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WIPI1 promotes fission of endosomal transport carriers and formation of
autophagosomes through distinct mechanisms
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ABSTRACT

Autophagosome formation requires PROPPIN/WIPI proteins and monophosphorylated phosphoinosi-
tides, such as phosphatidylinositol-3-phosphate (Ptdins3P) or Ptdins5P. This process occurs in associa-
tion with mammalian endosomes, where the PROPPIN WIPI1 has additional, undefined roles in vesicular
traffic. To explore whether these functions are interconnected, we dissected routes and subreactions of
endosomal trafficking requiring WIPI1. WIPIT specifically acts in the formation and fission of tubulo-
vesicular endosomal transport carriers. This activity supports the PtdIns(3,5)P,-dependent transport of
endosomal cargo toward the plasma membrane, Golgi, and lysosomes, suggesting a general role of
WIPI1 in endosomal protein exit. Three features differentiate the endosomal and macroautophagic/
autophagic activities of WIPI1: phosphoinositide binding site Il, the requirement for PtdIns(3,5)P,, and
bilayer deformation through a conserved amphipathic a-helix. Their inactivation preserves autophagy
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but leads to a strong enlargement of endosomes, which accumulate micrometer-long endosomal
membrane tubules carrying cargo proteins. WIPI1 thus supports autophagy and protein exit from
endosomes by different modes of action. We propose that the type of phosphoinositides occupying
its two lipid binding sites, the most unusual feature of PROPPIN/WIPI family proteins, switches between
these effector functions.

Abbreviations: EGF: epidermal growth factorEGFR: epidermal growth factor receptorKD: knockdownKO:
knockoutPtdIns3P: phosphatidylinositol-3-phosphatePtdIns5P: phosphatidylinositol-5-phosphatePtdIns
(3,5)P2: phosphatidylinositol-3,5-bisphosphateTF: transferrinTFRC: transferrin receptorWT: wildtype

Introduction has an important function at the phagophore [19]. WDR45B/
WIPI3 and WDR45/WIPI4 were proposed to be part of
a signaling complex involved in the induction autophagy [18]
and to tether the phagophore membrane to the ER [20-22].
PROPPINs bind the phagophore membrane through two lipid
binding sites, which have affinities for PtdIns3P, PtdIns5P and
PtdIns(3,5)P, [3,10,12,23-26]. A major open question is why
there are two lipid binding sites, whether they serve as mere
membrane anchors, or whether they can confer distinct func-
tions to the WIPI proteins, which might then be defined by the
type of phosphoinositide bound.

Aside from their location at phagophores, WIPI1 and
WIPI2 also associate with endosomes [27,28]. Here, WIPI2
interacts with the endosomal marker RAB11, a RAB-GTPase
that also has an impact on autophagosome formation [29].
Futher molecular links between the autophagic machinery
and endosomes were provided by the WIPI1 and WIPI2
interactors ATG16L1 and ATG?7, which not only promote
autophagy but also influence EGFR (epidermal growth factor
receptor) trafficking. This led to the suggestion that autopha-
gy might improve endosomal sorting capacity by removing
damaged endosomes [30]. Furthermore, ATG9, a membrane-
integral component of the autophagic machinery, was

Autophagy depends on a complex protein machinery that is
recruited to phagophores, the sites of autophagosome formation.
It allows the growth of a phagophore at this site, recruits cargo
into the nascent autophagosome and mediates its closure [1].
The formation of autophagosomes depends on phosphatidyli-
nositol-3-phosphate (PtdIns3P) or phosphatidylinositol-5-phos-
phate (PtdIns5P) [2-5]. Phosphatidylinositol-3,5-bisphosphate
(PI [3,5]P,) appears to be dispensable for formation of autopha-
gosomes but supports their fusion with lysosomes [6-9].
Important binders of these lipids at the phagophore are
PROPPIN/WIPI proteins, beta-propellers binding phosphoino-
sitides. They constitute a family of conserved proteins with three
members present in yeast (Atgl8, Atg2l, and Hsv2), and four
members in mammals (WIPI1, WIPI2, WDR45B/WIPI3 and
WDR45/WIPI4) [10,11]. During autophagy, WIPI1 and WIPI2
localize to autophagic membranes [12,13]. WIPI2 interacts with
several factors driving the formation of autophagosomes, such as
ATGI16L1 and ATG?7 [14-17]. Its knockdown inhibits autopha-
gy. WIPII interacts with WIPI2 and ATG16L1, but the WIPI1-
ATGI6LI interaction appears to be weak and it is was proposed
that it might occur indirectly through WIPI2 [17,18]. WIPI1
knockdown reduces virus-induced autophagy, suggesting that it
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proposed to shuttle between endosomal compartments and
the phagophore [28]. Thus, it is possible that endosomal
trafficking and autophagosome biogenesis are intimately con-
nected and share some components, among them the WIPI
proteins, but it is not known whether these proteins perform
equivalent activities in both processes or whether their effects
on endosomal sorting are mere consequences of the autopha-
gy of endosomes.

Cells internalize plasma membrane components and extra-
cellular material, such as receptors, transporters, growth fac-
tors and solute molecules, by endocytosis. Endocytic vesicles
pinch off from the plasma membrane and deliver their car-
goes to early endosomes [31]. From there, they can be chan-
neled into several trafficking routes: They can recycle back to
the plasma membrane [32-34], move to juxtanuclear endocy-
tic recycling compartments, head for the trans-Golgi network
[35], or they can be sorted into multivesicular bodies and
degradative lysosomal compartments [36-38]. Arrival of
membrane from the cell surface must be balanced by endo-
somal exit and recycling pathways. These employ tubulo-
vesicular endosomal transport carriers and allow cells to con-
trol the size and composition of endosomes as well as their
signaling properties [39-41].

Important steps in the generation of transport carriers
are cargo recruitment, the shaping of the membrane into
tubular-vesicular structures, and its constriction and fis-
sion. Numerous components that are required for the
formation of endosomal transport carriers have been iden-
tified, such as the retromer, retriever and CCC complexes,
sorting nexins and the WASH complex [42-48]. While
structural analyses of retromer have provided us with
first impressions of how coats might shape endosomal
transport carriers [49,50], their detachment from the
endosome has remained very poorly understood. Several
factors could contribute. The formation of tubular mem-
branes generates membrane tension, which itself can favor
fission [51,52]. In addition, fission can be promoted by the
generation of force and friction through the cytoskeleton
[43-45,53], and by dedicated fission factors, such as dyna-
min-like GTPases [54]. During the division of yeast
vacuoles, the PROPPIN Atgl8 was proposed to drive
membrane fission [55,56]. Atgl8 carries a hydrophobic
CD-loop on blade 6, which must insert into the membrane
in order to allow membrane binding [23-26,57,58].
Concomitant folding of this loop into an amphipathic a-
helix allows Atgl8 to drive membrane fission, e.g. of
synthetic giant unilamellar liposomes [55]. Since the
potential to form an amphipathic a-helix is conserved
among PROPPINs, also other members of this family
might carry membrane fission activity. This, however,
has not yet been investigated and it has remained unclear
whether WIPI proteins provide such an activity on endo-
somal trafficking pathways.

Inactivation of WIPIl changes the distribution of
M6PR (mannose-6-phosphate receptor, cation dependent)
in mammalian cells cell and leads to more elaborated early
endosomes, suggesting a function in endosomal membrane
traffic [27]. However, trafficking reactions consist of
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multiple steps, which employ different protein machi-
neries, and it has not been resolved whether WIPI1 parti-
cipates in the formation, fission, fusion or displacement of
endosomal transport carriers. The formation of such car-
riers depends on PtdIns(3,5)P,, which was proposed to
promote their fission [59], but the responsible
PtdIns(3,5)P, effectors have not been identified. WIPI1 is
a candidate, because it binds PtdIns3P, PtdIns(3,5)P,, and
PtdIns(5)P [3,25,27,60,61]. The lipid binding sites of
PROPPINs have often been inactivated by substituting
two conserved arginine residues within an FRRG motif.
Since this motif participates in both lipid-binding sites
[10,12,27,62,63], these substitutions cannot reveal whether
the two lipid binding sites provide distinct functions to
the protein. Purified PROPPINs distinguish only weakly
between PtdIns3P and PtdIns(3,5)P, at the level of their
binding affinities [23-25,57,64]. Since PtdIns3P is much
more abundant in cells than PtdIns(3,5)P, it has thus
remained unclear whether WIPI proteins mediate
PtdIns(3,5)P, effects in endosomal membrane traffic and
which mechanistic role they might perform.

In this study, we used WIPI1 as a model to dissect the
role of PROPPINs in endosomal membrane traffic, which
allowed us to differentiate it from that in autophagy. We
identified the trafficking routes affected by WIPII, deter-
mined the subreaction of endosomal trafficking requiring it,
and tested whether endosomal trafficking utilizes the same

molecular features of WIPI1 as the formation of
autophagosomes.
Results

Enlargement of endo-lysosomal compartments in
WIPI1-deficient cells

We analyzed the effect of WIPI1 on the localization of two
compartment markers, the EEA1 (early endosome antigen 1)
and the late endosomal and lysosomal LAMP1 (lysosomal
associated membrane protein 1). In line with previous find-
ings [27], siRNA-mediated knockdown of endogenous WIPI1
(WIPI1-KD) led to an increase in both number and size of
EEAl-positive early endosomal compartments, as judged by
immunofluorescence analysis (Figureure. 1A,B). Western
blots showed a corresponding 30-40% increase of EEAl in
these cells (Figure. S1 A). WIPI1 depletion increased also the
abundance of LAMP1-positive late endosomes and lysosomes,
as assessed by immunofluorescence (Figure 1A,C), and led to
a 30% increase in LAMPI signals on immunoblots (Figure. S1
B). The EEA1 and LAMPI phenotypes of WIPI1-KD cells
were rescued by expressing siRNA-resistant WIPI1 in them,
excluding off-target effects of the siRNA. Rescue was not
observed with WIPI1[FAAG] [27,63,65], a version of WIPI1
in which two arginines that are critical for both lipid-binding
sites have been substituted by alanine (Figure 1D,E). HK2
cells from which WIPI1 had been entirely removed through
CRISPR-Cas9-mediated knockout (wiril KO) showed pheno-
types that were similar to those of WIPI1 KD cells, but slightly
stronger (Figure 1A).
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Figure 1. Loss of WIPI1 alters the endo-lysosomal compartment. (A) Representative images of control (CTR), WIPI1-KD and WIPIT KO HK2 cells immuno-stained with
an anti-EEAT and with anti-LAMP1 antibodies (scale bars: 10 pm). (B-C) Quantification of cells from (A). The average number per cell of enlarged (diameter >2 umz)
EEA1-positive (B) or LAMP1-positive (C) structures, and of all LAMP1- or EEA1-positive structures was determined for CTR and WIPI1 KD cells. The integrated
fluorescence intensity per cell was also measured (right panels). Mean values * s.d. are shown (D) Rescue of WIPI1 knockdown. Experiment as in (A), with cells
expressing an siRNA-resistant allele of wild-type (WIPI1) or of a version with substitutions in the lipid binding sites (WIPI1[FAAG]). EEA1 (red), LAMP1 (magenta) and
EGFP-WIPI1 (green) are shown. Scale bars: 10 um. (E) Quantification of EEA1- and LAMP1-fluorescence from (D). Images were acquired and analyzed as in (B). For
(B-C) and (E), 180 cells per condition, pooled from 3 independent experiments, were analyzed. Mean values + s.d are shown.

WIPI1 promotes protein exit from early endosomes
toward lysosomes, the Golgi and the plasma membrane

We investigated the requirement of WIPI1 for the recycling
pathway from early endosomes to the plasma membrane
using TFRC (transferrin receptor) [33,66], and for transfer
from early to late endosomes and lysosomes using EGFR [67].
In pulse-chase experiments, control and WIPI1 KO cells were
incubated with TF (transferrin) for 60 min at 4°C. This treat-
ment loads TFRC at the surface but prevents its

internalization, which is confirmed by the fact that abundant
TFRC staining appeared in immunofluorescence analysis of
non-permeabilized cells, but hardly any staining was detect-
able after the plasma membrane had been detergent-
permeabilized (Figure 2A,B). The surface of WIPII KO cells
bound less TF than that of control cells, suggesting that the
knockouts carry less TFRC at the cell surface. Shifting TF-
loaded cells to 37°C triggers internalization of loaded TFRC
(Figure 2A). WIPII KO cells internalized bound TF at the
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Figure 2. WIPI1 does not affect initial TF uptake, but it is crucial for efficient recycling of TFRC. (A) TFRC surface binding. Control and WIPIT KO cells were serum-
starved for 1 h, washed twice in cold PBS with 1% BSA and incubated for 1 h on ice with 50 ug/ml of transferrin. Cells were transferred to 37°C for the indicated
periods of time, acid washed and fixed. Fixed cells were stained with antibodies to TFRC (green) and with DAPI (blue), with detergent permeabilization where
indicated. Scale bars: 10 um. (B) Quantification of TFRC-immunofluorescence in permeabilized cells from (a). Regions of interest (ROIs) corresponding to each cell and
in some regions outside the cells (background) were manually defined using ImageJ software. Total cell fluorescence was integrated and corrected for background
fluorescence. 195 cells per condition, stemming from 3 independent experiments, were analyzed. Mean values + s.d. (C) TF recycling. Control and WIPIT KO cells were
serum-starved for 1 h and washed twice in cold PBS with 1% BSA. Cells were then incubated at 37°C for 1 h to load them with 100 pg/ml Alexa-Fluor-488-TF (green),
followed by a chase at 37°C in fresh complete HEPES-buffered medium. After the indicated periods of time, cells were acid-washed, fixed and stained with DAPI
(blue) and antibodies to EEA1 (red). Scale bars: 10 pum. Insets show enlargements of boxed areas. (D) Quantification. TF-fluorescence in the cells from (C) was
integrated as described in (B) and expressed as percentage of the control at 0 min of chase. Data are mean values + s.d.; (n = 3 independent experiments). 100 cells
per condition (CTR and WIPIT KO) were quantified for each experiment.
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same rate as control cells, suggesting that endocytosis of
TFRC does not depend on WIPIL. Despite the lower initial
presence of TFRC at the surface of WIPI1 KO cells, these cells
showed more intracellular TFRC than control cells at the later
time points (Figure 2A,B). This suggests that TFRC accumu-
lates inside WIPII KO cells rather than being efficiently
recycled back to the cell surface.

In order to assess the rate of TFRC recycling from endo-
somes, cells were incubated with Alexa Fluor 488-conjugated
TF at 37°C for 60 min, which allows to load the internal
compartments with it (Figure 2C,D). Non-internalized TF
was removed by washing and the cells were chased in TF-
free medium at 37°C. While control cells showed
a progressive decrease in the TF signal down to 10%, due to
recycling of the internalized protein back to the cell surface,
from where it dissociates, WIPI1 KO cells retained almost 50%
of TF in enlarged EEA1-positive endosomes.

We used siRNA-mediated knockdowns to test whether TF
recycling required also the other three WIPI-proteins as well
as Atg2 and Atgl6Ll, proteins that interact strongly with
WIPI2 and weakly or indirectly with WIPI1 [17,18]. The
knockdown of all these factors was efficient, reducing their
protein amounts by 85-95% (Figure 3A,B). In contrast to the
depletion of WIPII, which reduced recycling of TF to the
surface by 50%, depletion of WIPI2, WDR45B/WIPI3,
WDR45/WIPI4, ATG2 or ATGI6L1 showed only minor
effects (Figure 3C,D). These cells recycled 80-90% of TF,
close to the value of control cells, which recycled 92% back
to the cell surface. Enlargement of endosomal compartments,
which is very striking after WIPI1 knockdown, was only
weakly evident after WIPI2 knockdown and not observed in
the other knockdowns. Thus, WIPI1 promotes the exit of
TFRC from early endosomes and its recycling to the plasma
membrane. This endosomal activity appears to be largely
independent of the other WIPI isoforms and their interactors,
such as ATG2 and ATGI6L1.

In contrast to these observations, an earlier study proposed
that the autophagic machinery, including the WIPI proteins
and ATG16L1, promotes endosomal trafficking by autophagic
removal of damaged endosomes [30]. This discrepancy prob-
ably reflects differences in the approach. Fraser et al. per-
formed all their assays in starving cells, where autophagy is
crucial for vitality and survival, whereas we analyzed growing
cells in rich media, and in a different cell line. Thus, our
observations should not be considered as contradictory to
this study.

We next assayed transport from endosomes to the biosyn-
thetic/secretory pathway through Shiga toxin B-subunit. This
protein transits from the plasma membrane to the ER via
early endosomes and the Golgi apparatus, circumventing the
late endocytic pathway [68]. Cy3-labeled Shiga toxin was
accumulated in early endosomes by incubating the cells at
19.5°C. Its chase was triggered by shifting the cells to 37°C.
These incubations had been performed in the presence of
Alexa Fluor488-conjugated TF to label early and recycling
endosomes. Initially, TF and Shiga toxin colocalized exten-
sively. But already after 10 min of chase, most of the Shiga
toxin in control cells had moved to compartments showing
the typical perinuclear morphology of the Golgi [68], while

much of the TF had been recycled back to the cell surface.
After 30 min, virtually no Shiga toxin remained in small
endosomal structures. By contrast, WIPII KO cells showed
a strong delay in the arrival of Shiga toxin to the Golgi
complex and 50% of colocalization between Shiga toxin
B-subunit and TF was retained even after 30 min of chase at
37°C (Figure 4A-C). Equivalent experiments, in which cells
had been fixed at different time-points of this pulse-chase
regime, allowed us to confirm this through immunofluores-
cence and colocalization with additional markers (Figure. S2
A-C). During the accumulation phase at 19.5°C, Shiga toxin
colocalized with the endosomal markers SNX1 (sorting
nexin 1) and TFRC (Figure. S2 A, C). After 30 min of chase,
Shiga toxin in control cells colocalized almost completely with
the Golgi marker beta-1,4-galactosyltransferase (B4GALT1),
whereas more than 50% of Shiga toxin had remained outside
the Golgi in WIPI1 KO cells (Figure. S2 B-C). This fraction of
Shiga toxin had not been rerouted to late endosomes or
lysosomes, because it showed virtually no colocalization with
LAMP1 (Figure. S2 B-C).

We analyzed the impact of WIPII on cargo transfer from
early endosomes to degradative compartments through EGFR.
Cells were serum-starved for 24 h, stimulated with EGF and
analyzed by immunofluorescence. 15 min after EGF addition,
more than 80% of EGFR-positive structures colocalized with
the early endosomal marker EEA1 in control cells (Figure 5A,
B). Between 30 and 60 min, colocalization with EEA1 gradu-
ally decreased, whereas the overlap of EGFR with LAMP1-
positive structures increased, indicating the arrival of EGFR at
degradative compartments. In WIPII KO cells, EGFR reached
early endosomes similarly as in control cells within 15 min,
but it stayed there and did not colocalize with LAMP1 at later
time points. These results were confirmed by western blot
analysis. Whereas control cells degraded 80% of EGFR within
60 min after EGF addition, WIPI1 KO cells could not degrade
EGFR (Figure 5C-D). Stabilization of EGFR is probably not
due to reduced proteolytic capacity of the late endosomal/
lysosomal compartments. This is suggested by control experi-
ments with lysotracker, which probes the acidification that is
crucial for full proteolytic activity of lysosomes, and with
BZiPAR, a probe for lysosomal protease activity in living
cells [69]. Staining with LysoTracker and BZiPAR did not
reveal significant differences between WIPI1 KO and control
cells (Figure. S3 A, B), but the BZiPAR signal was absent
when lysosomal hydrolase activity was quenched by the pro-
tease inhibitor chymostatin. This suggests that also the trans-
fer of EGFR from early/sorting endosomes to degradative
compartments requires WIPI1. WIPI1 is hence involved in
multiple protein exit pathways from endosomes.

The amphipathic a-helix of WIPI1 is required for
formation and fission of endosomal tubules

Protein traffic along the above-mentioned pathways from
endosomes to other membranes is mediated by tubulo-
vesicular carriers. A defect in these trafficking routes might
result from failure to form the carriers, to recruit cargo into
them, to transport them or to fuse them with their target
compartment. We hence dissected which subreaction is
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(B) Quantification of protein levels from 3 independent experiments as in (A). The levels of all proteins were normalized to TUBA/a-tubulin and are expressed as
percentage of the CTR signal. (C) TF recycling. Control and cells depleted of the indicated proteins were serum-starved for 1 h and washed twice in cold PBS with 1%
BSA. Cells were then incubated at 37°C for 1 h to load them with 100 pg/ml Alexa Fluor 488-TF (green), followed by a chase at 37°C in fresh complete HEPES-buffered
medium. After 1 hour, cells were acid-washed, fixed and stained with DAPI (blue) and antibodies to EEA1 (red). Scale bars: 10 um. (D) Quantification of TF recycling.
TF-fluorescence in the cells from (A) was integrated as described in Figure 2D and expressed as percentage of the control at 0 min of chase. Data are mean values +
s.d.; (n = 3 independent experiments). 100 cells per condition were quantified for each experiment.
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affected by inactivation of WIPI1. Our previous studies had
shown that the purified yeast PROPPIN Atgl8 can tubulate
and fission giant unilamellar liposomes [55]. However, WIPI1
could promote protein exit pathways in other ways (as exem-
plified through its role in the autophagic pathway, see below),
so this is not a given. Therefore, we analyzed whether critical
features for liposome fission activity of Atgl8 are necessary
for the functioning of WIPI1 in endosomal morphology and
trafficking in mammalian cells. These include the two lipid
binding sites of the protein, its capacity to bind PtdIns(3,5)P,,
and the membrane-triggered formation of an amphipathic a-
helix, which must insert into the bilayer to deform and fis-
sion it.

The role of the amphipathic helix was tested by swapping
two pairs of hydrophobic/hydrophilic amino acids on oppo-
site sides of the helix. This generates a scrambled loop of

reduced amphipathic character but of identical size and
amino acid composition as in the wild-type protein (EGFP-
WIPI1[Sloop]; Figure 6A,B). We also designed a variant lack-
ing a significant part of this hydrophobic loop (aa 272-290;
EGFP-WIPI1[ALoop]; Figure 6B), and a double arginine-to-
alanine substitution in the FRRG motif of the lipid binding
sites, which completely abolishes phosphoinositide binding by
WIPI1 (EGFP-WIPI1[FAAG]). These three variants and
a wildtype version of WIPI1 were expressed in control and
WIPII KO cells at comparable levels, as shown by western
blot (Figure. S4 A, B). Fluorescence microscopy revealed that
cells transfected with EGFP-WIPI1[Sloop] present extremely
long tubular fluorescent structures, which emanate from
enlarged globular structures in the perinuclear area and
extended into the periphery of the cells (Figure 6C,D). These
tubules were produced only when EGFP-WIPI1[Sloop] was
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over time. Manders’ correlation is shown. Values are the mean + s.d.; (n = 3 independent experiments). Number of cells quantified: CTR = 180; WIPIT KO = 180. (C)
EGFR degradation. CTR and WIPIT KO cells were stimulated with EGF for different periods of time, lysed and subjected to SDS-PAGE and western analysis for EGFR.
ACTB/B-actin served as a loading control. (D) Quantification of EGFR from (C), using the value at time 0 (cells starved for 24 h) as 100% reference. Data are means =+s.
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expressed on top of the endogenous wildtype alleles, but not
upon expression of EGFP-WIPI1[Sloop] in WIPII KO cells.
Expression of EGFP-WIPI1[ALoop] did not show any tubular
structures in either background. EGFP-WIPI1[ALoop] was
recruited to the membranes similarly as WIPI1, indicating

that the amphipathic helix is not essential for membrane
binding in vivo (Figure 6C). EGFP-WIPI1[FAAG], in agree-
ment with previous studies [27,63,65], did not show any
membrane association and did not induce tubules (Figure
6C,D). That tubule formation requires the simultaneous
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hydrophobic moment of the helices was predicted using the online tool Heliquest [118]. It is indicated by the vector in the center of the wheels. (B) Sequences of
the hydrophobic loop regions of WIPI1, WIPI1[Sloop] and WIPI1[ALoop]. The amino acids removed in WIPI1[ALoop] were EEPSTWSGYMGKMFMAATNYL, which
comprises the entire sequence shown in the helical wheels. Predicted a-helices analyzed in (A) are plotted in red. The two pairs of hydrophobic/hydrophilic amino
acids swapped in WIPI1[Sloop] are highlighted by rectangles. (C) Representative images of CTR and WIPIT KO cells expressing EGFP-tagged wild-type or the indicated
mutant forms of WIPI1. Pictures were taken 18 h after transfection. Tubules are marked by arrows. Scale bar: 10 pm. (D) Quantification of control and WIPIT KO cells
showing tubules after expressing different WIPI1 plasmids for 18 h. The data are mean values +s.d.,; n = 3 independent experiments (20 transfected cells were

analyzed per plasmid per experiment in both CTR and WIPIT KO cells).

presence of EGFP-WIPI1[Sloop] and of the endogenous wild-
type protein suggests that the formation of tubules is
a cooperative activity of multiple WIPI1 molecules, at least
a fraction of which must carry the amphipathic helix with
a sufficient hydrophobic moment.

WIPI1 tubules stem from a variety of endosomal subtypes

Endosomes form tubular structures, which can give rise to
transport carriers that shuttle proteins between these com-
partments [39,70]. We hence tested the long tubules provoked
by WIPI1[Sloop] for the presence of endosomal RAB-
GTPases as marker proteins for their origin [71,72]. We co-
expressed EGFP-WIPI1([Sloop] with a panel of RAB-GTPases
carrying various N-terminal fluorescent protein tags (Figure
7A). The tubules were mostly marked by RAB5, RAB4 and
RABI11, markers for early and recycling endosomes, which
showed colocalization of 38%, 88% and 76% respectively.
Much less colocalization was observed with RAB7 (17%) and
RAB9 (4%), markers for late endosomes and lysosomes
(Figure 7B). The association of tubules with early and recy-
cling endosomes was confirmed by the enrichment of further
markers on them: 58% colocalization with TFRC; 66% with
the sorting nexin SNXI1; and 52% with the sorting nexin
SNX6. By contrast, we found very low colocalization with
the late-endosomal marker LAMP1 (15%) and with
a subunit of the retriever complex, VPS35L/Cl60rf62 (6%)
(Figure 7C,D). We also observed colocalization between
WIPI1[Sloop] and lipids that are enriched in endosomal
compartments, as indicated by EGFP-FYVE, (Figure 8A),
a probe with specificity to PtdIns3P [73]. mCherry-MLIN,,
a bona fide PtdIns(3,5)P,-labeling probe [74], was mainly
enriched on the large, globular structures marked by EGFP-
WIPI1[Sloop] in the perinuclear area. On the tubules, it was
much less present than EGFP-FYVE, (Figure 8B,C). These
results are consistent with the view that WIPI1-associated
tubules originate mainly from early and recycling endosomes.

WIPI1-covered tubules carry cargo and are connected to
endosomes

The long tubular structures protrude from regions containing
enlarged endosomal compartments. We used fluorescence
recovery after photobleaching (FRAP) to distinguish whether
they are only in the vicinity of these compartments, in which
case their membranes should be separated, or whether they
actually emanate from them, in which case proteins should
move between them. In HK2 cells transiently expressing
EGFP-WIPI1[Sloop], tubules were photo-bleached and the
recovery of the GFP signal was monitored by confocal micro-
scopy. The tubular structures recovered 40% of the initial

fluorescence already within 10 s after bleaching (Figure 9A,
B). Fluorescently tagged RAB5, RAB4 and RABI11 proteins on
them showed similar recovery, although at a slightly lower
rate (Figure 9C-H). Fluorescence recovery along these tubular
structures started close to the larger organelle that the tubule
was attached to and proceeded from there toward the tip of
the tubule (Figure 9C,E,G). This directional recovery suggests
that fluorescent proteins repopulate the tubule through diffu-
sion from the larger organelle rather than by direct membrane
attachment from a cytosolic pool. Within or next to a tubule,
we often found small punctate structures that strongly con-
centrated TF. A photodepletion approach confirmed that also
those structures were connected to the tubules to which they
localized, because they exchanged EGFP-WIPI1 with these
tubules (Figure 10A,B). These dots might be parts of endoso-
mal compartments that have been pulled out of a larger
organelle without separating from it. The tubules thus show
properties that we expect from exaggerated forms of endoso-
mal transport carriers that cannot detach from their compart-
ment due to a block in membrane fission.

PtdIns3P and Ptdins(3,5)P, are required for different
WIPI1 activities

Both PtdIns3P and PtdIns(3,5)P, are required for membrane
recycling events on endosomes. PtdIns(3,5)P, was proposed
to support the fission of endosomal transport carriers
[7,59,73,75], but the responsible effector proteins have not
yet been identified. We first verified the effects of the
PtdIns-3-kinase inhibitor wortmannin and of the PtdIns3P-
5-kinase (PIKfyve) inhibitor YM201636 in our cell lines.
Block of PtdIns(3,5)P, production by YM201636 allowed the
association of EGFP-WIPI1 with the membranes to persist
(Figure. S5). It induced the accumulation of short tubular
structures in cells expressing EGFP-WIPII. In cells expressing
EGFP-WIPI1([Sloop], YM201636 further increased the length
and the number of the existing tubules. However, it did not
induce any tubular structures in cells expressing EGFP-WIPI1
[ALoop], nor in cells expressing EGFP-WIPI1[FAAG], sug-
gesting that WIPI1 is required for forming the tubules.
Wortmannin, which abrogates synthesis of both PtdIns3P and
PtdIns(3,5)P,, led to a rapid loss of WIPI1 membrane locali-
zation in the cells (Figure. S5) [12,65]. Therefore, we used
RFP-RAB4 as alternative marker, since it efficiently marks
WIPI1-dependent tubules, as shown above. Wortmannin pre-
vented formation of the tubules that are normally seen in
EGFP-WIPI1[Sloop] cells (Figure. S5C). This suggests that
PtdIns3P is needed for the generation of WIPI1-dependent
tubules. PtdIns(3,5)P;, is dispensable for tubule formation but
absence of this lipid provokes their accumulation in an exag-
gerated, elongated form.
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Figure 7. WIPI1[Sloop] is preferentially associated with recycling endosomes. (A) Colocalization with RAB proteins. Live cell images of HK2 cells expressing EGFP-
WIPI1[Sloop], mCherry-RAB5, RFP-RAB4, mCherry-RAB7 proteins, DsRed-RAB9 or DsRed-RAB11. Scale bars: 10 pm. Insets show enlargements of the outlined areas. (B)
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Cells were fixed 18 h after transfection with EGFP-WIPI1[Sloop], stained with the indicated antibodies and imaged by confocal microscopy. Insets show enlargements
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Figure 10. TF-enriched structures on WIPI1 tubules. (A) Photodepletion. HK2 cells were transfected with EGFP-WIPI1[Sloop]. After 18 h, they were loaded with Alexa
Fluor 568-TF as in Figure 2 C. A region on a tubule (white dotted circle) was photobleached using a 488-nm laser. The images show concomitant photodepletion of
EGFP-fluorescence from a TF-enriched punctate structure, which is outside the bleached area and associated with an EGFP-WIPI1[Sloop]-positive tubule. Two cycles of
photodepletion and recovery were recorded. The boxed area of the cell in the image on the left is shown at higher magnification. Scale bar: 10 um (B) Quantification
of experiments as in (a). EGFP-fluorescence intensity was measured over time for EGFP-WIPI1[Sloop]-positive dots localized on a tubule (magenta circle in A), or far
away from the tubule (light blue circle in A). Means +s.d. are shown. 3 independent experiments with 10 cells each were analyzed.

WIPI1 fission activity requires its lipid binding site Il

We tested the hypothesis that tubule formation requires
WIPI1 and PtdIns3P, whereas WIPI1 in conjunction with
PtdIns(3,5)P, may counteract the accumulation of tubules
by supporting their fission. If the two phosphoinositides pro-
mote different activities through the same effector protein,
substitutions in the two lipid binding sites might differentiate
these effector functions. We sought such substitutions by
mutating the two lipid binding sites of WIPII individually.
Work on the yeast PROPPIN Hsv2, a homolog of WIPI1, had
suggested that site I preferentially binds PtdIns3P, whereas
site I prefers PtdIns(3,5)P, [23]. The study identified substi-
tutions of conserved residues with differential effects on lipid
binding: H179 (site I) impaired binding to PtdIns3P but not
to PtdIns(3,5)P,, whereas substitution of H249 (site II) elimi-
nated binding to PtdIns(3,5)P, and reduced binding to
PtdIns3P. These substitutions might hence allow to

discriminate between PtdIns3P and PtdIns(3,5)P,-dependent
activities. We substituted the two corresponding histidines in
WIPI1 (Figure. S6 A) and expressed the following proteins in
control and WIPII KO cells: WIPI1™'®*N and WIPI1™®
(affecting site I), and WIPI1H257Q and WiIPI1H?74 (affecting
site IT). As negative controls, we substituted single arginines in
the FRRG motif (WIPI1®*?** and WIPI1%**"%), which simul-
taneously affect both binding sites and strongly reduce mem-
brane association '*****7%, Whereas EGFP-WIPI1***** and
EGFP-WIPI1®*”’* remained in the cytosol as expected
(Figure. S6 B), the proteins with substitutions in site
I (WIPI1™®54) and site II (WIPI17%%74) did associate with
the membranes. Both substituted proteins showed an
increased cytosolic background compared to the wildtype
constructs, suggesting reduced affinity for the membrane
(Figure. S6 B). This was confirmed by differential centrifuga-
tion of extracts from these cells, in which over 80% of the
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substituted EGFP-WIPI1 remained in the cytosolic superna-
tant (Figure. S6 C), whereas EGFP-WIPI1 fractionated
entirely with the membranes.

In order to circumvent potential effects due to lower
membrane binding of WIPI1, we added a prenyl anchor to
the C-terminus of WIPII. Prenyl anchors are used by cells to
increase the affinity of a great variety of proteins for mem-
branes. We thus created the corresponding mutants carrying
a 15-glycine spacer plus a CVVM motif for prenylation
(Figure 11A). The CVVM motif allowed all WIPI1 mutants
to be recruited to the membranes as efficiently as the wildtype
protein, as judged by microscopy and subcellular fractionation
(Figure 11B,C). The endosomal, WIPI1-associated compart-
ments showed strong morphological differences: Substitutions
R226A and R227A in the FRRG motif led to fewer and larger
compartments, whereas the site I substitution H185A showed
little effect. The site II substitution H257A led to an enormous
enlargement of the endosomal compartments and to the for-
mation of long tubular structures (Figure 11B, S6 B), which is
consistent with perturbed membrane exit from these com-
partments. Overall, the site II substitution H257A phenocop-
ied the morphological effects of manipulations interfering
with fission activity, such as inhibition of PtdIns(3,5)P, synth-
esis (Figure. S5) or eliminating the amphipathic character of
the hydrophobic loop (Figure 6C). This suggests that
PtdIns(3,5)P, promotes fission through lipid binding site II
of WIPI1.

Next, we tested whether the WIPI1 versions leading to the
accumulation of endosomal tubules (WIPI1[Sloop] and
WIPI1H? 7A[ISeg—CVVM]) showed corresponding defects in
the recycling of endocytic cargoes and in the sorting from
early endosomes to degradative compartments. We used TF
and EGFR as model proteins in pulse-chase assays as
described above. WIPI1 KO cells transfected with a plasmid
expressing EGFP-WIPI1 recovered their TF-recycling and
their EGFR degradation (Figure 12). By contrast, EGFP-
WIPI1[Sloop] and EGFP-WIPI1"*74[15gly-CVVM] not
only failed to induce any rescue in WIPI1 KO cells, but they
even exerted a dominant-negative effect on the trafficking of
both model proteins, when they were expressed on top of
endogenous WIPII.

WIPI1 acts in autophagosome formation and in
endosomal protein exit through distinct mechanisms

Finally, we asked whether the originally identified function for
WIPI proteins in autophagosome formation utilizes the same
molecular features as protein exit from endosomes. We first
measured the response of our HK2 cell line to 3 hours of
starvation in HBSS medium (Figure. S7), using mCherry-LC3
as a marker of autophagosomes in fluorescence microscopy.
Starvation triggered a 7-fold increase in the number of punc-
tate structures labeled by mCherry-LC3. In agreement with
previous observations in other cell lines [12,13,17], knock-
down of WIPI2 reduced the number of puncta in starved
cells by 70% (Figure. S7). Knockdown of WIPI1, which occurs
with comparable efficiency as the knockdown of WIPI1
(Figure 3A,B), reduced the number of puncta in the starved
cells only by 30%.

We also assayed autophagy in the knockdowns through
a western blot assay of the lipidation of LC3, which coincides
with the formation of autophagosomes (Figure. S7 C, D)
[76,77]. This modification converts the cytosolic form LC3-I
into the autophagosome-associated LC3-II, which accumu-
lates when its degradation in lysosomal compartments is
suppressed by protease inhibitors. Inhibition of lysosomal
protease activity was confirmed through an assay with
BZiPAR (Figure. S8). The LC3-II assay showed a strong effect
for the knockdown of WIPI2, but only a weak and statistically
non-significant effect of the knockdown of WIPI1. This agrees
with earlier WIPI1 knockdown experiments in other cell lines
[13]. That WIPI1 knockdown did not lead to a significant
reduction of LC3-II in the blot assay, whereas it had a robust
effect in the microscopic assay with knockdowns (Figures. S7
A,B, S8) as well as well as in WIPI1 KO cells (see below) may
be due to the fact that the blot is an ensemble assay, in which
non-transfected cells provide an elevated background. This
background of non-transfected cells is excluded in the micro-
scopy assay and not present in a WIPII KO.

We used WIPII KO cells to express the WIPI1 variants that
interfere with fission activity and test their impact on auto-
phagy. These variants include substitutions in site I or site II
(EGFP-WIPI1"'®*4[15¢ly-CVVM] and EGFP-WIPI1M*74
[15gly-CVVM]), the FRRG motif (EGFP-WIPI1®**%*[15gly-
CVVM] and EGFP-WIPI1®***[15gly-CVVM]) and the
amphipathic helix (EGFP-WIPI1[Sloop]). WIPII and all var-
iants increased the formation of mCherry-LC3 puncta (Figure
13) and the formation of LC3-II (Figure 14) to a similar
degree, by 50%. Therefore, the amphipathic a-helix and lipid
binding site II are not essential for autophagy, whereas they
are crucial for receptor exit from endosomes.

By integrating our observations with the known property
of the WIPI1 homolog Atgl8 to undergo PtdIns(3,5)P,-
dependent oligomerization [55,78], we can formulate
a working model of WIPI1 function on endo-lysosomal com-
partments. We propose that WIPI1 in conjunction with
PtdIns3P promotes the formation of tubular endosomal trans-
port carriers. This activity requires lipid binding site I, but not
PtdIns(3,5)P,. Lipid binding site II and PtdIns(3,5)P, become
important to induce the fission activity of the protein, which
depends on the insertion of its amphipathic helix into the
membrane. PtdIns(3,5)P,-dependent oligomerization should
facilitate fission by locally concentrates these membrane-
inserting helices [79]. The role of WIPII in autophagy is
independent of these fission-related features. Here, the pro-
tein exploits its affinity for PtdIns3P, probably in a templating
function that recruits other factors to the phagophore, simi-
larly as shown for the WIPI1 homologs Atgl8 and WIPI2
[13,16,17,80-82].

Discussion

While the coat proteins involved in the formation of tubulo-
vesicular endosomal transport carriers become increasingly
well understood [39,70], it is still unclear how these carriers
are detached from the donor organelle. In contrast to previous
suggestions that, in starving cells, the autophagic machinery
promotes endosomal trafficking by autophagic removal of



AUTOPHAGY (&) 3659

A WIPI1 421 VCLDDENEFPPIILCRGNQKGKTKQS 446
WIPI1[15glyCVVM] 421 VCLDDENEFPPIILCRGNQKGKTKQS 465

wip11R226A1 501y cvvmi wipi1R227A 1 5giycvvml wipi1H185A11sg1ycvvml wipiH257AR sgiycvvig

B WIPI1[15glyCVVM]

CTR

wipi1 KO

C Cytosol Membrane
NS N
N § § NI § § O Cytosol
S NS ISEES 21 ytoso
o & @c\» o§ R 30 B Membrane
INEE A NN 2=
S & N\ S & N 2 ®©
& N r‘\‘;’ &) N r\“;’ —_— 15_
{4\ < BY '\\, < Y [ =27 )] :
S <L S SO Qo 3
z X Xz 7z z z 05’_ S 14
EGFP-WIPI1 T — X3
—10 - &
= o 057
= X
()
55 ) .
e e Q> I £
: —55 SNe N N
BN Y QO
TUA | quue CEDGENP GENDemw -« | |, > x@\@* D
N & &
Cytosol Membrane
§$ §$ \§ §$
S 09 S 009 157 O Cytosol
T S8 S S S — 5"
o L @ RN S 2 m Membrane
N NN 2 g
S o ¥ c w
& X X S ¥ X s 3 M
< & g < & g ‘® 2
NN NN g9
* * * * * i !Q-_ g’
EGFP-WIP!1 — v — 3 2057
70 =2
. = z 3
z 3 0
55 -
N s QS
S — N o
WIPI1 - \Q\OAAQ :{9&@ & @®
5 & &
ca? P NS NP
TUBA | e gy e oy v kDa Q x\r\% x\y§3

Figure 11. WIPI1 fission activity requires its lipid binding site Il. (A) Sequences of WIPI1 and WIPI1[15gly-CVVM] were aligned with the Clustal Omega program. The
added prenylation sequence and its spacer are plotted in red. (B) Endosome morphologies. CTR and WIPIT KO cells were transfected with EGFP-WIPI1[15gly-CVVM]
carrying the indicated substitutions and analyzed by live confocal microscopy. Scale bar: 10 pm. (C) Expression levels. CTR cells from (B) were lysed, fractionated by
centrifugation into membrane and cytosolic supernatant and subjected to SDS-PAGE and western blotting against WIPI1 and TUBA/a-tubulin as loading control. The
quantified signals are displayed as the ratio of the transfected WIPI1 over TUBA as a loading control. All ratios were normalized to that for WIPI1[15gly-CVVM], which
had been set to 1. Means *s.d. are shown; n = 3 independent experiments.
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Figure 12. Effect of WIPIT mutants accumulating endosomal tubules on protein exit from endosomes. (A) TF recycling. Control and WIPIT KO cells were transfected
with EGFP-WIPI1, EGFP-WIPI1[Sloop] or EGFP-WIPI1"27A[15gly-CYVM] for 18 h. Then, they were serum-starved for 60 min, loaded with Alexa Fluor568-conjugated TF
and chased at 37°C as in Figure 2 C. Scale bar: 10 um. The white dashed lines indicate the circumference of the cells. TF-fluorescence was quantified as in Figure. 2B.
Mean values + s.d. are shown. n = 3 independent experiments with a total of 210 cells analyzed per condition. (B) EGFR degradation. CTR and WIPIT KO cells
expressing EGFP-WIPI1, EGFP-WIPI1[Sloop] and EGFP-WIPIT"2>7A[15gly-CVWM] as in (A) were serum-starved for 24 h and then stimulated with EGF (100 ng/ml) for
60 min. Cells were fixed, permeabilized, and stained with antibody to EGFR (red). Scale bar: 10 pm. EGFR-fluorescence was quantified as in Figure. 2B. 180 cells per
condition stemming from 3 independent experiments were analyzed. Mean values * s.d. are shown.
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Figure 13. WIPI1 variants hindering protein exit from endosomes promote formation of mCherry-LC3 puncta like WIPIT (A) WIPIT KO cells expressing mCherry-LC3
and the indicated variants of EGFP-WIPI1 were incubated in growth medium or in HBSS for 3 h and analyzed by confocal microscopy. Scale bar: 10 pm. (B)
Quantification. The number of LC3-positive structures in the cells from A was counted. The red line indicates the mean; n = 150 cells per condition, pooled from three
independent experiments. P-values were calculated by one-way ANOVA and t-test t (analysis performed with 99% confidence ***p < 0.0001, NS = not significant).
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Figure 14. Formation of LC3-Il is not affected by WIPI1 mutations hindering protein exit from endosomes. (A) Total cell lysates of the cells from WIPIT KO cells re-
expressing the indicated WIPI1 variants (from Figure. 13 A; 50 pg of protein per sample) were analyzed by SDS-PAGE and western blotting using the indicated
antibodies. TUBA/a-tubulin served as a loading control. A representative blot is shown. (B) The ratio LC3-1l:LC3-l and LC3-I:TUBA/a-tubulin was quantified by
a fluorescence scanner. Data are means +s.d.; n = 3 independent experiments. P values are indicated and were calculated by t-Test. The analysis was performed with
99% confidence: *p < 0.01; NS = not significant).

damaged endosomes [30], our observations present evidence differential requirements for PtdIns3P, PtdIns(3,5)P, and the
for a direct function of specifically WIPII in both the forma- two WIPII lipid binding sites. They underscore that the two
tion and fission of these tubules in living mammalian cells. lipid binding sites modify the function of the protein and do
They permit to separate these two functions through their not merely serve as membrane anchors. We propose that



formation and release of the carriers depend on the mem-
brane-insertion of the amphipathic helix on CD-loop 6 of
WIPI1. It is notable that several substitutions in WIPII,
which were identified in melanoma or pancreatic cancer
cells [11], map to this loop. This provides a hint on the nature
of the underlying cellular defect, because the amphipathic
helix is only required for the membrane fission activity of
WIPI1, but not for autophagy. Our results hence suggest that
the substitutions promote these cancers through perturbation
of cellular signaling at the level of the endosome. In support of
this argument, we show that inactivation of WIPI1 hinders
the degradation of EGFR and leads to an accumulation of the
protein in the endo-lysosomal system, from where it can
actually continue to signal [83]. Since EGFR activity is neces-
sary for the growth of melanomas and EGFR overactivation
can even induce it [84-86], we propose that WIPI1 mutations
contribute to these cancers through excessive signaling of
accumulated endosomal EGFR and/or other growth factor
receptors [87]. This hypothesis will be tested in future studies.

Our observations suggest that WIPI1 acts cooperatively on
endosomal membranes in vivo, providing a first indication
that oligomerization, which can observed with the purified
WIPI1 homolog Atgl8 in vitro [55,78], is functionally rele-
vant. Oligomerization can support fission by enhancing the
induction of curvature by inserted amphipathic helices
[88,89]. Previous studies suggested an involvement of the
dynamin-like GTPase Vpsl1 in the fission of retrograde trans-
port carriers in yeast [90,91]. Yeast Atgl8 promotes retro-
grade trafficking in a so far undefined manner [10]. Its
homology to WIPI1 render it very likely that it also promotes
fission of transport carriers in this pathway. Then, the forma-
tion of these carriers shows remarkable similarity to the fis-
sion of yeast vacuoles into smaller vesicles, which also
requires both Atgl8 and Vpsl [10,55,56,92-96]. For exit
from mammalian endosomes, a role of a dynamin-related
GTPase has not been firmly established. However, the EHD
proteins, which are present on endosomes, share some prop-
erties with dynamin-related GTPases and show membrane
fission activity in vitro [97-102]. Like dynamin-related
GTPases, the EHD proteins self-interact, hydrolyze nucleo-
tides and are potential mechanochemical devices to deform
or constrict membrane tubules. This leads us to the work-
ing model that membrane fission at endo-lysosomal com-
partments may generally require a PROPPIN and
a mechanochemical nucleoside triphosphatase. They may
need to cooperate to first gradually constrain the diameter
of a membrane tubule and then sever it. We envision
a situation similar to endocytosis, where mechanochemical
dynamin-related GTPases collaborate with membrane-
bending BAR-domain proteins such as SH3GL/endophilin
and AMPH (amphiphysin) to facilitate fission. Depending
on the type of endocytic vesicle formed, dynamin is not
strictly required and it can be replaced by other mechanical
stresses, mediated e.g. through the cytoskeleton and motor
proteins [53,103-106]. In the formation of endosomal
transport carriers, additional mechanical stress can be pro-
vided by the actin-cytoskeleton and the WASH complex
[42-44,107]. Therefore, we now undertake systematic
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analyses of the interactions of PROPPINs with other factors
involved in protein exit from endosomes.

Protein  sorting from endosomes requires both
PtdIns(3,5)P, and PtdIns3P [61]. Whereas coat complexes
such as the retromer, retriever and commander [39,40,108]
utilize PtdIns3P in order to bind the membrane,
a requirement for PtdIns(3,5)P, in their functioning has not
been reported and the effector for PtdIns(3,5)P, in protein
exit from endosomes has remained unknown. WIPI1 and
other PROPPINs are good candidates because of their affi-
nities for both PtdIns3P and PtdIns(3,5)P, [10,13,23—-
13,23-25,27,65,109]. Our data support WIPI1 as effector of
PtdIns(3,5)P,, because substitutions in its lipid binding site II
phenocopy the effect of an inhibition of PtdIns(3,5)P, synth-
esis. Both manipulations provoke the accumulation of micro-
meter-long endosomal membrane tubules, suggesting that the
PtdIns3P-dependent tubulation of endosomes continues while
the PtdIns(3,5)P,-dependent fission of these structures is
impaired. When both lipid binding sites are ablated or
PtdIns3P formation is inhibited, also tubule formation is
blocked. Since both tubulation and fission require WIPII,
but differ in their need for PtdIns3P, PtdIns(3,5)P, and
the second lipid binding site of WIPI1, we propose that the
activities of the protein in the formation and fission of carrier
vesicles are switched by the phosphoinositides that it binds.

Studies with synthetic liposomes yielded differing results
with respect to the specificities of the two lipid binding sites of
PROPPINs. Whereas both binding sites interact with
PtdIns3P, a moderate preference for PtdIns(3,5)P, was
assigned either to binding site I or II [23-25,57]. Whether
this reflects a genuine functional distinction among PROPPIN
family members cannot yet be judged, because these studies
used different experimental conditions and different
PROPPINs. However, the fact that all binding studies have
revealed only moderate preferences of the two binding sites
for PtdIns3P or PtdIns(3,5)P, allows two interpretations,
which are not mutually exclusive: First, PROPPINs might
simply not differentiate between the two phosphoinositides.
This hypothesis is inconsistent with the fact that WIPI1 sub-
stitutions in two different regions of the protein (the amphi-
pathic helix and lipid binding site II) phenocopy the
suppression of PtdIns(3,5)P, synthesis but not PtdIns3P-
dependent functions, such as formation of endosomal tubules
and autophagosomes. As a second possibility, the two phos-
phoinositides might be differentiated through their agonist
properties rather than their binding affinity and membrane
recruitment. This concept is well established for receptor
proteins, where numerous examples have shown that while
a variety of ligands may bind a receptor with similar affinities,
their agonist properties, i.e. their capacity to change the activ-
ity and conformation of the receptor, can grossly differ [110].
Therefore, we took a functional in vivo approach rather than
a study of binding affinities to analyze the roles of the lipid
binding sites of WIPI1. We substituted a conserved histidine,
which is placed at an equivalent location in both lipid binding
sites [23,25]. In contrast to the commonly used substitutions
in the FRRG motif, which simultaneously affect both lipid
binding sites, each of these histidines coordinates
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a phosphoinositide head group in only a single binding site.
Since a point mutation in lipid binding site II entails the same
accumulation of endosomal tubules as the ablation of fission
through depletion of PtdIns(3,5)P, or scrambling the hydro-
phobic loop, fission activity and the effect of PtdIns(3,5)P, in
protein exit from endosomes can be tentatively assigned to
site II. This suggests a functional differentiation between the
two lipid binding sites in vivo.

Several observations further support the notion that the
two lipid binding sites of PROPPINs are not simple mem-
brane anchors but activate specific effector functions. First,
when WIPI1 lipid binding sites are compromised or when
PtdIns(3,5)P, synthesis is inhibited, normal membrane
recruitment is rescued through addition of a prenyl anchor.
This restores the function of the protein in autophagy, but not
in endosomal protein exit. Second, PtdIns3P suffices for the
WIPI1-dependent formation of endosomal tubules, but
PtdIns(3,5)P, and lipid binding site II are required for fission.
Since PtdIns(3,5)P, is bound in a pocket of the protein, the
only conceivable way how it could trigger this specific endo-
somal effector function is through a conformational change of
the protein.

Our results thus suggest that PROPPINs have two funda-
mentally different functional faces. We propose a working
model in which PtdIns3P allows WIPI1 to support the tubu-
lation of the endosomal membrane. PtdIns(3,5)P, triggers
WIPI1 to insert its amphiphilic helix, oligomerize and coop-
eratively fission the membrane during protein exit form endo-
somes. In autophagy, this latter feature is not utilized. The
protein relies on its membrane attachment through PtdIns3P
and may serve as an interaction platform for other proteins
that build and expand the phagophore membrane. Different
lipids bound to a PROPPIN may thus activate distinct effector
functions.

Materials and Methods
Antibodies and reagents

All chemical reagents were from Sigma-Aldrich unless other-
wise specified. Primary and secondary antibodies used in this
study are listed in Table 1. Other reagents: Opti-MEM
(Thermo Fisher, 11,058,021) and Trypsin (Thermo Fisher,
27,250,018); Alexa Fluor® 488 or 568-conjugated Transferrin
from Human Serum (ThermoFisher Scientific, T13342); rho-
daminel10, bis-(CBZ-L-isoleucyl-L-prolyl-L-arginine amide)
dihydrochloride (BZiPAR; Thermo Fisher Scientific, R6505);
LysoTracker® Blue DND-22 (Thermo Fisher Scientific, L7525;
Cy3-STxB was a gift from Prof. Ludger Johannes (Institute
Curie, Paris, France). Protease inhibitor (PI) cocktail (final
concentrations: 40 pM pefablock SC (Merck, 11,429,876,001),
2.1 uM leupeptin (Merck, 11,529,048,001), 80 uM o-phenan-
troline (Merck,131,377), 1.5 pM pepstatin A (Merck,
11,524,488,001).

Complementary DNA (cDNA) constructs

Vectors expressing tagged-RAB proteins were purchased from
Addgene: RFP-RAB4 (79,800; deposited by ].D. Johnson);

DsRed-RAB11 (12,679; deposited by R. Pagano); mCherry-
RAB7 (61,804; deposited by G. Voeltz); mCherry-RAB5
(49,201; deposited by G. Voeltz); DsRed-RAB9 (12,677;
deposited by R. Pagano); mCherry-hLC3B-pcDNA3.1
(40,827; deposited by D. Rubinszstein). The following vectors
were kindly provided by colleagues: EGFP-WIPI1 (pAR31CD
vector) and EGFP-WIPI1[FAAG] (Tassula Proikas-Cezanne,
Tibingen, Germany); pEGFP-FYVE, (Harald Stenmark,
Department of Molecular Cell Biology, Institute for Cancer
Research, Oslo, Norway); mCherry-MLIN, (Haoxing Xu,
University of Michigan, Ann Arbor, USA).

To generate mCherry-WIPI1, mCherry and WIPII frag-
ments were amplified from pFA6a-mCherry-V5-KanMX6
(from Fulvio Reggiori, University Medical Center
Groningen, Netherlands) and EGFP-WIPI1 plasmid, respec-
tively, by using the primers listed in Table S1. Then, the two
fragments were fused by using overlap extension-PCR and
cloned into the pAR31CD vector between Agel and EcoRl
restriction sites.

To obtain EGFP-WIPI1[15Gly-CVVM] a sequence with 15
glycine and a CVVM motif were added to EGFP-WIPI1
plasmid by PCR using the primers listed in Table S1. The
product was sub cloned into the pAR31CD-WIPII1 vector
between Xmnl and EcoR1 restriction sites.

Site-directed mutagenesis

All constructs were verified by DNA sequencing. EGFP-
WIPI1 was used as DNA template for site-directed mutagen-
esis (QuikChange mutagenesis system, Agilent Technologies,
200,524) to generate EGFP-WIPI1[Sloop] and EGFP-WIPI1
[ALoop]) following the manufacturer’s protocol using primers
(Microsynth) listed in Table S1. For EGFP-WIPI1[Sloop] the
sequence was STWSGYMGKMFMAATNYL changed into
WTSSGYKGMMFMAATNYL (substituted amino acids are
underlined and in bold). For EGFP-WIPI1[ALoop]
a sequence of 18 amino acids was deleted (Figure 5). EGFP-
WIPI1 was used as template to generate point mutations in
the FRRG motif (R226A and R227A) and in the two histidine
(H185A, H185N, H257Q and H257A) by using site-directed
mutagenesis system and the primers containing desired muta-
tions are listed in Table S1. Nonmutated template vector was
removed from the PCR mixture through digestion by the
enzyme Dpnl for 1 h at 37°C. The product was purified
using NucleoSpin PCR  Clean-up  (Macherey-Nagel,
740,609.50S) and transformed into Escherichia coli. Plasmid
DNA was purified and sequenced.

The site-directed mutagenesis system was also used to
generate the siRNA-resistant cDNA for WIPII. Forward and
reverse sequences of the primers are listed in Table S1.

Cell culture, transfection and treatments

HK2 cells were grown in DMEM-HAM’s F12 (Thermo Fisher,
11,765,054) supplemented with 5% fetal calf serum (Gibco,
10,270,106), 50 U/mL penicillin/50 mg/mL streptomycin
(ThermoFisher, 15,140,148), ITSE (5 pug/mL insulin, 5 pg/mL
TF, 5 ng/mL selenium; LuBio Science, 00-101-100ML). Cells
were grown at 37°C in 5% CO, and at 98% humidity.



Table 1. Antibodies used.
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ATG2A ab226931 Abcam 1/500 WB
ATG16L1 8089 D6D5  Cell Signaling Technology 1/1000 WB
ACTB/B-actin A2066 Sigma 1/10,000 WB
B4GALT1/B4-GALT HPA010807 Sigma 1/200 IF
EEA1 2411 Cell Signaling 1/500; 1/ IF
1000 WB
EGFR sc-03 1005  Santa Cruz Biotechnology  1/400; 1/ IF
1000 WB
LAMP1 H4A3 H4A3  USBiological Life Sciences 1/500; 1/ IF
1000 WB
MAP1LC3B/LC3 NB100-2220 Novus Biologicals 1/1000 WB
SNX1 611,482 51/ BD transduction 1/500 IF
SNX1 Laboratories
SNX6 HPA049374 Atlas antibodies 1/200 IF
TFRC 13-6800 H68.4 Invitrogen 1/200 IF
WIPI1 H00055062- 301 Abnova 1/1000 WB
Mo2
WIPI W2394 Sigma 1/1000 WB
WIPI2 HPA019852 Sigma 1/500 WB
WDR45B/WIPI3 sc-514,194 B-7 Santa Cruz 1/500 WB
WDR45/WIP14 ab240905 Abcam 1/1000 WB
Cy3-conjugated AffiniPure donkey anti-mouse IgG (H + L) secondary antibody 715-165-151 Jackson Immuno Research 1/400 IF
Cy3-conjugated AffiniPure donkey anti-rabbit I1gG (H + L) secondary antibody 711-165,152 Jackson Immuno Research 1/400 IF
Alexa Fluor® 488-conjugated AffiniPure donkey anti-mouse IgG (H + L) secondary ~ 715-545-151 Jackson Immuno Research 1/400 IF
antibody
Alexa Fluor® 488-conjugated AffiniPure donkey anti-rabbit IgG (H + L) secondary 711-545-152 Jackson Immuno Research 1/400 IF
antibody
Alexa Fluor® 647-conjugated AffiniPure donkey anti-rabbit IgG (H + L) secondary 711-605-152 Jackson Immuno Research 1/400 IF
antibody
Alexa Fluor® 647-conjugated AffiniPure donkey anti-mouse IgG (H + L) secondary ~ 715-605-151 Jackson Immuno Research 1/400 IF
antibody
IRDye® 800CW goat anti-mouse IgG (H + L) 926-32,210 Li-Cor 1/10,000 WB
IRDye® 800CW goat anti-rabbit IgG (H + L) 926-32,211 Li-Cor 1/10,000 WB
IRDye® 680RD goat anti-mouse IgG (H + L) 926-68,070 Li-Cor 1/10,000 WB
IRDye® 680LT goat anti-rabbit IgG (H + L) 926-68,071 Li-Cor 1/10,000 WB

HK2 cells were transfected with different plasmids using
X-tremeGENE™ HP DNA transfection reagent (Sigma-
Aldrich, 6,366,546,001), unless otherwise specified, according
to the manufacturer’s instructions, and incubated for 18-24 h
before fixation or live cell imaging. The HK2 cell line was
checked for mycoplasma contamination by a PCR-based
method. All cell-based experiments were repeated at least
three times.

RNA interference

HK2 cells were transfected with siRNA for 72h using
Lipofectamine® RNAiMax (Thermo Fisher Scientific,
13,778,150) according to the manufacturer’s instructions.
Control cells (CTR2 in Figure. S1) were treated with identical
concentrations of siGENOME Control Pool Non-Targeting
from Dharmacon (D-001206-13-05).

siRNAs targeting WIPI1, WIPI2, WDR45B/WIPI3,
WDR45/WIPI4 and ATGI6L1 were from Dharmacon
(siGenome Human WIPI1 D-01820503; ON-TARGETplus
Human WIPI2 ]-020521; ON-TARGETplus Human
WDR45B  J-017119; ON-TARGETplus Human WDR45
J-019758; ON-TARGETplus Human ATGI16L1 J-021033).
siRNA targeting ATG2 was form Sigma (ATG2A 5'-
GCAUUCCCAGUUGUUGGAGUUCCUA-3; ATG2B 5'-
AGGUCUCUCUUGUCUGGCAUCUUUA-3’). All siRNAs
were used at a final concentration of 20 nM.

CRISPR-Cas9 gene editing

CRISPR sequences targeting the region that precedes the
phosphoinositide-binding site of human WIPI1 were designed
using the online Cas9 target design tool developed by the
F. Zhang laboratory (http://www.genome-engineering.org/)
[111,112]. The seed sequences preceding the protospacer adja-
cent motif (PAM) are the following: WIPI1 oligo 1-5'-
CACCGCTTGAAGATGTGTACCGTCT-3';  WIPI1  oligo
2-5-AAACAGACGGTACACATCTTCAAGC-3'; We used
a sequence targeting luciferase as non-relevant single-guide
RNA (sgRNA), (CTR1 in Figure. S1): luciferase oligo 1-5'-
CACCGCTTCGAAATGTCCGTTCGGT-3"; and luciferase
oligo 2-5-AAACACCGAACGGACATTTCGAAGC-3'.
Nucleotides in italics show the overhangs necessary for incor-
poration into the restriction site for BbsI of the LentiCRISPR-
v2 vector expressing Cas9 and sgRNA (Addgene, 52,961;
deposited by Feng Zhang). Lentiviruses were obtained from
293 T cells as previously described [113], were kindly pro-
vided from Fabio Martinon (University of Lausanne,
Switzerland). HK2 cells were infected with lentiCRISPv2
viruses targeting WIPI1 (WIPII KO) or luciferase (CTR1).
Positive cells were selected with 2 pg/mL puromycin for
15 days. The population was subjected to limiting dilution
to obtain individual clones. WIPI1 expression was assessed by
immunoblotting of whole-cell extracts (Figure. S1).

To generate WIPI1 cDNA resistant to Cas9 digestion, a silent
mutation was inserted in the PAM sequence (NGG) of the Cas9
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target sequence (CCGAGACGGTACACATCTTCAAGQG), gener-
ating the sequence CTGAGACGGTACACATCTTCAAG.

Endocytosis assays

TF binding and internalization

Cells were serum-starved for 60 min at 37°C, washed twice in
cold PBS (137 mM NaCl, 2.7 mM KCl, 4.3 mM Na,HPOy,,
1.4 mM KH,PO,) with 1% BSA (Sigma-Aldrich A 8806) and
incubated for 60 min on ice with 50 pg/ml of TF. The cells
were fixed or chased in complete fresh HEPES-buffered med-
ium at 37°C for the indicated time points. At the end of this
incubation at 37°C, the cells were quickly acid-washed
(150 mM NaCl, 10 mM acetic acid, pH 3.5) and then fixed.

TF recycling

HK2 cells were serum-starved for 60 min at 37°C, washed
twice in cold PBS with 1% BSA, and then exposed to 100 ug/
ml Alexa Fluor 488-TF for 60 min at 37°C (load). After
extensive washing with complete fresh HEPES-buffered
serum free-medium, the recycling of TF was followed by
incubating the cells in TF-free complete medium (chase) for
the indicated periods of time at 37°C. The cells were acid-
washed (see above) before fixing.

Shiga toxin B-fragment transport

Transport of Shiga toxin B-fragment was investigated in fixed
and living cells as described [68]. For experiments on fixed
cells, cells on coverslips were placed on ice with 1 pg/ml Cy3-
labeled B-fragment in HEPES-buffered DMEM and incubated
for 30 min. Cells were washed three times with ice-cold
culture medium and shifted in HEPES-buffered DMEM to
either 19.5°C for 45 min or to 37°C in a CO, incubator. After
incubation for different periods of time, cells were washed
three times with PBS containing 0.5 mM CaCl, and 1 mM
MgCl,, fixed with 3% PFA for 10 min, permeabilized with
saponin, stained with the indicated primary and secondary
antibodies, and then mounted. Slides were analyzed by con-
focal microscopy.

For experiments on living cells, cells were plated on 42-mm
glass cover slips. Cy3-labeled B-fragment was bound to these
cells on ice and then internalized at 19.5°C, as described
above, together with 10 ug/ml A488-TF. The cover slip was
rapidly transferred to a POC-chamber on the heated stage of
a confocal microscope, culture medium at 37°C was added,
and image acquisition was started. Fluorescence intensity was
measured with Image]J software (NIH) on z-projections, either
from the entire cell, or from the Golgi region, as defined by
B4GALT1 labeling. The ratio was calculated as an index of
Golgi localization as reported in Figure 3 B. A background
correction factor was determined from cells that did not have
internalized B-fragment.

EGFR degradation

HK2 cells were serum-starved for 24 h and then stimulated
with 100 ng/ml EGF for the indicated periods of time.
Immediately after stimulation, the cells were fixed or lysed
in lysis buffer (50 mM Tris-HCI, pH 7.4, 100 mM NaCl, 1%
[v:v] Triton X-100 (Sigma-Aldrich, 648,462), 5 mM

ethylenediaminetetraacetic acid, 200 mM Na;VO,, 50 mM
NaF, 40 mM p-glycerophosphate, and protease inhibitors).
The cell lysates were analyzed by SDS-PAGE and western
blotting.

Immunofluorescence

In general, cells were fixed for 10 min in 4% paraformalde-
hyde in PBS. However, when preservation of tubular struc-
tures was required, cells were fixed for 8 min with 0.2%
glutaraldehyde and 2% paraformaldehyde. After fixation,
cells were permeabilized in 0.1% (w:v) saponin (Sigma-
Aldrich, 558,255), 0.5% (w:v) BSA and 50 mM NH,CI in
PBS (blocking buffer) for 30 min at room temperature. The
cells were incubated for 1 h with primary antibodies in block-
ing buffer, washed three times in PBS, incubated for 1 h with
the secondary antibodies (Alexa Fluor-conjugated), washed
three times in PBS, mounted with Mowiol (Sigma-Aldrich,
475,904-M) on slides and analyzed by confocal microscopy.

Confocal fluorescence microscopy, image processing,
and colocalization analysis

HK2 cells were grown to 70% confluence on glass coverslips
and immunofluorescence microscopy was performed as
described above. The experiments were repeated at least
three times and representative images are shown. The level
of colocalization was analyzed by acquiring serial sections
from about 80-100 cells per sample. Images were exported
in TIFF format and processed as previously described [114].
Images of samples to be compared were acquired using the
same settings (i.e., laser power, photomultiplier gain and pin-
hole size), avoiding pixel saturation. The images were pro-
cessed in the same way using Image] software. Channels from
each image were converted into 8-bit format and the ‘Auto
Local Threshold’ Plug-in with the “Default” method was used
to segment grayscale images, identify the structures of interest
and subtract background. The Image] “Analyze Particles”
Plug-in was then used to identify and count the total number
of the structures (with an area above 0.10 um?), e.g., for
EEA1- and LAMPI1-positive structures in the Figure 1E.

TFRC, TF, EGF-R and BZiPAR fluorescence levels were
quantified in CTR and WIPII KO cells using Image]. z-stack
images were acquired and compressed into a single plane
using the “maximum intensity Z-projection” function in
Image]. Individual cells were selected using the freeform
drawing tool to create a ROI (ROI). The “Measure” function
provided the area, the mean gray value and integrated inten-
sity of the ROIL. The mean background level was obtained by
measuring the intensity in three different regions outside the
cells, dividing them by the area of the regions measured, and
averaging the values obtained. To make a more accurate
proportion background noise given off by unadhered dye
has to be removed so per each cell the CTCF (corrected
total cell fluorescence) was calculated using the formula:
CTCF = integrated intensity of cell ROI — (area of ROI x
mean fluorescence of background).

To quantify the degree of colocalization, confocal z-stacks
were acquired, single channels from each image in 8-bit



format were thresholded to subtract background and then the
“Just Another Colocalisation Plug-in” (JACOP) was used to
measure the overlap coefficient according to Manders.
Manders’ coefficient indicates an overlap of the signals and
represents the degree of colocalization:
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where S1 represents signal intensity of pixels in the channel 1
and S2 represents signal intensity of pixels in the channel 2.
The colocalization coefficients M1 and M2 describe contribu-
tion of each channel to the pixels. They are not dependent on
the intensity of the overlapping pixels, but they are sensitive to
background so a threshold has to be set [115]. For example, if
the red-green pair of channels is selected and M1 and M2 are
1.0 and 0.2, respectively, this means that all red pixels colo-
calize with green pixels, but only 20% of green pixels coloca-
lize with red ones. In our case M1 indicates the fraction of red
pixels overlapping with green one, while M2 indicates the
fraction of green pixels overlapping with the red ones.

Furthermore, to measure the levels of colocalization of
RABs and endosomal markers on tubules in cells overexpres-
sing EGFP-WIPI1[Sloop] (Figure 6B,D) we used an approach
based on the detection of signal edges by through the “Canny
or Sobel filters” Plug-in for Image] [116]. The surrounded
fields were filled to generate binary mask images. In this way,
we were able to select tubules in order to separate signal from
background, but also to determine a common region for
analyzing both channels (i.e., red for Rabs and green for
WIPI1[Sloop]). These mask images were then subjected to
thresholding as described above and the levels of colocaliza-
tion were evaluated with Image] JACOP Plug-in by calculat-
ing Manders’ coefficient.

Confocal microscopy was performed on an inverted con-
focal laser microscope (Zeiss LSM 880 with airyscan) with
a 63 x 1.4 NA oil immersion lens unless stated otherwise.

FRAP analysis

HK2 cells expressing EGFP-WIPI1[Sloop] and RFP-RAB4,
DsRed-RAB11 and mCherry-RAB5 were plated into live-cell-
imaging p-dishes (Ibidi® Cell in Focus), incubated at 37°C in
carbonate-free culture medium in a humidified temperature-
controlled incubation chamber on a LSM880 confocal micro-
scope. Cells were imaged using a 488 nm or 561 nm laser with
a 63x NA 1.4 oil DIC M27 immersion objective (Zeiss). After
collecting three pre-bleaching images (pixel dwell 2.38 psec),
a selected ROI was bleached to < 80% of the original signal by
a 488 nm (or 561 nm) laser pulse (100% power laser and pixel
dwell 26.17 usec). Post-bleaching images were collected at 1
s intervals for a total period of 150 s.

At each time point, the mean fluorescence intensity of the
bleached ROI was corrected by the background signal
(regions from the same field but without any recognizable
fluorescent structures) and by the fluorescence decay of
a non-bleached area. The values were expressed as
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a percentage of the maximum fluorescence intensity in that
ROI of the last pre-bleach image.

Gel electrophoresis and western blot

Cells were plated into 12-well tissue culture test plates (TPP)
until they reached 90% confluency, except for KD-cells, which
were cultured until 72 h after transfection with the siRNAs.
Cells were then washed three times with ice-cold PBS (phos-
phate-buffered saline), scraped, and proteins were extracted in
ice-cold lysis buffer (150 mM NaCl, 2 mM EDTA, 40 mM
HEPES, and 1% Triton X-100 supplemented with phosphatase
and protease inhibitor cocktail. Protein extracts were supple-
mented with 1/4 volume of 5x reducing sample buffer
(250 mM Tris-Cl, pH 6.8, 5% B-mercaptoethanol, 10% SDS,
30% glycerol, 0.02% bromophenol blue) and heated to 95°C
for 5 min. The samples were run on either 8%, 10% or 12.5%
SDS-polyacrylamide gels (W x L x H: 8.6 x 6.8 x 0.15 cm).
The stacking gels were prepared as follows: 6% acrylamide,
0.16% bis-acrylamide, 0.1 M Tris, pH 6.8, 0.1% SDS, 0.1%
TEMED, 0.05% ammonium persulfate. Running gels were:
10% or 12.5% acrylamide, 0.27% or 0.34% bis-acrylamide,
0.38 M Tris, pH 8.8, 0.1% SDS (Applichem, 475,904-M),
0.06% TEMED (Applichem, A1148), 0.06% APS (Applichem,
A2941). The gels were run at constant current (20-30 mA).
Proteins were blotted onto nitrocellulose membrane by the
semi-dry method for 80 min at 400 mA (Trans-Blot® SD Semi-
Dry Electrophoretic Transfer Cell, Bio-Rad). After incubation
with the primary antibody, signals were detected by secondary
antibodies coupled to infrared dyes (LI-COR) and detected on
a LI-COR Odyssey Infrared Imager. Images were exported as
TIFF files and processed in Adobe Photoshop. Band intensity
was quantified using Image] band analysis [117].

Membrane-cytosol fractionation

Cell lysis and fractionation were performed on ice using pre-
chilled solutions. Centrifugations and incubations were car-
ried out at 4°C. All buffers were supplemented with 1x pro-
tease inhibitor solution and 1 mM DTT directly before use.
Cells were washed 3 times with PBS and pelleted for 5 min at
300 x g. The cell pellet was resuspended in 1 ml of buffer 1
(50 mM HEPES-KOH, pH 7.4, 100 mM KCl, 1 mM MgCl,)
and cell lysis was performed by using a French press. The
lysate was centrifuged at 800 x g for 15 min. The supernatant
was centrifuged again at 1,000 x g for 15 min. The supernatant
was centrifuged for 1 h at 100,000 x g in an ultracentrifuge.
This final supernatant was used as the fraction of cytosolic
proteins. The pellet of this last centrifugation was solubilized
in 0.5 ml of buffer 2 (20 mM Tris HCl, pH 7.4, 0.4 M NaCl,
15% glycerol, 1.5% Triton X-100), shaken for 1 h at 1400 rpm
and 4°C, and then centrifuged at 9,000 x g for 30 min. The
supernatant was used as the membrane protein fraction.

Statistical analysis

Differences between the means have been evaluated by
Student’s t-test unless otherwise specified. They are men-
tioned as relevant differences only when p < 0.0l
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Immunofluorescence experiments were repeated indepen-
dently three times and at least 50 cells were analyzed from
a single experiment. Representative images are shown.
Western blotting experiments were repeated at least three
times and representative blots are shown. Most data are pre-
sented as the means * standard deviation (s.d.) unless other-
wise specified.
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