig EV5).

The observation that disruption of the MavQ-LepB-SidF cascade did

not abolish the association of SidC on the LCV suggests the exis-

tence of other mechanisms involved in the production of PtdIns4P

on the bacterial phagosome. Indeed, the accumulation of PtdIns4P

on the LCVs also involves capturing Golgi-derived PtdIns4P-positive

vesicles (Weber et al, 2018). During L. pneumophila infection,

PtdIns3P associated with the endosomal system is unlikely the

major substrate for LepB because it is destroyed by the Rab5-acti-

vated lipase VipD (Lucas et al, 2014). Instead, additional pools of

PtdIns3P may be produced by yet unidentified enzymes of host or

pathogen origin. Interestingly, the Dot/Icm effector LegA5 has been

shown to have PI3K activity capable of converting PtdIns into

PtdIns3P (Ledvina et al, 2018). However, deletion of legA5 did not

impair the association of SidC with the bacterial phagosome

(Fig EV4A and B), suggesting that this effector protein does not

participate in reactions involved in the enrichment of PtdIns4P on

the LCV. The role of LegA5 in L. pneumophila infection awaits

further investigation. PtdIns3P is also an potential anchor for

effector proteins that harbor PtdIns3P-binding domains, allowing

their association with the LCV or other compartments (Jank et al,

2012; Finsel et al, 2013; Nachmias et al, 2019).

Alternatively, host enzymes involved in PI metabolism may

account for a portion of PtdIns4P on the LCV. It has been shown

that silencing of the host PI4KIIIa leads to a cumulative reduction in

PtdIns4P levels on the phagosomes harboring the ΔsidF mutant

(Hubber et al, 2014), suggesting that PI4KIIIa may function in paral-

lel to the MavQ-LepB-SidF axis for the biosynthesis of PtdIns4P on

the LCV. Similar observations have been made for the host PI4KIIIb
(Brombacher et al, 2009). In addition, PtdIns(4,5)P2 and PtdIns

(3,4,5)P3 are also possible sources for PtdIns4P on the LCV, which

can be converted into PtdIns4P and PtdIns(3,4)P2, respectively, by

the PI 5-phosphatase oculocerebrorenal syndrome of Lowe (OCRL1)

(Erdmann et al, 2007). Interestingly, OCRL1 is associated with the

LCV, probably by binding to LpnE, another L. pneumophila effector

protein (Weber et al, 2009). Despite these observations, the exact

mechanism of how these host enzymes contribute to the production

of PtdIns4P on the LCV needs further investigation.

The interactions among L. pneumophila enzymes involved in PI

metabolism appear complex. For example, it has been shown that

SidP (Toulabi et al, 2013) suppresses the yeast toxicity of MavQ in a

manner that is independent of its PI 3-phosphatase activity

(Urbanus et al, 2016). Although SidP appears to bind MavQ with

high affinity, it does not affect its kinase activity in biochemical

assays (Fig 6B and C). Thus, it may possess a yet unrecognized

activity dedicated to the inhibition of MavQ in a way that may

require a factor from host cells. Clearly, the interplay among several

factors, including the cellular localization of the effector, the time

that the effectors are translocated into the host cell, the physical

interactions among them, and the cellular distribution of their prod-

ucts, will dictate the effects of PIs in the development of the LCV.

Such complexity is further compounded by the presence of a cohort

of PtdIns3P-binding effectors (Jank et al, 2012; Finsel et al, 2013;

Nachmias et al, 2019). Future studies aiming at elucidating the

activity of these effectors and their relationships will provide

further insights into the roles of PIs in the intracellular life cycle of

L. pneumophila.

Materials and Methods

Bacterial strains and plasmid construction

The bacterial strains, plasmids, and primers used in this study are

listed in Appendix Tables S1–S3, respectively. L. pneumophila

strains used are derivatives of the Philadelphia 1 strain Lp02 and

were grown on charcoal-yeast extract (CYE) plates or in aces-

buffered yeast extract (AYE) broth. In-frame deletion mutants of L.

pneumophila were made by the plasmid pSR47S (Merriam et al,

1997). Genomic DNA of L. pneumophila was used to amplify mavQ,

lepB, sidP, and sidF. The cDNA of the myotubularin 1 gene was

synthesized by GenScript Biotech Corporation. Amplified DNA prod-

ucts were inserted into pET28a (Novagen) or pGEX-6P-1 (GE health-

care) for protein expression in Escherichia coli or cloned into

pZL507 (Xu et al, 2010) for expression in L. pneumophila. pCMV-

4xFlag was constructed based on the backbone of pCMV-Flag

(Sigma-Aldrich), introducing an additional 3xFlag tag before the

multiple cloning site. In order to express proteins in mammalian

cells, genes were ligated to pCMV-4xFlag or pcDNA3.1-mCherry

(Kleaveland et al, 2018) (a gift from David Barte, Addgene plasmid

# 128744; http://n2t.net/addgene:128744; RRID:Addgene_128744).

The PI probe GFP-2xFYVEHrs (the duplicate FYVE finger from the

human homologue of the hepatocyte growth factor-regulated tyro-

sine kinase substrate) (Cao et al, 2008) was a gift from Dr. Feng

Shao at the National Institute of Biological Sciences, China.

pSB157m was modified from the integrative yeast plasmid pSB157
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(Fazzio & Tsukiyama, 2003) (courtesy of Sue Biggins, Fred Hutchin-

son Cancer Research Center, Seattle, WA) with the addition of a

Flag-tag and several restriction sites for inserting genes of interest.

pSB157m was used to express Flag-tagged MavQ in the Saccha-

romyces cerevisiae strain W303a (Thomas & Rothstein, 1989). Point

mutations were introduced into genes by QuikChange II Site-

Directed Mutagenesis Kit (Agilent Technologies). The integrity of all

plasmids was verified by DNA sequencing.

Protein expression and purification

Plasmids derived from pET28a or pGEX-6P-1 for protein production

were transformed into E. coli strain BL21 (DE3). Overnight cultures

were diluted at 1:50 in fresh LB medium supplemented with the

appropriate antibiotics. Cultures grown to an OD600nm of 0.6–0.8 at

37°C were induced by adding isopropyl b-D-galactopyranoside
(IPTG) to a concentration of 0.2 mM. Bacteria were further cultured

for 16–18 h at 18°C in a shaker set at 250 rpm. Each step of the

following operations was performed at 4°C. Cells were collected by

centrifugation and lysed by a homogenizer (JN-mini, JNBIO,

Guangzhou, China). Lysed samples were centrifugated at 12,000 g

for 30 min to remove cell debris and unbroken cells. The supernatants

were either incubated with 1 ml prewashed Ni2+-NTA beads (Qiagen) or

Glutathione Sepharose 4 Fast Flow beads (GE healthcare) for 1 h at 4°C.

For purification of His6-tagged proteins, the Ni2+-NTA beads were eluted

by 300 mM imidazole. GST-tagged proteins were eluted by 20 mM

reduced glutathione. Purified proteins were dialyzed twice in a buffer

containing 20 mM Tris–HCl (pH 7.5), 150 mM NaCl, and 1 mM dithio-

threitol (DTT). Protein concentrations were measured by the Bradford

Protein Assay (Bio-Rad).

In vitro kinase and phosphatase assays

A panel of diC8 PIs purchased from Echelon Biosciences were indi-

vidually dissolved in sterilized deionized water to make 1 mM stock

solutions. The kinase activity was determined by the ADP-GloTM

Kinase Assay (Promega) in 96-well white polystyrene plates. 0.1 lg
of purified enzymes were incubated with 0.5 nM PI substrates in

25 µl kinase buffer (40 mM Tris–HCl (pH 7.5), 20 mM MgCl2, 1 mM

dithiothreitol (DTT), and 0.025 ng/ml of BSA) (Dong et al, 2016).

Reactions were allowed to proceed in dark for 60 min at 25°C. To

stop the reaction, 25 µl of ADP-Glo reagent was added to the plates

and incubated for 40 min at 25°C. Next, 50 µl of detection reagent

was added and incubated for 40 min at 25°C. The plates were read

on a Synergy H1 Hybrid Multi-Mode Microplate Reader (BioTek). The

phosphatase assay was conducted in a 25-µl reaction mixture

containing 1 nM of lipids and 0.1 lg of enzyme in a reaction buffer

(50 mM Tris–HCl (pH 8.0) and 150 mM NaCl). After incubation at

37°C for 20 min, 100 µl of malachite green reagent (Sigma-Aldrich)

was added to the reaction. Absorbance at 620 nm was measured by a

Synergy H1 Hybrid Multi-Mode Microplate Reader (BioTek).

Thin-layer chromatography (TLC)

The kinase reaction was performed as described above except that

the substrates were replaced with Bodipy-FL labeled diC8 PIs. For

reactions containing multiple enzymes, the second enzyme was

added after the completion of the reaction catalyzed by the first

enzyme and incubated for another 20 min. For reactions containing

phosphatases, the kinase reaction products were dried by a Speed-

Vac for 30 min at 45°C and resuspended in 20 µl of a phosphatase

buffer (50 mM ammonium carbonate (pH 8.0), 2 mM DTT). 1 lg of

purified phosphatase was added to the mixture and incubated at

37°C for 1 h. All reaction mixtures were dried and dissolved in

10 ll of isopropanol/methanol/acetic acid (v/v/v, 5/5/2). The TLC

silica gel 60 F254 (Sigma-Aldrich) was activated by a methanol and

water (v/v, 3/2) solution containing 1% potassium oxalate for

30 min and was dried at 65°C for 1 h. Samples were spotted on the

activated TLC plate and were developed in a solvent system contain-

ing chloroform/methanol/acetone/glacial acetic acid/water (v/v/v/

v/v, 7/5/2/2/2) (Dong et al, 2016). Fluorescence signals were

acquired by a Goodsee-5 TLC imager.

Yeast toxicity assays

MavQ or its point mutants were inserted into pSB157m which

contains a galactose-inducible promoter and transformed into the

S. cerevisiae strain W303a (Thomas & Rothstein, 1989). Transfor-

mants were selected by plating on synthetic defined (SD)-Ura agar

plates containing 2% glucose. Yeast cells cultured in SD-Ura liquid

medium containing glucose were serially diluted. 10 ll of each

dilution was then spotted onto SD-Ura agar plates containing 2%

glucose or galactose. Plates were incubated at 30°C for 72 h

before image acquisition. To determine the influence of SidP on

the yeast toxicity of MavQ, wild-type SidP, SidPR560K (Toulabi

et al, 2013) and SidP664-822 (Urbanus et al, 2016) were cloned into

p425GPD (Mumberg et al, 1995) and transformed into W303a

(pSB157m::MavQ). The spotting of the yeast cells on selection

medium containing glucose or galactose was performed similarly

as described above.

GST pull-down assay

20 µg of GST-SidP or GST was incubated with 20 µl of prewashed

GST magnetic beads (Sigma-Aldrich) in 1 ml of GST binding buffer

(50 mM Tris–HCl (pH 7.5), 137 mM NaCl, 13.7 mM KCl) for 2 h at

4°C on a shaker. Unbound proteins were removed by washing the

beads with GST binding buffer for 3 times. The beads were further

incubated with 20 µg of His6-MavQ in 1 ml of GST binding buffer

for 2 h at 4°C on a shaker. After extensive washing, the beads were

resuspended in 50 µl of 1×SDS loading buffer. Samples resolved by

SDS–PAGE were stained with Coomassie brilliant blue.

Cell culture, transfection, infection, and immunostaining

HeLa cells (ATCC) were cultured in Dulbecco’s modified Eagle’s

medium (DMEM) (HyClone) supplemented with 10% FBS at 37°C

in a 5% CO2 incubator. Transfection was performed using Lipofec-

tamine 3000 (Thermo Fisher). U937 cells (ATCC) were cultured in

RPMI 1640 medium supplemented with 10% FBS and were differen-

tiated into macrophages by phorbol-12-myristate-13-acetate (PMA).

Bone marrow-derived macrophages (BMDMs) were prepared from

6- to 8-week-old female A/J mice (Model Animal Research Center of

Nanjing University, Nanjing, China) using bone marrow macro-

phage media (RPMI1640, 20% FBS and 20% L-cell supernatant-

conditioned medium) (Thermo Fisher). All animal procedures were
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approved by the Institutional Animal Care and Use Committee of

Jilin University (number of permit: SY201902008).

For fluorescence imaging of GFP-2xFYVEHrs, HeLa cells seeded

on coverslips were co-transfected with peGFP::2xFYVEHrs (Cao et al,

2008) and plasmids derived from pcDNA3.1-mCherry for 18 h.

When indicated, wortmannin was added at a final concentration of

800 nM. Cells were fixed with 4% paraformaldehyde and permeabi-

lized with 0.2% Triton X-100 for 5 min. Nuclei were labeled by

Hoechst staining.

For bacterial infection experiments, L. pneumophila strains

grown in AYE broth to the post-exponential phase (OD600nm = 3.3–

3.8) were checked for motility. For intracellular growth assays,

BMDMs seeded in 24-well plates at 4 × 105/well were infected with

L. pneumophila at a multiplicity of infection (MOI) of 0.05. After

2 h of incubation at 37°C, infections were synchronized by washing

the samples three times with warm PBS to remove extracellular

bacteria. Infection samples were further incubated at 37°C in a 5%

CO2 incubator. At 2, 24, 48, and 72 h post-infection, infected macro-

phages were lysed with 0.02% saponin for 30 min. The lysates were

diluted with PBS and plated onto CYE plates. After incubation at

37°C for 5 days, the colony-forming units (CFUs) were counted. To

detect translocated MavQ and SidC in infected cells by immunos-

taining, 2 × 105 BMDMs seeded on coverslips in 24-well plates were

infected with L. pneumophila at an MOI of 2. Two hours after infec-

tion, samples washed for three times with PBS were fixed with 4%

paraformaldehyde. The extracellular bacteria were stained with

anti-Legionella antibodies (Xu et al, 2010) before permeabilization.

To stain the total bacteria, MavQ, and SidC, cells were permeabi-

lized by 0.2% Triton X-100 and were sequentially stained with anti-

bodies specific for L. pneumophila, MavQ, and SidC. Images were

acquired by an Olympus IX-83 fluorescence microscope.

Antibodies and immunoblotting

Polyclonal antibodies against MavQ were produced by immuniza-

tion of mice with recombinant His6-MavQ (AbMax Biotechnology

Co., LTD, Beijing, China). Antibodies used for immunoblotting anal-

ysis and their dilutions are anti-mCherry (Sigma-Aldrich, cat#

AB356482, 1:2,000), anti-Flag (Sigma-Aldrich, Cat# F1804, 1:3,000),

anti-tubulin (DSHB, E7, 1:10,000), anti-ICDH (1:20,000) (Liu & Luo,

2007), anti-MavQ (1:1,000), and anti-SidC (1:10,000) (Luo & Isberg,

2004). For immunoblotting, total proteins separated by SDS–PAGE

were transferred onto nitrocellulose membranes (Pall Life Sciences).

After blocking with 5% nonfat milk, proteins were detected by incu-

bation with appropriate primary antibodies and IRDye-conjugated

secondary antibodies (Li-Cor). The signals were detected using the

Odyssey� CLx Imaging System (Li-Cor).

Data analysis

Statistical analysis was calculated by the unpaired two-tailed

Student’s t-tests, and p < 0.05 was considered as significant dif-

ference.

Data availability

No large primary datasets have been generated or deposited.

Expanded View for this article is available online.
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