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Professional phagocytic cells ingest microbial intruders by engulfing
them into phagosomes, which subsequently mature into microbicidal
phagolysosomes. Phagosome maturation requires sequential fusion
of the phagosome with early endosomes, late endosomes, and
lysosomes. Although various phosphoinositides (PIPs) have been
detected on phagosomes, it remained unclear which PIPs actually
govern phagosome maturation. Here, we analyzed the involvement
of PIPs in fusion of phagosomes with various endocytic compartments
and identified phosphatidylinositol 4-phosphate [PI(4)P], phosphati-
dylinositol 3-phosphate [PI(3)P], and the lipid kinases that generate
these PIPs, as mediators of phagosome-lysosome fusion. Phagosome-
early endosome fusion required PI(3)P, yet did not depend on PI(4)P.
Thus, PI(3)P regulates phagosome maturation at early and late stages,
whereas PI(4)P is selectively required late in the pathway.

phosphoinositides | cell-free membrane fusion | phagosome | lysosome |
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hagosomes are formed when phagocytes engulf particles of

more than 0.4 pm in diameter and mature into degradative
phagolysosomes by sequential fusion with early endosomes,
late endosomes, and lysosomes (1, 2). Protein and lipid com-
positions of the phagosome membrane change dramatically dur-
ing phagosome maturation (3).

Phosphoinositides (PIPs) are mono, bis-, or tris-phosphorylated
derivatives of the glycerophospholipid phosphatidylinositol (PI).
The distinct subcellular localization of PIP phosphatases and PIP
kinases (PIKs) results in the accumulation of PIPs in specific com-
partments (4). Various PIPs have been implicated in phagosome
maturation (5) and some microbial “intracellular” pathogens, which
evade being delivered to and killed within phagolysosomes, ma-
nipulate the PIP composition of the phagosomes in which they
reside (6). However, the impact of these lipids on late stages
of phagosome maturation, in particular phagosome-lysosome
fusion (PLF), is ill-defined.

Here, we tested directly whether PLF requires PIPs, using an
assay which reconstitutes fusion between phagosomes and endocytic
compartments in a cell-free system (2).

Results

PLF Requires Phosphatidylinositol 4-Phosphate and Phosphatidylinositol
3-Phosphate. Involvement of PIPs in PLF is difficult to investigate
because of the experimental complications that arise from the
vectorial organization of the phagosome maturation subreactions in
macrophages: phagosomes will not fuse with lysosomes, if any of the
preceding maturation steps is inhibited. Thus, if a certain PIP were
required both early and late, degradation or sequestration of this
PIP would block phagosome maturation early and, hence, obscure

4636-4641 | PNAS | April 14,2015 | vol. 112 | no. 15

the effects of such treatment on later stages. We circumvented this
problem using a cell-free assay that specifically reconstitutes PLF (2).

Cell-free PLF was performed as described previously (2) and
presented all features observed earlier; that is, dependence
on a physiological temperature, ATP, and cytosol and sensitivity
to N-ethylmaleimide and Rab guanosine nucleotide dissocia-
tion inhibitor (RabGDI) (Fig. 1 A4 and B). PLF, moreover, was
inhibited by Rab7-interacting lysosomal protein-C33, a truncated
Rab effector that binds to Rab7(GTP) (7) and by Rab34(GTP)
(8), both of which have been implicated in PLF (9, 10). Phag-
osomes used in our fusion studies were generated by feeding 1-pm
latex beads to macrophages and were purified after 30 min of
uptake (pulse) and 60 min of maturation (chase). These latex bead
phagosomes (LBPs) were enriched in cathepsin D, lysosome-
associated membrane protein 1 (LAMP1), and a fluorescent tracer
preloaded into lysosomes, but lacked early endocytic transferrin
receptor (TfR) and Rab5b (Fig. S1 4 and B). Paramagnetically
labeled lysosomes were purified as described previously (2). Thirty
minute/60 min (pulse/chase) LBPs fused more frequently with
purified lysosomes than early (10 min/0 min) or late (10 min/20
min) LBPs (Fig. S1C), which is in line with the vectorial organi-
zation of the phagosome maturation subreactions (2, 3, 11).

To test the impact of PIPs on PLF, specific PIP-binding proteins
were added to cell-free fusion reactions and they were expected to

Significance

Phagocytes are key to innate immunity, as they ingest, kill, and
degrade foreign particles, such as microbes. Particle uptake
results in the formation of phagosomes that eventually fuse
with lysosomes, the main degradative compartments in cells.
Phagosome-lysosome fusion (PLF) is crucial for the degradation
of phagosome contents and antigen presentation. Most path-
ogenic microbes that multiply within phagocytes and cause
severe diseases (e.g. tuberculosis), prevent PLF. Deciphering
the mechanisms that govern PLF will help to understand how
phagocytic cells clear microbial infections and how pathogens
evade being delivered to microbicidal phagolysosomes. Here,
we identify specific phosphoinositide lipids [i.e. PI(4)P and PI(3)P]
and the enzymes that produce them as regulators of PLF, which
explains why these lipids are manipulated by some pathogens.
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Fig. 1. PLF requires PI(4)P and PI(3)P. (A) Phagosomes containing 1-upm latex
beads (LBPs) and lysosomes containing BSA-rho-bio were mixed under
fusion-promoting conditions. LBPs were isolated from reaction mixtures,
spun onto coverslips, and assayed for colocalization with the lysosomal fluor.
Colocalization under standard conditions (control) was set as 100% (4-10%
absolute colocalization). Reactions were incubated for 60 min on ice or at
37 °Cin the absence of ATP or cytosol or in the presence of 4 mM N-ethyl-
maleimide (NEM), 10 uM RabGDI, or 6 uM Rab7-interacting lysosomal pro-
tein-C33 (RILP-C33). (B) Micrograph showing LBPs from a cell-free fusion
reaction prepared for fluorescence microscopy. Fusion of LBPs with lyso-
somes results in colocalization between LBPs and lysosomal BSA-rho-bio.
Enlargements show LBPs colocalizing (nos. 3 and 4) or not colocalizing (nos.
1 and 2) with the lysosomal fluor. (Scale bar, 5 pm.) Enlargements (2.5-fold)
show LBPs colocalizing (3 and 4) or not colocalizing. (C and D) Recombinant
proteins were added to standard fusion reactions as indicated. Colocaliza-
tion in the absence of purified proteins (0 pM) was defined as 100% (4-20%
of phagosomes containing the lysosomal tracer). Data are means + SEM
from at least three independent experiments. Proteins added to fusion
reactions were: (C) PI(3)P binder 2xFYVE, PI(3)P phosphatase MTM1, PI(4)P
binders FAPP1 PH domain and SidC P4C, or PI(4)P phosphatase Saclp;
(D) binders to poly-phosphorylated PIPs (PI(3,4)P,, TAPP1 PH domain; PI(4,5)P,,
PLC81 PH domain; PI(3,5)P,, CentaurinB2 PH domain (CB2-PH); PI(3,4,5)Ps,
mGRP1) or GST. Final protein concentrations are indicated. *P < 0.05, **P <
0.01 compared with untreated controls (= control, = 0 pM).

inhibit fusion, if the lipid they sequestered was relevant (12).
Phosphatidylinositol 4-phosphate [PI(4)P] binders [FAPP1 PH do-
main (13) and SidC P4C from the pathogen Legionella pneumophila
(14)], phosphatidylinositol 3-phosphate [PI(3)P]-binding Hrs
2xFYVE domain (15), and enzymes which dephosphorylate
PI(4)P [Saclp (16)] or PI(3)P [MTM1 (17)] blocked fusion (Fig. 1C),
suggesting that PLF requires PI(4)P and PI(3)P. Binders of the other
PIPs were less, if at all, inhibitory (Fig. 1D). GST, the purification
tag of the PIP binders, did not block PLF (Fig. 1D).

Phagolysosomes and Lysosomes Contain PI(4)P and PI(3)P. PI(4)P is
enriched in the Golgi complex and endoplasmic reticulum (18)
and PI(3)P in early endosomes, yet both lipids have occasionally
been observed in late endosomes (19, 20) and phagosomes
(21, 22). Because PLF required free PI(4)P and PI(3)P, we tested
using a reverse-phase high performance liquid chromatography-
mass spectrometry (RP-HPLC-MS) approach (23) whether our
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LBP and lysosome preparations do contain these PIPs: LBPs or
lysosomes were incubated under fusion assay conditions and lipids
were extracted, deacylated, and analyzed for monophosphorylated
PIPs. LBP and lysosome preparations contained both PI(4)P and
PI(3)P, with PI(4)P being markedly enriched relative to PI(3)P
(Fig. 2 A and B). Lipid extracts from lysosomes contained little
PI(3)P (Fig. 2B), yet, as would be expected, we did not detect
PI(3)P when the phosphatidylinositol 3-kinase (PI3K) inhibitor
wortmannin (WM) was included in the incubations (Fig. 2C).

In line with the above observations, a PI(4)P-specific antibody
and PI(3)P-binding Hrs 2xFYVE domain bound to LBPs and
lysosomes under fusion conditions, as revealed by immunofluo-
rescence microscopy (Fig. 2 D and E). Intriguingly, much less of
these lipid probes bound to LBPs and lysosomes when ATP was
absent (Fig. 2 D and E), indicating that during the in vitro in-
cubation both PI(4)P and PI(3)P were generated in an ATP-
dependent fashion, likely by phosphorylation of PI.

Class Il Phosphatidylinositol 4-Kinases Regulate PLF. Mammalian cells
possess four different phosphatidylinositol 4-kinases (PI4Ks) (i.e.,
PI4KIlo, PI4KIIB, PI4KIlIIa, and PI4KIIIB), all of which catalyze
the formation of PI(4)P from PI. PLF was inhibited by the general
PI4K inhibitors, Pik-93, WM, and adenosine, and by Fab frag-
ments of 4C5G, a monoclonal antibody that specifically inhibits
class II PI4K activity (24) (Figs. 34 and 44). To test whether these
inhibitors blocked PI(4)P formation in phagosomes, we incubated
purified LBPs with the above PI4K inhibitors under fusion con-
ditions and visualized PI(4)P using a PI(4)P-binding antibody.
Incubation in the presence of class II PI4K inhibitors (i.e., aden-
osine or 4C5G) or of PI(4)P-dephosphorylating Saclp strongly
decreased LBP contents in PI(4)P, as did omission of ATP from
reaction mixtures (Fig. 3B). Class III PI4K inhibitors (i.e., Pik-93
or 1 uM WM), by contrast, did not affect phagosome PI(4)P levels
(Fig. 3B). Thus, PLF-relevant PI(4)P is generated by class II
PI4Ks. Notably, treatments which decreased phagosomal PI(4)P
levels also reduced phosphatidylinositol 4,5-bisphosphate [PI(4,5)P]
contents of LBPs (Fig. S2), showing that, under fusion conditions,
phagosomal PI(4)P is partially consumed by PI(4)P 5-kinases
(PI4,5Ks) during formation of PI(4,5)P,.

Purified lysosomes and phagolysosomes contained PI4KIla
but lacked PI4KIIf (Fig. 3 C and D). Moreover, cytosol prepa-
rations contained neither kinase (Fig. 3E). Hence, reconstituted
PLF depended on PI4KIla rather than PI4KIIp.

Class Il PI3K Vps34 Regulates PLF. PLF requires PI3K activity, as
reconstituted PLF was blocked by the PI3K inhibitors 3-methyl-
adenine (3-MA), WM (Fig. 44), or Pik-93 (Fig. 34). In mammalian
cells, D3-phosphorylated PIPs can be generated by three different
classes of PI3Ks. At the concentrations applied, WM, 3-MA, and
Pik-93 inhibit all classes of PI3K and potentially interfere with
synthesis of any D3-PIP. Because PI(3)P had the strongest im-
pact on PLF (Fig. 1C), we asked whether PI3K inhibitors block
the formation of PI(3)P in LBP membranes. To this end, purified
LBPs were incubated under fusion conditions with the PI(3)P-binding
2xFYVE domain and the above PI3K inhibitors. The amount of
LBP-associated 2xFY VE domain, indicative of PI(3)P in phagosome
membranes, was then quantified by fluorescence microscopy.

PI3K inhibitors, 3-MA, WM, and Pik-93 led to decreased
steady-state levels of PI(3)P in phagosomes (Fig. 4B) and lyso-
somes (Fig. S3), whereas the PI4K inhibitor adenosine did not
(Fig. 4B). All classes of PI3K catalyze the phosphorylation of PI
to PI(3)P in vitro (25). However, in vivo, PI(3)P is thought to be
mainly generated by the class III PI3K Vps34 (26). Here, an an-
tibody that specifically inhibits Vps34 activity (5, 27-29), blocked
PLF (Fig. 44) and decreased LBP contents in PI(3)P to the same
degree as the PI3K inhibitors WM, 3-MA, or Pik-93 (Fig. 4B).
Hence, PLF in vitro required formation of PI(3)P by class III PI3K
Vps34 (Fig. 4). RabGDI, which extracts Rab(GDP) proteins from
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membranes, also decreased phagosome (Fig. 4B) and lysosome
contents in PI(3)P (Fig. S3), which is in line with the described
role of Vps34 as a Rab protein effector.

To test whether progression of late phagosomes to phago-
lysosomes requires PI3Ks also in intact cells, we applied WM to
cells 20 min after addition of latex beads, a time when LBPs have
passed the PI(3)P-dependent early maturation step and con-
tained late endocytic marker proteins (Fig. S1 A and B). Then,
cells were incubated for an additional 60 min. WM completely
inhibited late phagosome-lysosome fusion and decreased the
levels of PI(3)P in LBPs (Fig. S4). Completion of phagolysosome
biogenesis in intact macrophages thus requires PI3K activity both
upstream (30) and, intriguingly, downstream of early-to-late
phagosome transition.

PI(4)P Regulates Late Phagosome Maturation Only, Whereas PI(3)P Is
Required Both Early and Late in the Pathway. Given these results,
we addressed the question whether the requirement for PI(4)P
and PI(3)P was limited to fusion between phagolysosomes and
lysosomes. To this end, we reconstituted fusion between phago-
somes and endosomes at earlier stages of maturation and tested
whether these fusion events were sensitive to the PI(4)P-binding
FAPP1 PH domain or PI(3)P-binding 2xFYVE domain (Fig. 5
A-D and Fig. S5). The FAPP1 PH domain inhibited neither early
phagosome—carly endosome (EP-EE) fusion, nor early phago-
some-late endosome fusion (EP-LE) (Fig. 5 A and B). However,
it blocked late phagosome-late endosome fusion (LP-LE) (Fig.
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5C) and late phagosome-lysosome fusion (LP- LYS) (Fig. 5D).
Notably, sensitivity of phagosome—endosome fusion to sequestra-
tion of PI(4)P increased with increasing maturation of the com-
partments (Fig. 5 C and D).

As expected, PI(3)P-binding 2xFYVE domain efficiently blocked
EP-EE fusion (Fig. 54) (31). Moreover, it inhibited LP-LE
fusion (Fig. 5C) and LP-LYS fusion (Fig. 5D). In contrast,
EP-LE fusion was almost resistant to the 2xFYVE domain (Fig.
5B). Despite the differential sensitivity of the various fusion
events to 2xFYVE and FAPP1-PH, these lipid probes bound
to early phagosomes/endosomes (Fig. 5 E and G) and late
phagosomes/endosomes (Fig. 5 F and H), indicating that these
compartments do contain the corresponding lipids, similar to
phagolysosomes and lysosomes (Fig. 2). In sum, phagosome matu-
ration requires PI(3)P at early and late stages, whereas PI(4)P is
selectively required late in the pathway.

Discussion

Previous studies have analyzed PIP dynamics on nascent and
maturing phagosomes in intact cells using expression of fluo-
rescent protein-tagged lipid-binding protein domains. These
studies revealed accumulation of PI(4,5)P, and phosphatidyli-
nositol 3,4,5-trisphosphate [PI(3,4,5)P3] at sites of phagocytosis
(32, 33) and of PI(3)P on early phagosomes (29, 34), yet no
specific PIP had been assigned to phagolysosomes. To address
the function rather than the localization of these lipids, previous
reports used pharmacological inhibitors of PIKs, such as PI3K
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Fig. 3. PI4K activities are involved in PLF. (A) Cell-free fusion between LBPs
and lysosomes in the presence of 8 mM adenosine, 12.5 pg/mL Fab fragments
of 4C5G antibody (4C5G Fab), or 4 uM Pik-93. (B) Purified LBPs were in-
cubated under fusion conditions in the absence of ATP (w/o ATP) or in the
presence of ATP and 32 pM Sac1p, 8 mM adenosine, 12.5 pg/mL 4C5G Fab,
1 uM WM, or 250 nM Pik-93. LBPs were analyzed for PI(4)P contents using an
anti-PI(4)P antibody as in Fig. 2D. Data are means + SEM from at least three
independent experiments. *P < 0.05, **P < 0.01 compared with control. (C) Early
endosomes (EE), late endosomes (LE), and lysosomes (LYS) or (D) early phag-
osomes (EP), late phagosomes (LP), and phagolysosomes (PL) were purified, ad-
justed to identical protein content (C) or identical ODggo (D), and analyzed for
LAMP1 and Pl4Klla or PI4KIIB by immunoblotting. (E) Total cell lysates (TCL) or
cytosol (CYT) were prepared from identical numbers of J774E cells. Twenty mi-
crograms of the cytosol preparation and the corresponding volume of the re-
spective TCL were analyzed for Pl4Kllo or PI4KIIB by immunoblotting.

inhibitors WM (29), LY94002 (35), and PI-103 (5) or PikFYVE
inhibitor YM201636 (36); researchers used siRNA-mediated
knockdown of PIK expression (22) or microinjection of PIK-
inhibiting antibodies (29). In all these experiments, phagocytic
cells had to be manipulated before being infected. Hence, if
several steps of phagosome maturation were affected by the
treatment, analysis of later steps was hampered by early inhibition.
Using cell-free, stage-specific fusion reactions, we show here the
functional impact of PIPs on defined subreactions of phagosome
maturation, especially PLF. PIP involvement was assessed by se-
questering or degrading defined PIP species, in an approach similar
as used with yeast vacuole fusion (12, 37) and yeast COPII vesicle—
Golgi fusion (38). We observed that both PI(4)P and PI(3)P are
absolutely required for PLF.

Because of the localization of PIKs and PIP phosphatases
within cells, PI(3)P is strongly enriched on early endosomes and
PI(4)P on the Golgi complex (18), but both lipids have also been
observed at other subcellular sites, including late endocytic com-
partments (19-22, 39, 40). Importantly and surprisingly, we detected
here both PI(4)P and PI(3)P in purified phagolysosomes and lyso-
somes using the corresponding lipid-binding domains as probes.
Because detection of these lipids via lipid-binding domains is in-
direct and excludes protein-bound PIPs, we further analyzed LBPs
or lysosomes directly for monophosphoinositides by RP-HPLC-MS.
Both, PI(4)P and PI(3)P were detected in LBP and lysosome
preparations, complementing our microscopic data. Notably, to our
knowledge this is the first time that defined subcellular compart-
ments have been analyzed for their content in PIPs using a direct,
nonradioactive assay that can distinguish between the different
monophosphoinositides (23).

A central result of this study is the, to our knowledge, first-
time definition of PI(4)P as a central regulator of late phag-
osome maturation. Conversely, early subreactions of phagosome
maturation (i.e., fusion of early phagosomes with early endo-
somes or late endosomes) did not require PI(4)P (this study).
Both, PI(4)P and PI(4,5)P, have occasionally been detected in
phagolysosomes (21) and lysosomes (19, 20), yet specific
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functions have only been attributed to PI(4,5)P,. Even in other
cellular processes, PI(4)P was long thought to be merely the
precursor of PI(4,5)P, (41) and here, too, phagosomal PI(4)P
was converted to PI(4,5)P, under fusion conditions. However, in
contrast to PI(4)P, P1(4,5)P, was not required for PLF, in line
with a direct effector function for PI(4)P. This does, of course,
not exclude a role of P1(4,5)P; in late phagosome maturation in
vivo. For example, conversion of PI(4)P to PI(4,5)P, on phag-
osomes is required for polymerization of F-actin (21), which
facilitates their fusion with lysosomes (42). This possible in vivo
role of PI(4,5)P, would not be reconstituted in our cell-free PLF
assay, which does not require actin polymerization (2).

Our study shows that PLF-relevant PI(4)P is produced by a
type II PI4K, as fusion of phagosomes with lysosomes and PI(4)P
production were blocked by an inhibitory antibody specific to
type II PI4Ks and by adenosine. Early phagosomes contained
both type II PI4Ks, which is in line with earlier reports (5, 43). In
contrast, phagolysosomes and lysosomes contained PI4KIIa (our
data, and refs. 44 and 45), but lacked PI4KIIp. Moreover, our
cytosol preparations were almost devoid of both type II PI4Ks.
Hence, PLF in our system depends on PI4KIla, because PI4KIIp
is absent. Our data nicely support previous observations made in
intact cells: PI4KIla colocalizes with lysosomal proteins LAMP1,
CD63 (44), and LIMP2 (46), and depletion of PI4KIIa causes
enlarged LAMP1-positive late endosomes (45, 46), which fail to
fuse with lysosomes (44).

We observed that PLF requires formation of PI(3)P by class
IIT PI3K Vps34. Vps34 is an effector of Rab5 (28) and Rab7
(47), both of which are key regulator GTPases of endosome (48)
and phagosome (31) maturation. Vps34 promotes homotypic
early endosome fusion (28) and has been proposed to also reg-
ulate late endosome (49) and phagosome (29, 30, 39, 40) mat-
uration. We now show that Vps34 and its lipid product PI(3)P
are absolutely required for PLF. Because we observed that for-
mation of PI(3)P in phagosomes or lysosomes and fusion of these
compartments was inhibited by RabGDI, Vps34 recruitment to
late phagosomes and endosomes depends on Rab proteins, likely
Rab7 (47).

The in vivo relevance of these observations is manifested in the
finding that WM completely blocked PLF and decreased levels of
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Fig. 4. PI3K inhibitors block PLF and reduce PI(3)P levels in phagosome
membranes. (A) PLF in the presence of 4 mM 3-MA, 40 nM WM, or 50 pg/mL
of Vps34-inhibiting antibody. (B) Purified LBPs were incubated under fusion
conditions with 2 uM of PI(3)P-binding 2xFYVE domain and the above PI3K-
inhibiting reagents, 10 pM RabGDI, 4 uM Pik-93, or 8 mM adenosine. The
amount of LBP-associated 2xFYVE domain was quantified by fluorescence
microscopy as in Fig. 2D. Mean fluorescence intensity of LBPs under standard
conditions was defined as 100%. Data are means + SEM from at least three
independent experiments. *P < 0.05, **P < 0.01 compared with control.
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Fig. 5. PI(4)P and PI(3)P regulate phagosome maturation. Purified early
phagosomes or late phagosomes were assayed for fusion with early endo-
somes, late endosomes, or lysosomes, as indicated (A-D). Fusion reactions
were incubated on ice or at 37 °C and in the absence (= control) or presence
of 20 pM FAPP1-PH, 2xFYVE, or GST. Purified early phagosomes (E) or late
phagosomes (F) were incubated under fusion assay conditions in the pres-
ence of 2 pM 2xFYVE, FAPP1-PH, or GST. The amount of phagosome-asso-
ciated lipid-binding probes was quantified as in Fig. 2D. Data are means +
SEM from three independent experiments. *P < 0.05, **P < 0.01, ns: not
significant. Purified early endosomes (G) or late endosomes (H) were in-
cubated under fusion assay conditions in the presence of 2 pM 2xFYVE,
FAPP1-PH, or GST. Compartments were isolated from reaction mixtures,
adjusted to identical protein content, and analyzed for bound lipid probes
or GST by immunoblotting. Staining of TfR (G) or LAMP1 (H) was used as
loading control.

PI(3)P in phagosome membranes, even if applied 30 min post-
phagocytosis; that is, after completion of the early phagosome stage
(present study). Because WM inhibits activity of all PI3K isoforms,
inhibition of phagosome maturation downstream of early-to-late
transition could still be explained by a role for PI3Ks other than
Vps34 in PLF. Although a recent study did indeed report that class
I PI3K p110a and PI(3,4,5)P; are required for phagosome matu-
ration (22), we observed that PLF per se was independent of
PI(3,4,5)P; and, hence, of class I PI3Ks. Thus, p110o might regulate
subreactions of phagosome maturation other than PLF (e.g., LAMP-
and microtubule-dependent phagosome transport) (22, 50).

In addition to the herein described roles in late phagosome
maturation, we confirmed PI(3)P as a regulator of fusion between
early phagosomes and early endosomes (31). Taken together, these
data support previous reports on the biphasic requirement for
PI(3)P of both phagosome (39, 40) and endosome maturation (51).

In sum, our data reveal new and direct roles of PI(4)P, class II
PI4Ks, PI(3)P, and Vps34 in PLF. Although, we did not unravel
the mechanism by which PI(4)P and PI(3)P govern PLF, both
lipids will likely act by recruiting and activating “tethering” or
“docking” effector proteins (12, 52), such as the HOPS complex
(53, 54) or SNARE:S (2, 55, 56). Another important aspect of this
study is the demonstration that the effector protein SidC from
pathogenic Legionella pneumophila inhibited PLF. Although it is
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not clear whether this phenomenon contributes to the inhibition
of PLF in Legionella-infected cells (6), it shows the power of a
biochemical approach to understand the reprogramming of host
cell membrane trafficking by pathogens.

Materials and Methods

Chemicals. Chemicals, antibodies, plasmids, and recombinant proteins are
described in S/ Text.

Purification of LBPs or Endosomes from J774E Macrophages. LBPs and endo-
somes were purified from J774E cells as in ref. 2, with modifications. In brief,
cells were washed once in PBS and a suspension of 1-um NeutrAvidin-coated
latex beads (S/ Text) in 37 °C DMEM (6 x 108 particles/mL) was added (pulse).
Cells were rinsed thrice in PBS, new DMEM/FCS [DMEM (Gibco), 10% (vol/vol)
FCS (FCS; PAA), 1% (wt/vol) glutamax (Gibco)] was added, and cells were
incubated at 37 °C (chase) to isolate early phagosomes (10 min/0 min, pulse/
chase), late phagosomes (10 min/20 min), or phagolysosomes (30 min/60 min).
DMEM/FCS was discarded, PBS was added, and cells were harvested using a
plastic cell scraper. Cells were washed sequentially in PBS/5 mM EDTA and
homogenization buffer [HB: 20 mM Hepes/KOH (pH 7.2), 8.6% (wt/vol)
sucrose, 0.5 mM EGTA] (160 x g, 4 °C, 7 min), resuspendend in HB containing
1x protease inhibitor mixture, and homogenized in a Dounce homogenizer.
A postnuclear supernatant was prepared (800 x g, 4 °C, 5 min), adjusted to
35% (wt/vol) sucrose by addition of HB/62% [HB containing 62% (wt/vol)
sucrose], overlayed with 5 mL of HB/25% [HB containing 25% (wt/vol) su-
crose] and 3 mL of HB. After centrifugation (42,000 x g, 4 °C, 30 min), LBPs
were harvested from the HB/25%/HB interface. Endocytic compartments were
labeled with ferrofluid or fluorescent tracers (S/ Text) and purified as in ref. 2.
Immunoblot analysis was performed as detailed in S/ Text.

In Vitro Fusion of LBPs with Endocytic Compartments. Cell-free fusion of LBPs
with endocytic compartments was performed as in ref. 2 with modifications.
LBPs contained NeutrAvidin-coated 1-um latex beads and endosomes were
fluid-phase labeled by either calcein or BSA rhodamine biotin (BSA-rho-bio)
(SI Text).

A cell-free fusion reaction (total volume: 30 L) contained 0.625 ODggo/mL
of purified LBPs, 0.4 mg protein/mL endosomes, 0.12 mg/mL biotin-coupled
BSA (BSA-bio) (S/ Text), 2 mg/mL J774E cytosol (2), 1x ATP-regenerating
system (2), 1x salt mixture (2), and 1 mM DTT. Cell-free fusion between early
LBPs and calcein-loaded early endosomes was performed in the absence of
BSA-bio. Inhibitors to be tested were incubated for 10 min at 4 °C with
purified compartments before addition of the remaining components and
incubation at 37 °C for 60 min. Reactions were set on ice and incubated in
the presence of 0.2 mg/mL proteinase K (Qiagen) for 15 min. Then, 1.75 mg/mL
PMSF were added and reactions were adjusted to 200 uL by addition of HB.
Reaction mixtures were layered on top of 1 mL HB/25% cushions and centri-
fuged (1,800 x g, 30 min, 4 °C). LBPs were collected from the HB/25%/HB in-
terface, spun onto glass coverslips (690 x g, 15 min, 4 °C), and fixed for 16 h at
4 °C in HB containing 2.5% (vol/vol) glutardialdehyde and 2% (wt/vol) form-
aldehyde (FA). Samples were quenched with 0.1 mg/mL NaBH, in HB for
30 min at ambient temperature, rinsed once in PBS, mounted in Mowiol, and
analyzed by fluorescence microscopy. Colocalization of LBPs with endo-
somal BSA-rho-bio or calcein, indicative of LBP-endosome fusion, was
quantified from at least 600 LBPs.

Detection of Lipid Species on Purified LBPs or Endosomes. Purified (vol/vol)
LBPs (1.25 ODggo/mL) or endosomes (0.4 mg protein/mL) were incubated
under fusion assay conditions in the presence of 2 pM GST-tagged lipid
probe or a PI(4)P-specific antibody (1:200 dilution) for 60 min. The analysis of
endosome lipids is detailed in S/ Text. For analysis of phagosome lipids,
reactions were adjusted to 35% (wt/vol) sucrose by addition of HB/62%,
overlayed with 1 mL of HB/25% and 200 pL of HB, and gradients were
centrifuged (30 min, 1,800 x g, 4 °C). LBPs were harvested from the HB/25%/HB
interface, adjusted to 500 pL HB and 2 mg/mL BSA, spun onto glass cov-
erslips (690 x g, 15 min, 4 °C), and fixed in 4% (wt/vol) FA in HB. Fixative was
quenched for 30 min with HB/50 mM NH,4Cl for 30 min and PBS/4% (wt/vol)
BSA (IF blocking buffer) was added for 30 min. GST-tagged lipid probes were
visualized with an anti-GST antibody (Santa Cruz Biotechnology, No. sc-
459,1:200 in IF blocking buffer) and an Alexa488-conjugated secondary an-
tibody (goat anti-rabbit, 1:200 in IF blocking buffer). PI(4)P-specific anti-
bodies were visualized with an Alexa488-coupled secondary antibody (goat
anti-mouse, 1:200 in IF blocking buffer). Samples were mounted in Mowiol and
the fluorescence intensities around phagosomes in random fields were ana-
lyzed using a Zeiss Axio Observer.Z1 epifluorescence microscope and Image)
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software (S/ Text). Analysis of phagosome or endosome lipids by RP-HPLC-MS
is detailed in S/ Text and Table S1.

Statistical Analysis. Means and SEMs were calculated from independent ex-
periments. Data were analyzed by the two-tailed unpaired Student’s t test with
significance assumed at P < 0.05 (*) and high significance at P < 0.01 (**).
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