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PI4P-signaling pathway for the synthesis of
a nascent membrane structure in selective autophagy

Shun-ichi Yamashita, Masahide Oku, Yuko Wasada, Yoshitaka Ano, and Yasuyoshi Sakai

Division of Applied Life Sciences, Graduate School of Agriculiure, Kyoto University, Sakyo-ku, Kyoto 606-8502, Japan

hosphoinositides regulate a wide range of cellular

activities, including membrane trafficking and bio-

genesis, via interaction with various effector proteins
that contain phosphoinositide binding motifs. We show that
in the yeast Pichia pastoris, phosphatidylinositol 4’-mono-
phosphate (PI4P) initiates de novo membrane synthesis
that is required for peroxisome degradation by selective
autophagy and that this PI4P signaling is modulated by an
ergosterol-converting PpAtg26 (autophagy-related) protein
harboring a novel PI4P binding GRAM (glucosyltransferase,

Introduction

Phosphoinositides serve as important regulators in cellular mem-
brane dynamics and are concentrated at the specific subcellular
locations. For instance, phosphatidylinositol 3’'-monophosphate
(PI3P), phosphatidylinositol 4’-monophosphate (PI4P), and phos-
phatidylinositol 4',5’-bisphosphate are enriched in early endo-
somes, the Golgi apparatus, and the plasma membrane, respectively
(De Matteis and Godi, 2004; Roth, 2004). These phosphoinosi-
tides contribute to membrane dynamics by recruiting specific
downstream factors such as adaptor proteins, lipid transfer pro-
teins, and components of the endosomal sorting complex required
for transport (Hanada et al., 2003; Raiborg et al., 2003).

In contrast to their well-known functions in membrane
dynamics of authentic organelles, only the PI3P pathway has been
implicated in the phosphoinositide signaling of the autophagic
processes. PI3P appears to be responsible for two distinct steps
during autophagy, the de novo synthesis of the autophagosome
and its fusion with vacuole/lysosome (Kihara et al., 2001;
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Rab-like GTPase activators, and myotubularins) domain.
A phosphatidylinositol-4-OH kinase, PpPik1, is the primary
source of PI4P. PI4P concentrated in a protein-lipid nucle-
ation complex recruits PpAtg26 through an interaction with
the GRAM domain. Sterol conversion by PpAtg26 at the
nucleation complex is necessary for elongation and matu-
ration of the membrane structure. This study reveals the role
of the PI4P-signaling pathway in selective autophagy, a
process comprising multistep molecular events that lead to
the de novo membrane formation.

Nice et al., 2002; Wurmser and Emr, 2002; Ano et al., 2005).
An autophagy-specific phosphatidylinositol-3-OH kinase (PI3K)
complex, containing Atgl4 in addition to Vps30 (Atg6) and
Vpsl5, was first identified in budding yeast (Kihara et al., 2001).
The potential role of other phosphoinositides in the autophagic
pathway is not presently known.

We examine the selective degradation of peroxisomes
through autophagy (termed pexophagy) in Pichia pastoris. The
transient formation of a cup-shaped double-membrane structure
(the micropexophagy-specific membrane apparatus [MIPA])
during micropexophagy on the cytosolic side of the peroxisome
surface is crucial for the incorporation of the peroxisome into a vac-
uole (Mukaiyama et al., 2004; Farre and Subramani, 2004). Using
fluorescence microscopy together with the MIPA marker protein
PpAtg8, we examined the spatiotemporal formation of the MIPA,
including its characteristic shape, size, and localization (Mukaiyama
et al., 2004). As many molecular components are shared between
autophagy and pexophagy, pexophagosomes and MIPAs are pro-
posed to be synthesized de novo by a common mechanism.

In the present study, we demonstrate that PI4P (gener-
ated by PpPik1 and PpLsb6) is necessary for the formation of
the membrane structure of the MIPA by revealing a novel PI4P-
signaling mechanism necessary for pexophagy. To investigate
how PpAtg26, a UDP-glucose:sterol glucosyltransferase having a
GRAM (glucosyltransferase, Rab-like GTPase activators, and myo-
tubularins) domain (Oku et al., 2003), contributes to pexophagy,
we examined the consequences of GRAM domain—deleted
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derivatives. The PpAtg26-GRAM domain binds to PI4P. We
used these mutants lacking the GRAM domain to implicate
this enzyme as an effector of PI4P signaling in pexophagy and
to dissect the steps of its action in the membrane formation.
The present results indicate that recruitment of PpAtg26 to the
nucleation complex is required for the membrane elongation
step but not for the nucleation of other Atg proteins. In addition,
the sterol-conversion activity of PpAtg26 is essential for mem-
brane elongation and contributes to forming the MIPA.

Results

PpAtg26 GRAM domains bind to PIi4P
The pathological and clinical importance of GRAM domains is
supported by a report documenting that some myopathy patients

A

have mutations within the GRAM domains of myotubularins
(Fig. 1 A; Doerks et al., 2000). GRAM domains from the myo-
tubularins bind to phosphoinositides (Berger et al., 2003; Tsujita
et al., 2004), but these display low homology to the GRAM
domain of Atg26 (Fig. 1 A; Doerks et al., 2000).

First, to explore which phospholipids might bind to the
GRAM domain of PpAtg26, we compared the binding prop-
erties of the GRAM domains from yeast PpAtg26 (GRAM 6
and truncated GRAM [trGRAM]-PH) with that from human
myotubularin (GRAMyy,; Fig. 1 B). In a protein lipid over-
lay assay, both PpAtg26 domains bound to PI4P with the high-
est affinity (Fig. 1 C). The binding of GRAM 6 to PI4P was
also confirmed by surface plasmon resonance analysis (Fig.
1 D; K; = 6.9 nM). The GRAM > domain was found to have
less but substantial binding activity to phosphatidylinositol

Atg26 GRAM Pp 586 SRFRKHFSLPDSEELLAS----- YFCHFQK---NIPVYGKVYLGTTCICYRSLFPGTNT---TMILPYSDIENVYNLK
Atg26 trGRAM Pp 196 EKLKTTFDLSDDDEFVND----- YPCWLLH---EVFLQGHIYITSRYLLYFAFLPKRDS-=====m—mmmmmmm e
Atg26 GRAM Sc 570 ERFRYHFKFNKEKSLIST----- YYTYLNR---NVPVYGKIYVSNDTVCFRSLLPGSNT---YMVLPLVDVETCYKEK
VRP Hs 42 EFFRAFFRLPRKEKLHAV----- VDCSLWTPFSRCHTAGRMFASDSYICFASREDGCC----KIILPLREVVSIEKME
Cl259.11C Sp 20 LDPASFFRINKQEEIIAS----- TVCEIGWE--YSKSFGNAYICTSFLCFHSDDFKT---~~ RFTFPLAAVRKLEREN
Mtml Dm 41 ILRDTPFGYLEGEEDQDQKNDVTYVCPYRG----- PVFGALTITNYRLYFRSLPLRDQEPPVVVDVPLGVIARVEKIG
Mtml Hs 29 RDLTEAVPRLPGETLITD-KEVIYICPFNG----- PIKGRVYITNYRLYLRS-LETDSSL--ILDVPLGVISRIEKMG
Consensus 80% ..hpp.a.h...-phh.p.....a.s.h.p...ph.h.G.haho..hhsFhu.h.........h.h.h.ph..hp...

Figure 1. The GRAMag2s domain is sufficient IORAN P BRAM gz LED

for specific binding to PI4P. (A) Sequence I W 888 I_l I Atg26

alignment of GRAM domains from various 1 196 248 349 586 652 1085 1113 1211

organisms: Pp, P. pastoris; Sc, S. cerevisiae; GRAMwMim1

Hs, Homo sapiens; Sp, Schizosaccharomyces | Bx&l | Mtm1 (Myotubularin)

pombe; Dm, Dictyostelium discoideum (Doerks T =3

et al., 2000). The sequences are from Atg26

UDP-glucose:sterol - glucosyltransferases  (top),

Rc;)b—llike GTchse activators (milddle), and myo- trGRAM-PH GRAMatg26 GRAMMwtm1

tubularins (bottom), respectively. An arrow in-

dicates the amino acid residues mutated in this r WT - r WT Y57P WT L59P

study that correspond to GRAMag2s Y57 and s LPA  S1P

GRAMuim1 L59. The mutations in the GRAM do-

main of human Mtm1 are labeled with asterisks LPC PI(3,4)P2

below the sequence (Doerks et al., 2000). The PI PI(3,5)P2

highly conserved consensus sequence is shown g o ¥

below: h, hydrophobic; p, polar; a, aromatic; & PI(3)P  PI(4,5)P2

u, tiny; s, small; o, alcoholic; —, negatively e . & & PI(4)P PI(3,4,5)P3

charged residues. (B) Schematic representa- & :

tions of PpAtg26 and human Mim1. The num- e PI(B)P  PA

bers indicate amino-acid residues. (C) Protein PE PS

lipid overlay assays for detecting the bind-

ing of the indicated lipids to the rGRAM-PH, 1 PC Blank

GRAMug26, and GRAMyym1 domains. Fusion

proteins containing the designated domains [

with normal (WT) or pointmutated (Y57P or 2.0

L59P) amino-acid sequences were purified and T

assayed with PIP Str?ps. LPA, |ysopphosphoﬁdic . GRAMaig2s WT

acid; S1P, sphingosine-1-phosphate; LPC, lyso- . D GRAMaig26 Y57P

phosphatidylcholine; PI, phosphatidylinositol; ©

PA, phosphatidic acid; PE, phosphatidyletha- 2 2

nolamine; PS, phosphatidylserine; PC, phos- € x 1.0

phatidylcholine. (D) The purified GRAMpoag26 2:: Q '

fusion proteins used in C were subjected to <

surface plasmon resonance analysis using a D

BIACORE 2000 system. The reciprocal values [ [ .

of the dissociation constants (K,) for the inter- _ r

action of fusion proteins and the phosphoino- ﬁ—‘—- """

sitides are presented. The error bars indicate 0
standard deviations.

PI(3)P
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5’-monophosphate (PISP). However, the yeast cells do not con-
tain PISP. Neither GRAM 6 nor trGRAM-PH bound to ergos-
terol or ergosterol glucoside, the substrate and the product of
reaction catalyzed by PpAtg26. GRAMyy,; exhibited broader
binding specificities than GRAMa as reported previously
(Berger et al., 2003; Tsujita et al., 2004; Fig. 1 C). The binding
specificity of GRAMy 6 Was confirmed with a protein-liposome
sedimentation assay (unpublished data). These data demonstrate
that GRAM 426 binds to PI4P but not to other phosphoinositides
present in yeast cells, such as PI3P, phosphatidylinositol 3',5'-
bisphosphate, or phosphatidylinositol 4’,5'-bisphosphate.

Next, we generated a mutant version of GRAM 6 that
carried a Y57P amino acid substitution. This mutation corre-
sponds to one of the substitutions found in myopathy patients
(Mtm1 L59P; Fig. 1 A). The GRAM ag6 Y57P mutation caused
a pexophagic defect (Oku et al., 2003). Both the GRAM 6
Y57P and GRAMpy, L59P substitutions eliminated the high-
affinity binding and specificity of the GRAM domains (Fig. 1,
C and D), thereby linking the biochemical properties of these
GRAM domains to the mutant phenotypes.

To determine the role of PI4Ks in MIPA formation and pexo-
phagy, we generated three P. pastoris strains, one mutant for each
one of the PI4Ks—PpPik1, PpStt4, and PpLsb6. To construct
Pppikl and Ppstt4 mutants, serine residues conserved in the
putative catalytic site of PI4Ks (S994 for PpPik1 and S1816 for
PpStt4) were substituted with phenylalanine (Walch-Solimena
and Novick, 1999).

The Pppikl and Ppstt4 strains exhibited growth defects,
whereas Pplsb6 cells displayed a normal growth rate. These
phenotypes are similar to those reported for the Saccharomyces
cerevisiae PI4K mutants (Audhya et al., 2000; Han et al., 2002).
Inositol labeling experiments indicated that in comparison to

pik1

wild-type cells the size of the intracellular PI4P pool was
reduced by ~11, 30, and 45% in Pplsb6, Pppikl, and Ppstt4
mutants, respectively (Fig. 2 A).

We assessed pexophagy in these PI4K mutants by exam-
ining peroxisomal alcohol oxidase activity (Fig. 2 B). This
enzyme is degraded through pexophagy along with other com-
ponents of the peroxisome (Tuttle and Dunn, 1995). In this
assay, persistent alcohol oxidase activity resulting from impaired
pexophagy produces a colored colony (Sakai et al., 1998).
In Ppstt4 cells, pexophagy occurred as rapidly as in wild-type
cells, whereas the pexophagic activity was abrogated in Pppik]
cells and attenuated in Pplsb6 cells (Fig. 2 B).

Next, we followed the formation of the membrane
structure of the MIPA in these pexophagy-defected PI4K
mutants to explore whether PI4P signaling is essential for
the formation of the membrane structure. As PpAtg8 is
targeted specifically to the MIPA through a ubiquitin-like
conjugation, a YFP-labeled PpAtg8 was used as a marker for
the MIPA. 1 h after inducing pexophagy, ~7% of the wild-
type cells exhibited a cup-shaped fluorescent signal charac-
teristic of the MIPA (Fig. 2, C and D). The low frequency of
observable MIPA is due in part to its transient nature; this
membrane structure is formed only just before the incorpora-
tion of the peroxisome into the vacuole, after which it is
destroyed (Mukaiyama et al., 2004). Under these conditions,
Pppikl cells did not exhibit any cup-shaped YFP-PpAtg8
fluorescence; instead, small fluorescent puncta were proxi-
mal to the peroxisomes (Fig. 2 C). Pplsb6 mutant cells
showed cup-shaped MIPA fluorescent signals, but the per-
centage of cells containing these structures was lower than
that seen in the wild-type cells (Fig. 2, C and D). These
results correlate well with the data obtained from the alcohol
oxidase assay (Fig. 2 B), demonstrating a novel and critical
role for PI4Ks in the formation of the membrane structure
during pexophagy.

Figure 2. PI4K is necessary for assembly of
the MIPA. (A) Intracellular phosphoinositide
quantification. Lipids from the designated

Isb6

{ 70%

100| 100 100F

89% strains were assayed by HPLC (see Materials
and methods). Data were normalized to PI3P
levels (cpm value of the first peak). The arrows

mark the peaks representing PI4P. The inset

100} ¥

pik1 stt4

C WT pik1
Merge Atg8 Ps Merge Atg8 Ps

Isb6
Merge Atg8 Ps

percentage values are the ratios calculated for
the PI4P content to the PI4P level detected in
the wild-type (WT) strain. (B) Peroxisomal alco-
hol oxidase activity. The strains used in A were
subjected to pexophagic conditions; alcohol
oxidase activities were stained in situ. (C) Fluo-
rescence microscopy of the PI4K mutants.
Strains carrying YFP-PpAtg8 and CFP-labeled
peroxisomes were analyzed after shifting to
pexophagic conditions. The merged images
comprise the green PpAtg8 signals (shown in-
dependently in the middle rows), the blue per-
oxisome (Ps) signals (right rows), and the red
vacuolar membrane stained with FM4-64. Bar,
1 wm. (D) MIPA formation after pexophagy in-
duction was assessed by determining the ratio
of the number of cup-shaped structures to the
number of peroxisomal clusters. The error bars
show standard deviations.

0
WT pik1 Isb6
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Pl4P is concentrated in the MIPA
YFP-GRAM 56 Was used as a probe to visualize the intracellular
distribution of PI4P. In a CHO cell line, YFP-GRAM 6 pro-
duced a typical Golgi-like fluorescence that overlapped with the
fluorescence pattern of the Golgi marker, BODYPY TR C5-
ceramide (Fig. S1, available at http://www.jcb.org/cgi/content/
full/jcb.200512142/DC1). As GRAM a6 specifically binds to
PI4P and the Golgi is a PI4P-containing organelle (Roth, 2004),
our observation verified that the expressed GRAM probe recog-
nizes the intracellular PI4P in a heterologous host.

In P. pastoris, YFP-GRAM a6 generated peculiar ring-
shaped fluorescence under pexophagic conditions and interfered
with the localization of CFP-PpAtg8 to the MIPA (Fig. 3 A).
The shape and localization of the YFP-GRAM 46 fluorescent
signal, together with subcellular fractionation experiments (Fig.
3 B), support the conclusion that YFP-GRAM 6 localizes to
the Golgi apparatus or Berkeley body. Mislocalization of CFP-
PpAtg8 to MIPA may be due to the secondary effect of disor-
dered function of the Golgi apparatus.

We speculated that the inhibition of MIPA formation
resulted from the masking of functional PI4P by the over-
expressed GRAM 6. To eliminate this inhibition, we performed
subcellular fractionation experiments of the MIPA-formed cells
and probed the PI4P pool with a GRAM domain fusion pro-
tein (Fig. 3 B). Purified GST-GRAM 46-CFP proteins (Fig. 1,
WT or Y57P) were incubated with membrane fractions isolated
from pexophagy-induced cells expressing HA-tagged PpAtgs8.
Sucrose density gradient ultracentrifugation in combination with
immunoblot analyses was performed on the subsequent fractions.

The bulk of GRAM 6 protein (Fig. 3 B, closed rectangles)
was present in two peaks within the range of the high-density
fractions (fractions 1-4) and the low-density fractions (fractions
10-12; Fig. 3 B). HA-PpAtg8 (a MIPA marker; Fig. 3 B, open
circles) signal exclusively distributed to the high-density frac-
tions (fractions 1-4) and colocalized with one of the GRAM x426
peaks. The peaks in the low-density fractions overlapped with the
Kex2-positive fractions (Fig. 3 B, asterisks), consistent with PI4P
in the Golgi apparatus (Levine and Munro, 2002). We conclude
that GRAM 6 targeting to the membrane fraction was PI4P
specific and that the high-density PpAtg8-positive fractions also
contained PI4P.

The GRAMai26YS57P mutant protein (Fig. 3 B, open
rectangles) was not enriched in the high-density fractions,
consistent with the notion that the GRAM 6 targets to the
high-density fractions through binding PI4P. The GRAMy 26 Y 57P
mutant protein was present in the low-density fractions, but
its distribution was broader than that of the GRAMs and
included higher density fractions. As the GRAM6Y57P
mutant protein does not bind PI4P specifically but retains weak
and nonspecific PI binding activities (Fig. 1, C and D), the dis-
tribution of the GRAM6YS57P mutant protein may result
from less specific binding to various PI pools in the cellular
membranes. The enrichment of PI4P in PpAtg8-positive struc-
tures also was confirmed by in situ application of CFP-GRAM 26
to permeabilized cells expressing YFP-PpAtg8 (unpublished
data). Thus, the formed PpAtg8-positive structures, i.e., MIPAs,
are rich in PI4P.
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Figure 3. The MIPA is a PI4P-enriched compartment. (A) In vivo GRAMag26
expression perturbs intact MIPA formation. The YFP-GRAMpgos fusion
protein was expressed in cells expressing CFP-PpAtg8. The cells were
shifted to pexophagic conditions and examined by fluorescence microscopy.
The merged image comprises the vacuolar membrane stained with FM4-
64 (red), CFP-PpAtg8 fluorescence (green), and YFP-GRAM fluorescence
(blue). The CFP-PpAtg8 and YFP-GRAM fluorescence patterns are also
shown individually (middle and right, respectively). Note that the CFP-
PpAtg8 failed to produce a cup-shaped fluorescent signal, and YFP-GRAM
formed puncta or ring-shaped structures. (B) Sucrose density gradient
fractionation from cell-free extracts after incubation with either wild-type
(WT) or mutant (Y57P) purified GRAMag2 protein. Each fraction was
subjected to immunoblot analysis detecting PpAtg8 (open circle) and
GRAM proteins (wild-type GRAM, filled rectangle; mutated GRAM, open
rectangle). The signal intensity for each band was determined and
plotted. The membrane was reused for detecting Kex2, and the range of
fractions with detectable signal is indicated with asterisks. (C) Fluorescent
microscopy of the PI4Ks involved in pexophagy. PpPik1 (Pik1) and PplLsb6
(Lsb6) were expressed as fusions to CFP. Localizations were compared
with YFP-PpAtg8 (Atg8), and the image of differential interference con-
trast (DIC) microscopy or a vacuolar membrane marker (FM4-64) under
micropexophagic conditions. The superimposed images are also shown.
Bars, 1 um.



Both PI4Ks (PpPikl and PpLsb6) involved in the mem- structure containing several Atg proteins (PpAtg8, PpAtgS,
brane formation did not colocalize with YFP-PpAtg8, the MIPA PpAtgl6, and PpAtg26) before the MIPA formation (unpub-
marker (Fig. 3 C). CFP-PpPik1 exhibited a punctate distribution lished data). Lipidation of PpAtg8 through a ubiquitin-like
that did not overlap with the cup-shaped YFP-PpAtg8 fluores- conjugation system (PpAtg4, PpAtg7, and PpAtg3) is neces-
cence of the MIPA. CFP-PpLsb6 resided on the vacuolar mem- sary for PpAtg8 to localize to punctuate structures (Mukaiyama

brane (and lumen), as reported for ScLsb6 (Fig. 3 C; Han et al., et al., 2004), consistent with these PpAtg8 puncta—containing
2002). These observations are consistent with PI4P migrating protein—lipid complexes.
from the sites of their production to the nascent MIPA. In the Pppikl cells, the YFP-PpAtg8 puncta colocalized

with PpAtgl6- and PpAtg5-CFP (Fig. 4 B), two Atg proteins
concentrated in PAS in S. cerevisiae (Noda et al., 2002).
In contrast, the YFP-PpAtg8 puncta in the Pppikl cells did
Studies of the localization of Atg proteins in S. cerevisiae not overlap with CFP-PpAtg26 (Fig. 4 B). Thus, PI4P recruits

reveal that multiple Atg proteins localize to a single puncta in PpAtg26 but is dispensable for the localization of at least
the vicinity of the vacuole before autophagosome formation three Atg proteins (PpAtg8, PpAtg5, and PpAtgl6) to these
that is referred to as the preautophagosomal structure (PAS; punctate structures.

Suzuki et al., 2001; Noda et al., 2002). The formation of PAS Disruption of another responsible PI4K, PpLsb6, caused
appears to be a prerequisite for autophagic membrane formation. a less prominent phenotype (Fig. 4 B). The percentage of the
Our P. pastoris studies have also identified a punctuate Pplsb6 cells possessing MIPAs was reduced in comparison to
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pik1 Isb6 Figure 4. PpAtg26 mediates PI4P signal-
Merge Atg8 Atg26 Merge Atg8 Atg26  ing required for the de novo formation of the
membrane structure. (A) A model of PI4P sig-
naling in membrane structure formation during
pexophagy. In the nucleation step, a precursor
protein-lipid complex is assembled from mul-
tiple Atg proteins (containing at least lipidated
Atg8, Atg5, and Atg16, and possibly PI3P).
PpPik1 and PpLsbé supply PI4P, which elevates
the concentration of PI4P at the nucleation
complex. Subsequently, PpAtg26 is recruited to
the nucleation complex through binding of its
Atg26FL GRAM domains to PI4P. Ergosterol conversion
by the recruited PpAtg26é promotes elonga-
erge Atg8 Atg26 Merge Atg8 tion of the membrane structure, leading to the
formation of a MIPA. PI3P signaling regulates
autophagic processes, including nucleation
and fusion of the membrane structure with the
vacuole, e.g., PpAtg24 as an effector (Ano
et al., 2005). (B) Fluorescence microscopy of
the PI4K mutant strains. Pppik] or Pplsb6A
cells expressing the indicated fluorescent fusion
proteins were examined under the pexophagic
conditions. (C) Fluorescence imaging of the
Ppatg26A strain. The Ppatg26A cells pos-
sessing YFP-PpAtg8 and either CFP-PpAtg16
(Atg16) or CFP-labeled peroxisomes (Ps) were
observed under micropexophagic conditions.
(D-F) Fluorescence microscopy of the cells with
PpAtg26 variants. The Ppatg26A cells were
rescued with ful-length PpAtg26 (Atg26FL; D),
PBD-deleted PpAig26 (Atg26APBD; E), or
UBD-deleted PpAtg26 (Atg26AUBD; F). Either
PpAtg26 (left) or peroxisomes (Ps) were fluo-
rescently labeled for microscopy to examine
cells under pexophagic conditions.
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the wild-type strain (Fig. 2 D), but the observed MIPAs con-
tained CFP-PpAtg26, unlike Pppikl cells. These results are
consistent with our findings in the pexophagy and MIPA forma-
tion assay (Fig. 2), where PpPikl was a major contributor to
pexophagy but PpLsb6 was not.

PpAtg26 acts downstream of PI4K

at the membrane elongation step

In ATG26 mutant cells (Ppatg26A), YFP-PpAtg8 fluorescence
did not develop into a cup-shaped MIPA structure but rather
colocalized in puncta with PpAtg16-CFP (Fig. 4 C). Thus, PpAtg26
is required for MIPA formation. In addition to a phosphoinosi-
tide binding domain (PBD) comprising GRAM, trGRAM, and
a pleckstrin homology (PH) domain, PpAtg26 contains a cata-
lytic region including a UDP-sugar binding domain (UBD) that
is necessary for the catalysis of ergosterol and UDP-glucose to
ergosterol glucoside (Warnecke et al., 1999). To analyze further
the role of PpAtg26 in MIPA formation, we introduced constructs
into Ppatg26A cells that encode one of several CFP-PpAtg26
variants, including a full-length PpAtg26 (CFP-PpAtg26FL; Fig.
4 D), a PpAtg26 mutant protein lacking the PBD (aa 198-652;
CFP-PpAtg26APBD; Fig. 4 E), and a PpAtg26 variant missing
the UBD (aa 1085-1113; CFP-PpAtg26AUBD:; Fig. 4 F).

CFP-PpAtg26FL rescued the pexophagic defect of the
Ppatg26A mutant cells; it colocalized with cup-shaped YFP-
PpAtg8 fluorescence of MIPAs (Fig. 4 D). In contrast, expres-
sion of CFP-PpAtg26APBD did not yield the cup-shaped
YFP-PpAtg8 fluorescence. CFP-PpAtg26APBD was dispersed
throughout the cytosol (Fig. 4 E). We conclude that PI4P bind-
ing by the PBD is essential for the PpAtg26 localization to the
Atg8-positive puncta proximal to peroxisomes, a prerequisite
for the membrane elongation necessary to form the MIPA.

Deletion of each domain within the PBD (trGRAM, PH,
or GRAM) produced a similar pattern of PpAtg8 fluorescence
to the overall PBD deletion; i.e., only fluorescent puncta were
observed (Fig. S2, available at http://www.jcb.org/cgi/content/
full/jcb.200512142/DC1). The PH domain—deleted mutant had
the most severe phenotype, as we did not observe any colocal-
ization with YFP-PpAtg8 (Fig. S2). The CFP-PpAtg26 variants
lacking either the GRAM domain or trGRAM colocalized with
PpAtg8 puncta less frequently than CFP-PpAtg26FL (Fig. 4 D
and Fig. S2). These deletion constructs confirm the important
role for each domain in MIPA formation, consistent with previ-
ous experiments (Oku et al., 2003). In addition, we conclude
that these PI4P binding regions function cooperatively to recruit
PpAtg26 to punctual structures.

Overexpression of CFP-PpAtg26AUBD did not restore
the sterol-converting activity to the Pparg26A mutant cells as
determined by thin-layer chromatography (Fig. S3, available at
http://www.jcb.org/cgi/content/full/jcb.200512142/DC1). This
strain did not exhibit the cup-shaped YFP-PpAtg8 fluorescence
but did have YFP-PpAtg8 puncta (Fig. 4 F). In contrast to CFP-
PpAtg26APBD expression (Fig. 4 E), these puncta colocalized
with CFP-PpAtg26AUBD fluorescence (Fig. 4 F). We conclude
that PpAtg26-dependent ergosterol conversion at the assembly
site of multiple Atg proteins is necessary for maturation and
elongation of the membrane structure to form the MIPA.
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Discussion

The present study examines a novel PI4P-signaling pathway
for the formation of the membrane structures required for
pexophagy. Although our previous study identified PpAtg26 as
a factor necessary for pexophagy and demonstrated the func-
tional importance of its GRAM domain in pexophagy (Oku
et al., 2003), neither the role of Atg26 in the formation of the
membrane structure nor the biochemical function of the GRAM
domain was made clear. Here, we demonstrate that the GRAM
domains of PpAtg26 bind specifically to PI4P. We propose
that the GRAM domain is indeed a phosphoinositide binding
motif that is conserved from yeast to higher eukaryotes. This
finding prompted us to study PI4P signaling during pexophagy.
Indeed, among three PI4Ks (PpPik1, PpStt4, and PpLsb6) pre-
sent in yeast cells, mutations in PpPIK1 and PpLSB6 impair
pexophagy. We consider this direct evidence that PI4P signal-
ing is involved in pexophagy, especially in the formation of the
membrane structure.

The formation of the membrane structure during pexophagy
involves three distinct steps (Fig. 4 A): (1) PI4P (predomi-
nantly synthesized by PpPikl) concentrates in the nucleation
complex, where multiple Atg proteins (including lipidated
PpAtg8) assemble; (2) PpAtg26 is recruited to the nucleation
complex through an interaction between PI4P and the GRAM
domain; and (3) sterol conversion at the nucleation site triggers
elongation and maturation of the membrane structure. Although
the maturation and elongation of the membrane structure are
defective in the PI4K or PpAtg26 mutant strains, many Atg pro-
teins, except PpAtg26, assembled at the peroxisomal surface
normally. In contrast, in S. cerevisiae strains deficient in the PI3
kinase (Vps34) complex (Suzuki et al., 2001), the nucleation
step of autophagosome formation is impaired, and there is a
marked deficiency in the localization of multiple Atg proteins at
the PAS (Noda et al., 2002; Farre and Subramani, 2004). For
example, we observed multiple YFP-PpAtg8 puncta dispersed
in the cytosol of the Ppvps15 mutant (unpublished data) in con-
trast to a single punctum in the Pppikl mutant, suggesting that
proper formation of the MIPA precursor at the peroxisomal sur-
face requires PI3P signaling. These findings support a nucle-
ation and elongation/maturation model of autophagosome
assembly (Noda et al., 2002; Farre and Subramani, 2004). We
propose that each step of the de novo membrane formation during
pexophagy is regulated by two distinct phosphoinositides—
PI3P and PI4P.

To date, most of the molecular events exerted by PI4P sig-
naling in yeast cells are related to the Golgi apparatus (Walch-
Solimena and Novick, 1999; Sciorra et al., 2005). The absolute
requirement of PpPikl for MIPA formation implicates lipid/
membrane flow from Golgi-related compartments during the
de novo membrane structure synthesis. Previous studies on
other autophagic pathways demonstrate the contribution of the
early secretory pathway (involving ER and Golgi) in autophago-
some formation (Hamasaki et al., 2003; Reggiori et al., 2004).
In addition, Tlg2, a syntaxin homologue Tlg2 that shuttles
between the late Golgi and the endosomal membrane, is
involved in a specific autophagic cytosol to the vacuole targeting



pathway for aminopeptidase I biogenesis (Abeliovich et al.,
1999). Our results also support the possibility that PI4P (possibly
together with other lipids) flows from the early secretory path-
way to the nucleation site to form membrane structure.

In contrast to the evidence implicating PpPik1 in pexophagy,
the role of PpLsbb6 is not established. The Pplsb6 mutant has no
abnormalities in the growth rate or endocytosis (deduced by
FM4-64 uptake). How and where PI4P synthesis by PpLsb6
contributes to pexophagy is not clear. However, considering that
the formation frequency of MIPA was reduced in the Pplsb6
mutant (Fig. 2 D), we propose that PI4P produced by PpLsb6 is
transported to the nucleation complex and that this PI4P helps
to recruit PpAtg26 alongside PI4P produced by PpPik1.

Although the expressed GRAM s domain localizes to
the Golgi apparatus as well as to the MIPA (Fig. 3, A and B),
CFP-PpAtg26FL exclusively localized to the MIPA (Fig. 4 B).
We assume that this difference results from the other PpAtg26
regions contributing to the localization of this protein, espe-
cially the PH domain. Our previous study demonstrated that
PpAtg26 resides in a membrane fraction that is resistant to
extraction by Triton X-100, and this property of detergent insol-
ubility is partially dependent on the PH domain (Oku et al.,
2003). Thus, the PH domain may recognize “lipid” rafts within
the target membrane. The concerted actions of both the GRAM
and PH domains may mediate the specific recruitment of
PpAtg26 to the MIPA.

PI4P signaling recruits PpAtg26 to the nucleation com-
plex and culminates with ergosterol conversion at a specific site.
The exact functions of ergosterol conversion in the phenomenon
of membrane elongation are not yet understood. However, our
finding reveals a novel physiological role of sterol as a reaction
substrate required for the formation of a membrane structure.
Also, it is worthwhile to point out the sterol-free characteristics
of autophagosome-like membranes in mammalian cells. Unlike
endosomal membranes, mammalian Atg8 (LC3)-positive isola-
tion membranes, which engulf bacteria, are resistant to the cho-
lesterol binding toxin streptolysin O (Nakagawa et al., 2004).
Although mammalian Atg26 homologues have not been identi-
fied as yet, Dictyostelium discoideum has an Atg26 orthologue
that contains a phosphoinositide binding FY VE domain (Doerks
et al., 2000). These observations may reflect a conserved mech-
anism of de novo membrane formation during the selective
autophagy that is dependent on phosphoinositide signaling and
site-specific sterol conversion.

Materials and methods

Protein-lipid binding experiments

PpAtg26 regions corresponding to aa 196-248 (rGRAM-PH), aa 586-642
(GRAMag26), and the HsMim 1 region (aa 29-97; GRAMym1) were gener-
ated by PCR amplification. The amplified fragments were cloned into the
pGEX6P-1 vector (GE Healthcare) to produce fusion proteins with GST and
YFP. Point mutations of the tyrosine residue at position 57 of GRAMag26
with a proline residue (Y57P) and the leucine residue at position 59 of
GRAMuym1 with a proline residue (L59P) were made with the QuikChange
PCR kit (Stratagene). Protein expression in Escherichia coli Rosetta DE3
cells (Novagen) was induced with 0.5 mM IPTG at 20°C for 6 h. Expressed
proteins were purified using glutathione Sepharose 4B (GE Healthcare)
according to the manufacturer’s instructions, except that DTT and Triton
X-100 were omitted from the procedures. The glutathione-eluted samples

were dialyzed against HBS buffer (10 mM Hepes and 150 mM NaCl, pH
adjusted to 7.4) and used as a purified fusion protein in the subsequent
assays. The protein lipid overlay assays were done with PIP Strips (Echelon
Biosciences) using 1 pug/ml of the purified proteins in accordance with the
manufacturer’s instructions. Surface plasmon resonance analysis was done
using a BIACORE 2000 system and Sensor chip L1 (Biacore). Liposome
samples (1 mg/ml total lipid concentration) containing 60% (wt/wi) phos-
phatidylcholine, 19% (wt/wt) phosphatidylserine, 19% (wt/wt) cholesterol,
and 2% (wt/wt) phosphoinositide were prepared by sonication (the lipids
were purchased from Sigma-Aldrich). The sensor chip was coated with
3,000 RU of liposome and then coated with another 3,000 RU of liposome
that lacked phosphoinositides. Samples containing 10-40 ML/ml of the
purified GRAMayg2¢ fusion protein were applied to the chip, and the results
were analyzed with BlAevaluation 3.0 (Biacore). The dissociation constants
(K4 values) were determined from three independent experiments.

Generation of the PI4K mutants and determination

of intracellular PI4P content

To generate the Pppik] and Ppstt4 mutant strains, 1-kb fragments within
both P. pastoris kinase genes (available from GenBank/EMBL/DDBJ under
accession nos. AB220683 and AB221015) encoding their COOH-terminal
regions were cloned into pPICZ-A (Invitrogen). Point mutations were then
infroduced using the QuikChange PCR kit. The plasmids were linearized
and introduced into wildtype YAPOOO4 genome (Ano et al., 2005), resulting
in the genomic replacement of PpPIK1and PpSTT4 by the mutated ORFs,
the COOH-terminal region of PpPik 1S994F and PpStt4S1816F, respectively.
To generate the Pplsbé strain, the Pstl-Bglll fragment of the PpLSB6 ORF
(available from GenBank/EMBL/DDBJ under accession no. AB220684)
was cloned into pPICZ-A (Invitrogen). The resultant plasmid was digested
with SnaBl and introduced into the YAPOOO4 strain genome to produce
cells carrying two truncated forms of PpLSB6. To induce pexophagy, all of
the prepared mutant strains were cultured for 15 h in synthetic methanol
medium (0.75% methanol, 0.75% yeast nitrogen base without amino
acids [Difco], and 100 mg/| auxotrophic amino acids) containing
0.37 MBq/ml 3Hlabeled myo-inositol (GE Healthcare) and shifted to
glucose medium (2% p-glucose, 0.75% yeast nitrogen base without amino
acids, and 100 mg/| auxotrophic amino acids) for 1 h. After the cells
were harvested, total lipid was extracted, deacylated with methylamine,
and analyzed by HPLC according fo the procedure described in a previous
study (Stolz et al., 1998).

Subcellular fractionation assay

3 pg of each of the purified GRAMayg2s fusion proteins used in the protein—
lipid binding experiments was incubated at 4°C for 14 h with a 100,000 g
pellet fraction (equivalent to 0.4 mg protein) of the PPM5011 strain
(Mukaiyama et al., 2002) cell homogenate expressing HA-tagged PpAig8.
Subsequent ultracentrifugation was done essentially as described previ-
ously (Noda et al., 2000), except that 40 mM NaF was added to the lysis
buffer. Each fraction was subjected to immunoblot analysis. The primary
antibodies used for immunoblotting were as follows: the GRAM domains were
detected with an anti-GFP rabbit polyclonal antibody (1:3,000; Invitrogen),
the PpAtg8 with an anti-HA mouse monoclonal antibody (1:1,000;
Boehringer), and Kex2 with an anti-Kex2 goat polyclonal antibody
(1:1,000; Santa Cruz Biotechnology, Inc.). The ECL system was used for
secondary detection (GE Healthcare), and bands were analyzed with
MetaMorph imaging software (Universal Imaging Corp.).

Alcohol oxidase assay
The alcohol oxidase assay and fluorescence microscopy were done as
described previously (Mukaiyama et al., 2004).

Fluorescence microscopy and image acquisition
Fluorescently labeled yeast cells were examined immediately after
sampling under a fluorescence-inverted microscope (IX70; Olympus)
equipped with a Uplan Apo 100x/1.35 oil iris objective lens using
mirror/filter units UMWIG (Olympus) for FM 4-64, U-MF2 (Olympus) filter
set (XF114-2; Omega Optical, Inc.) for CFP, and U-MF?2 filter set (XF104-2;
Omega Optical, Inc.) for YFP. Image data were captured with a charged-
coupled device camera (SenSys; PhotoMetrics) using MetaMorph. 4.6 and
were saved as Photoshop files (Adobe) on a computer (Endeavor MT-4500
[Epson] with Windows [Microsoft]). The TIFF image files were transferred to
another computer (G5; Macintosh), and the images were optimized for
their contrast on Photoshop CS2 and compiled on Illustrator CS2 (Adobe).
In order to observe the localization of GRAMag2s in mammalian
CHOK1 cells, a plasmid derived from pTRE2hyg vector (CLONTECH Lab-
oratories, Inc.) harboring a DNA fragment encoding YFP-GRAMag24 wass
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introduced into CHO-K1 Tet-On Cell Line (CLONTECH Laboratories, Inc.).
Affer successive selection with hygromycin for transfected cells, doxycy-
cline (CLONTECH Laboratories, Inc.) was applied at 1 ug/ml and incu-
bated for 48 h to induce the expression of the fusion protein. The cells were
subsequently incubated for T h with BODYPY TR C5-ceramide complexed
to BSA (Invitrogen) in the presence of 5 uM ceramide. A confocal micro-
scope (LSM510 META; Carl Zeiss Microlmaging, Inc.) equipped with
a multiline (458, 477, 488, and 514 nm) argon ion visible lasers along
with a 63X Plan-Apochromat NA 1.4 oil immersion (Carl Zeiss Micro-
Imaging, Inc.) was used for observation of CHO cells.

The frequency of MIPA formation was determined by counting the
number of cup-shaped images after YFP-PpAtg8 labeling. These values
were normalized to the number of peroxisome grains labeled with CFP
in the same observation area. The presented values are the mean from
three separate experiments (where each count included >100 cells). CFP
and NHyterminal 1-kb PpPik1 fragments were cloned into the plB2
expression vector that carried a (Ala);Gly-Ser linker sequence between
the two ORFs to express the CFP-PpPik1 under glyceraldehyde-3-phosphate
dehydrogenase (GAP) promoter. The resultant plasmid was excised with
EcoRV and then introduced into the P. pastoris SA1017 strain (containing
YFP-PpAtg8) to replace the NHy-terminal region of the genomic PpPIK1.
The full-length PpLSB6 ORF fused to CFP in the plB2 expression vector
was also introduced into the P. pastoris SAT017 strain to visualize
PpLSB6. PpAtg5-CFP was expressed under the control of its own pro-
moter cloned into pHM 100 (Mukaiyama et al., 2004), and PpAtg16-CFP
was expressed under the control of the GAP promoter. The plasmids
encoding CFP-fused PpAtg26 and its domain-deleted derivatives were
constructed in the CFP-cloned plB4 expression vector (with alcohol
oxidase promoter) as follows: PpAtg26FL, full-length ORF; PpAtg26APBD,
ORF lacking the region corresponding to aa 196-652; PpAtg26AUBD,
ORF lacking the region for aa 1085-1113 (all the domain deletions
were generated with the QuikChange PCR kit). Each deletion construct
was expressed in a YFP-PpAtg8-harboring strain whose endogenous
PpATG26 had been disrupted by the method described previously
(Oku et al., 2003).

Detection of sterol glucoside

The lipid extraction from 100 OD unit cells of each strain was done by the
Bligh-Dyer method, and the thin-layer chromatography was performed as
described previously (Warnecke et al., 1999). Sterol glucoside was de-
tected by spraying 2% (wt/vol) 5-methylresorcinol in 2N sulfuric acid.

Online supplemental material

Fig. S1 shows the image of YFP-GRAMpygs fluorescence along with
that of a Golgi-specific marker. Fig. S2 shows the images of fluores-
cence from CFP-PpAtg26 variants along with YFP-PpAtg8 fluorescence.
Fig. S3 provides the result of thinlayer chromatography of the total
lipid extract from the CFP-PpAtg26 variantharboring strains used in
Fig. 4. Online supplemental material is available at http://www.jcb.

org/cgi/content/full/jcb.200512142/DC1.
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