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We characterized  phosphoinosi-
tide binding of the S. cerevisiae
PROPPIN Hsv2 qualitatively with den-
sity flotation assays and quantitatively
through isothermal titration calorimetry
(ITC) measurements using liposomes.
We discuss the design of these experi-
ments and show with liposome flotation
assays that Hsv2 binds with high speci-
ficity to both PtdIns3P and PtdIns(3,5)
P,. We propose liposome flotation assays
as a more accurate alternative to the
commonly used PIP strips for the char-
acterization of phosphoinositide-bind-
ing specificities of proteins. We further
quantitatively characterized PtdIns3P
binding of Hsv2 with ITC measure-
ments and determined a dissociation
constant of 0.67 uM and a stoichiometry
of 2:1 for PtdIns3P binding to Hsv2.
PtdIns3P is crucial for the biogenesis of
autophagosomes and their precursors.
Besides the PROPPINs there are other
PtdIns3P binding proteins with a link
to autophagy, which includes the FYVE-
domain containing proteins ZFYVE1/
DFCP1 and WDFY3/ALFY and the
PX-domain containing proteins Atg20
and Snx4/Atg24. The methods described
could be useful tools for the characteriza-
tion of these and other phosphoinositide-
binding proteins.

1. Introduction

Phosphoinositides  (PtdIns-phosphates)
constitute less than 1% of cellular lipids,
but are key players in membrane traffick-

ing processes. Their various isoforms are
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enriched in different cellular membranes,
and phosphoinositides are markers to
define the identities of membranes by inter-
acting with phosphoinositide-recognizing
effector proteins.! One phosphoinositide
effector class is the PROPPPIN protein
family.>®> PROPPINs (B-propellers that
bind polyphosphoinositides) interact with
PtdIns3P and PtdIns(3,5)P, dependent
on a conserved FRRG motif.>*> We and
others recently determined the structure
of the PROPPIN Hsv2 (homologous with
swollen vacuole phenotype 2).°® The
FRRG motif is localized on the circumfer-
ence of the B-propeller, and each arginine
points to one of the two phosphoinositide-
binding sites. Our isothermal titration
calorimetry (ITC) measurements with
PtdIns3P-containing  liposomes  con-
firmed the 2:1 binding stoichiometry for
PtdIns3P binding to PROPPINGs.
PtdIns3P binding of PROPPINs is a
requirement for their functions in auto-
phagy. The three yeast PROPPINS, Atgl8,
Atg21 and Hsv2, are highly homologous,
but differ in their autophagic subtype spec-
ificities. Atgl8 is a core autophagy protein
and thus required for macroautophagy,
the cytoplasm-to-vacuole targeting (Cvt)
pathway and piecemeal microautophagy
of the nucleus (PMN).**'? Atg21 is needed
for the Cvt pathway and PMN, whereas
for Hsv2 only a requirement for efficient
PMN has been reported, and its precise
function remains unclear.>'"'2 PtdIns(3,5)
P, binding of Atg18 is linked to a nonauto-
phagic function at the vacuole, where it is
involved in vesicular transport from the
vacuole to the Golgi, and in regulation of
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Figure 1. Liposome size distribution obtained by FFF-MALLS. The number size distributions (P ) portrayed as geometric radii (R) of (A) 2% PtdIns3P-
containing SUVs and (B) 2% PtdIns3P-containing LUVs are displayed, confirming the size homogeneity of liposome preparations. Large errors in the
determination of the size toward the low end of the elution profile are characteristic at these size ranges and are not computed by the software.

the Fabl-containing PtdIns3P 5-kinase

complex.?131

Both  phosphoinositide
binding sites of Atgl8 are also required for
normal vacuolar morphology.®

Probing the lipid-binding specificity
of a phosphoinositide effector protein is
an initial step in its characterization. The
simplest procedure is a protein lipid overlay
assay, where pure phosphoinositides and
other lipids are spotted on nitrocellulose
membranes. After incubation with iso-
lated proteins, the membranes are treated
similar to immunoblots. Commercially
available PIP strips (Echelon Biosciences
Inc.) contain all seven naturally occurring
phosphoinositides. However, a major dis-
advantage of protein lipid overlay assays
is the frequent detection of interactions,
which cannot be reproduced with other
methods.® For example, in a genome-
wide analysis of pleckstrin homology
(PH) domains in S. cerevisiae, 27 of 33 PH
domain-containing proteins bound phos-
phoinositides in dot blot assays. However,
binding could be verified for only 10 out of
these 27 proteins by alternative methods.'®

Other techniques to characterize pro-
tein-phosphoinositide  binding include
surface plasmon resonance measurements,
where liposomes are immobilized on a
chip, Forster resonance energy transfer-
based liposome binding assays, reflecto-
metric interference spectroscopy and I'TC
measurements as later shown here.®”?
The equipment needed for these meth-
ods is not available in every laboratory.

www.landesbioscience.com

Here, we describe how liposome flotation
assays are a viable alternative to probe
phosphoinositide-binding specificities of
proteins, requiring only an ultracentri-
fuge. An additional advantage of using
liposomes is that protein binding can be
probed at low phosphoinositide concen-
trations, which more resembles the in vivo
situation, unlike the PIP strips, where pure
phosphoinositides are spotted on a nitro-
cellulose membrane resulting in a high
local concentration of lipids. We used S.
cerevisiae Hsv2 as an example to probe its
phosphoinositide binding specificity.
1.1 General

preparation and

guidelines for the
characterization of
liposomes. Lipid stock solutions were
prepared with chloroform (see section
3.2 for details). Phosphatidylcholine
(PC), phosphatidylethanolamine (PE),
phosphatidylserine  (PS), the
(PtdInsP)
Texas-Red-phosphatidylethanolamine

phos-
phoinositide isoforms and
(Texas-Red-PE) were used for the prepara-
tion of small unilamellar vesicles (SUVs).
Individual lipids were added in the desired
w/w ratio yielding a total of 1 mg lipids
and air-dried. We routinely add 2% (w/w)
Texas-Red-phosphatidylethanolamine
(Texas-Red-PE) to our preparations to
visualize the liposomes. Dried lipids were
resuspended in 150 pl HPI150 buffer
(150 mM KCI, 20 mM HEPES pH 7.4)
supplemented with 3% (w/v) sodium cho-
late, loaded onto a self-packed Sephadex
G-50 gel filtration column and eluted
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with HP150 buffer.” Colored fractions
containing the liposomes were pooled and
kept at 4°C.

Large unilamellar vesicles (LU Vs) were
prepared by mixing of the respective lipids
with a total weight of 1 mg lipids per prep-
aration. After air drying, the lipid mixture
was resuspended in 1 ml HP150 buffer.
The lipid suspension was then applied to
an extruder using polycarbonate mem-
branes with pore sizes of first 0.4 pm and
then 0.1 pm.

We characterized the size distributions
of both SUVs and LUVs composed of
2% PtdIns3P, 73% PC, 23% PE and 2%
Texas-Red-PE with field-flow fraction-
ation coupled to multi-angle laser light
scattering (FFF-MALLS) measurements.
With this technique, liposomes of differ-
ent sizes are first separated according to
their diffusion properties (which is related
to size, see reference 18 for an in-depth
description) followed by conventional
static light scattering analysis on mono-
disperse fractions or bins for absolute size
determination. These bins are then com-
piled to determine the entire size distribu-
tion of the liposome sample.

2% PtdIns3P-containing SUVs were
homogeneous in size and the average geo-
metric radius was 18 nm (Fig. 1A). This
value is in agreement with an average
radius of 18 nm determined by electron
microscopy measurements of SUVs, pre-
pared with the same protocol.”” In com-
parison, the 2% PtdIns3P-containing
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LUVs have radii in the range of 60 nm
(Fig. 1B). A diameter of around 100 nm
was reported earlier for LUVs prepared
with this protocol also using FFF-MALLS
measurements for size determination.?’

These liposomes can be used without
any phospholipid quantification for flota-
tion assays. However, for the ITC analysis
the precise phosphoinositide concentra-
tions must be known. We calculate the
phosphoinositide  concentration  from
the total phosphate concentration of the
liposome-containing solution. We assume
that all lipids used for liposome prepara-
tion are homogeneously incorporated. For
phosphate concentration determination,
samples are first treated with perchloric
acid and heated to 300°C for 2 h in order
to convert the organic bound phosphate
to free phosphate before quantification
with the phosphomolybdate method as
described in detail in section 3.3.%' Since
we know the weight ratio of the indi-
vidual lipids, their molecular weights
and the number of phosphorus atoms per
phospholipid, the total phosphoinositide
concentration present can be calculated.
Assuming that the lipids are symmetri-
cally distributed in the lipid bilayer, then
60% of the phosphoinositides are local-
ized in the outer leaflet of small unila-
mellar vesicles with an average radius of
20 nm, and are accessible for protein bind-
ing. In LUVs 50% of phosophoinositides
are present on the surface.

1.2 Liposome flotation assays. SUVs
and Hsv2 were mixed and overlaid with
a noncontinuous Nycodenz gradient and
a buffer layer on top. The sample was then
spun at 55,000 rpm (275,000 x g) for
90 min. During centrifugation the lipo-
somes migrate to the top buffer layer. If
the protein binds to the liposomes, the
protein will comigrate in the top buffer
layer, but will remain in the lower frac-
tions of the gradient if no binding occurs.
After centrifugation, samples were taken
from the gradient and analyzed with
immunoblotting.

However, care must be taken with
the lipid composition of liposomes to
avoid nonspecific interactions of the
protein with negatively charged phos-
pholipids.” Therefore, we first identified
conditions where binding of Hsv2 to
liposomes does not occur in the absence

772

of phosphoinositides. For that purpose,
liposomes containing different PS concen-
trations were prepared and probed both
with wild-type Hsv2 and Hsv2FTT¢, where
the conserved FRRG motif is mutated
and which served as a negative control.
For SUVs containing either 10% (w/w)
or 20% PS binding of both Hsv2 and
Hsv2FTT¢ was observed due to nonspecific
electrostatic interactions. In contrast, nei-
ther Hsv2 nor Hsv2 TG bound to neutral
liposomes composed of 75% PC, 23% PE,
2% Texas-Red-PE (Fig. 2A).

We then added increasing amounts of
PtdIns3P and tested binding of Hsv2 and
Hsv2FTT6, At 1% and 2% PtdIns3P only
Hsv2 specifically bound to liposomes,
whereas at concentrations of 5% PtdIns3P
and 10% PtdIns3P Hsv2" S also bound,
indicating binding due to nonspecific
electrostatic interactions (Fig. 2B).

In order to analyze whether differences
in membrane curvature might have an
effect on PtdIns3P binding of Hsv2 we
also performed liposome flotation assays
with LUVs. We tested the same lipid
compositions with increasing PtdIns3P
concentrations as for the SUVs described
above. For the LUVs 5% PtdIns3P was
required for complete binding of wild-
type Hsv2 and no nonspecific binding of
the Hsv2"'6 mutant was detected even
at 10% PtdIns3P (Fig. 2C). To exclude
concentration-dependent  effects  due
to different liposome concentrations in
solution, the experiments were repeated
with 1% PtdIns3P-containing LUVs and
SUVs preparations having the same sur-
face PtdIns3P concentrations in solution
(Fig. 2D). The accessible PtdIns3P con-
centrations were derived from total phos-
phate concentration determinations done
for both SUVs and LUVs preparations.
SUVs and LUVs were diluted so that pro-
tein liposome mixtures used for flotation
assays contained 0.2 wM wild-type Hsv2
and 4.7 pM surface accessible PtdIns3P,
respectively. Complete binding for Hsv2
to 1% PtdIns3P-containing SUVs was
observed, whereas most of the protein did
not bind to the 1% PtdIns3P-containing
LUVs, which is consistent with the pre-
vious measurements. The differences in
PtdIns3P concentration-dependent bind-
ing of Hsv2 to SUVs and LUVs might be
due to the fact that head groups are more

Autophagy

readily accessible in the more strongly
curved SUVs so that complete binding is
achieved at lower PtdIns3P concentrations
in comparison to LUVs.

Hsv2 was purified without reducing
agents. The protein contains eight cyste-
ines, which might become oxidized; there-
fore, we also performed flotation assays in
the presence of B-mercaptoethanolasacon-
trol. The protein liposome mixtures were
incubated with 2 mM B-mercaptoethanol
for 30 min at room temperature before
addition of the Nycodenz gradient. Both
wild-type and Hsv2FTT¢ proteins behaved
the same as in the absence of reducing
agents (Fig. 2E).

Once conditions have been estab-
lished where nonspecific binding does
not occur, one can readily test mutants
for phosphoinositide binding with lipo-
some flotation assays. In an earlier study
we used 2% PtdIns3P-containing SUVs
to probe Hsv2 mutants where residues in
the phosphoinositide binding sites 1 or 2
were mutated, and identified conserved
residues essential for PtdIns3P binding in
both sites.® Here, we show that liposome
flotation assays can also be used to probe
the phosphoinositide-binding specificity
of Hsv2. For this purpose SUVs were pre-
pared containing 1% (w/w) of any of the
seven naturally occurring phosphoinositi-
des, 74% PC, 23% PE, 2% Texas-Red-PE
and tested for binding of Hsv2. Hsv2
interacts with PtdIns3P and PtdIns(3,5)
P, (Fig. 3).

Phosphoinositide binding of Hsv2 has
been characterized previously with PIP
strips  (Echelon Biosciences Inc.), and
two groups reported different observa-
tions. For maltose binding protein-tagged
Hsv2 strong binding to PtdIns3P, weaker
binding for PtdIns4P and PtdIns5P, and
a very weak signal for PtdIns(3,5)P,
were reported.’” We previously analyzed
binding of GST-Hsv2 to PIP strips and
observed strong signals for both PtdIns3P
and PtdIns(3,5)P, and weaker signals for
PtdIns4P, PtdIns5P and PtdIns(3,4)P,.°
In contrast, in the liposome flotation assays
described here we observed specific bind-
ing of Hsv2 to PtdIns3P and PtdIns(3,5)
P, but not to the other isoforms.

1.3 Isothermal titration calorimetry.
We quantitatively analyzed PtdIns3P
binding of Hsv2 with ITC measurements.
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Figure 2. Optimization of liposome lipid composition. (A) Hsv2 and Hsv2f™ bound nonspecifically to SUVs containing either 10% or 20% PS. Both
proteins did not interact with neutral liposomes consisting of 0% PS, 75% PC, 23% PE, 2% Texas-Red-PE. (B) PtdIns3P was added stepwise to neutral

SUVs consisting of PC, PE and Texas-Red-PE (x% PtdIns3P, (75-x)% PC, 2% Texas-Red-PE, 23% PE). At 1

somes, whereas at a PtdIns3P concentration of 5% and above both wild-type and mutant Hsv2 bound nonspecifically. (C) PtdIns3P concentration was
gradually increased in LUVs (x% PtdIns3P, (75-x)% PC, 2% Texas-Red-PE, 23% PE). Wild-type Hsv2 bound completely to 5% and 10% PtdIns3P-contain-
ing LUVs. Hsv2F™ did not bind to LUVs. (D) 1% PtdIns3P-containing SUVs and LUVs with the same PtdIns3P accessible surface concentration in solution

were used for flotation assays. (E) Binding of wild type and Hsv2 ™™ to 1% PtdIns3P-containing SUVs
2 mM B-mercaptoethanol.

% and 2% PtdIns3P only Hsv2 bound to the lipo-

was analyzed for samples treated with

Here the ligand is added stepwise to the

top bottom . .
‘ interaction partner and heat released or
PtdIns3P - G absorbed as a result of binding is recorded.
Ptdins4P - The dissociation constant, .stoi'chiometry,
enthalpy and entropy of binding can be
PtdIns5P L e determined with this method. We first
P performed ITC measurements with the
Ptdins(3,4)P, g water soluble short fatty acid chain ana-
Ptdins(3,5)P, Py lﬁ)g c.iibutano?rl-I?tdInSBP. During these
titrations no significant heat changes were
Ptdlns(4,5)P2 — e detected and a very similar curve was
.- . observed when buffer was titrated into
Ptdins(3,4,5)P; [ buffer in a control experiment (Fig. 4A).

We concluded that Hsv2 does not bind to
dibutanoyl-PtdIns3P freely in solution.

Figure 3. Pl binding specificity of Hsv2. Lipo-
some flotation assays were done with SUVs
containing one of the seven phosphoinosit-
ide isoforms (1% phosphoinositide, 74% PC,
23% PE, 2% Texas-Red-PE).

We then performed ITC measure-
ments with Hsv2 and SUVs as used in the
flotation assays. The liposomes were com-
posed of 2% PtdIns3P, 73% PC, 23% PE,
2% Texas-Red-PE in HP150 buffer. Hsv2
(concentration range of 50-90 wM) was

titrated into liposomes with an accessible

www.landesbioscience.com Autophagy

PtdIns3P concentration range of 5 to
10 wM. During these measurements large
enthalpy changes were observed during
the first titration steps, which decreased
until saturation was reached (Fig. 4B).
We determined a dissociation constant
K, of 0.67 + 0.02 pM and a stoichiom-
etry of 0.50 + 0.03 for Hsv2 binding to
PtdIns3P, showing that Hsv2 has two
PtdIns3P binding sites.® The enthalpy for
binding is -18.4 + 0.8 kcal/mol. Values are
the average from four measurements and
SEM are given.

We also tried ITC measurements with
LUVs composed of 2% PtdIns3P, 73%
PC, 23% PE, 2% Texas-Red-PE. During
observed enthalpy
changes, but samples precipitated dur-
ing the titrations (Fig. 4C). We assume
that stirring of the sample during ITC
measurements lead to precipitation of
the LUVs. In contrast no precipitation

measurements  we
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Figure 4. ITC measurements with Hsv2. (A) Titration of dibutyl-PtdIns3P into Hsv2 (black line). Red trace shows the control experiment where buffer is
titrated into buffer. (B) Titration of Hsv2 into 2% PtdIns3P-containing SUVs (black line). Red line shows titration of buffer. (C) Titration of Hsv2 into 2%
PtdIns3P-containing LUVs (black trace). Hsv2 binds to the liposomes, but LUVs were prone to precipitation. As a control, buffer was titrated into buffer

occurred during ITC measurements with
the SUVs.

A likely explanation as to why Hsv2
only interacts with membrane-incorpo-
rated PtdIns3P is the requirement of loop
6CD for membrane association. Deletion
and replacement of loop 6CD with a
GS-linker in K. lactis Hsv2 (KIHsv2>°-
274GSGSGS) abolishes membrane binding.” In
line with these data, loop 6CD inserts into
the membrane in our model for membrane
binding of PROPPINs based on docking
studies with PtdIns3P and PtdIns(3,5)P,.5

Hsv2 localizes to perivacuolar puncta
and endosomes in yeast, and is required
for efficient PMN, but no other functions
are yet known for the protein.?> Here we
showed that Hsv2 binds with high speci-
ficity to both PtdIns3P and PtdIns(3,5)
P, with liposome flotation assays, and our
ITC measurements proved the 2:1 bind-
ing stoichiometry for PtdIns3P binding
of PROPPINs. We conclude that the ITC
measurements using SUVs and liposome
flotation assays described here are use-
ful tools to characterize phosphoinositide
binding of PROPPINs that can also be
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applied to other phosphoinositide-binding

proteins.

2. Materials
The following lipids were pur-
chased from Avanti DPolar Lipids:
PC: L-a-phosphatidylcholine  from
egg, chicken (840051P); PE: L-a-
phosphatidylethanolamine from

brain, porcine (840022P); PS: L-o-
phosphatidylserine from brain, porcine
(840032P); 18:1 PtdIns3P: 1,2-dioleoyl-
sn-glycero-3-phospho-(1'-myo-inositol-
3'-phosphate) ~ (850150P);  PtdIns4P:
L-a-phosphatidylinositol-4-phosphate
ammonium salt from brain, porcine
(840045P); 18:1 PtdIns5P: 1,2-dio-
leoyl-sn-glycero-3-phospho-(1'-myo-
inositol-5'-phosphate) ammonium salt
(850152P); 18:1 PtdIns(3,5)P,: 1,2-dio-
leoyl-sn-glycero-3-phospho-(1'-myo-
inositol-3',5"-bisphosphate) ~ ammonium
sale  (850154P); 18:1  PrdIns(4,5)P,:
1,2-dioleoyl-sn-glycero-3-phospho-(1'-
myo-inositol-4',5"-bisphosphate) ammo-
nium sale (850155P); 18:1 PtdIns(3,5)

Autophagy

P,: 1,2-dioleoyl-sz-glycero-3-phospho-(1'-
myo-inositol-3',5"-bisphosphate) ammo-
nium salt (850154P); 18:1 PtdIns(3,4,5)
P 1,2-dioleoyl-sn-glycero-3-phos-
pho-(1'-myo-inositol-3',4",5"-trisphos-
phate) ammonium salt  (850156P).
Texas-Red-PE:  1,2-dihexadecanoyl-sn-
glycero-3-phosphoethanolamine, triethyl-
ammonium salt (T-1395MP) was bought
from Life Technologies. Dibutanoyl phos-
phatidylinositol-3-phosphate  was
chased from MoBiTec (P3004-EC).

Preparations of liposomes were done
with the following chemicals: chloroform
(Merck, 1.02445.1000), sodium cholate
(Sigma Aldrich, C1254), Sephadex G-50
(Sigma Aldrich, G5050) and Nycodenz
(Progen, 1002424).

NaH, PO, (Sigma Aldrich, S-0751),
H,SO, (Merck, 1.00731), HCIO,
(AppliChem, A0539), ammonium molyb-
date (Sigma Aldrich, 09880) and 0.12%
(w/v) Triton X-100 (Sigma Aldrich,
X100RS) were used for measuring phos-
phate concentrations.

An Akta Purifier 10 (GE Healthcare,
28-4062-64), a 5 ml GSTrap FF

pur-
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column (GE Healthcare, 17-5131-01)
and a Superdex 75 16/60 column (GE
Healthcare, 28-9893-33) were used for
protein purification. For cleavage of GST-
tag thrombin (MP Biomedicals, 154163)
was used. Lysis of E. coli for protein puri-
fication was done with a microfluidizer
M-110L (Microfluidics Corporation).
Large unilamellar vesicles were pre-
pared with a Mini-extruder (Avanti
Polar Lipids, 610000) using polycarbon-
ate membranes with pore sizes of 0.4
pm (Whatman, 800282) and 0.1 pm
(Whatman, 800309). For the liposome
flotation assays a Sorvall Discovery M150
SE analytical ultracentrifuge (Thermo
Scientific) was used with a S55-S swing-
ing bucket rotor (Thermo Scientific,
45594) and 230 wl polycarbonate tubes
(Beckman Coulter, 343775). ITC mea-
surements were done with a VP ITC
MicroCalorimeter (GE Healthcare). FFF-
MALLS measurements were performed
with an Eclipse 2 system connected to a
DAWN EOS multi-angle scattering setup,
both from Wyatt Technology Europe and
an Agilent 1100 series HPLC pump with
an autosampler (Agilent Technologies).

3. Detailed Protocols

3.1 Purification of Hsv2. Full-length
S. cerevisine GST-Hsv2 was expressed
from pGEX-4T-3 in E. coli BL21 (DE3).
Bacteria were grown in 4.5 L ZYM-5052
auto-inducing medium for 3 h at 37°C
and then 22°C overnight?® After har-
vesting, cells were resuspended in 60 ml
standard buffer (300 mM NaCl, 30 mM
HEPES pH 7.0). Standard buffer was
used for all purification steps. Bacteria
were lysed in a microfluidizer M-110L
(Microfluidics Corporation) and spun
at 14,000 rpm for 1 h at 4°C to remove
cell debris. Supernatant was loaded onto a
5 ml GSTrap FF column previously
equilibrated with at least 5 column vol-
umes (CV) of standard buffer. After load-
ing the supernatant fraction the column
was washed with 20 CV standard buffer.
GST-Hsv2 was eluted with 5 CV standard
buffer supplemented with 20 mM gluta-
thione. To cleave off the GST tag, 200
wl of 1 U/l thrombin was added to the
protein and dialyzed against 1 L standard
buffer overnight at 4°C. Dialyzed sample
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was reapplied onto the GSTrap FF col-
umn to remove free GST and uncleaved
protein. Hsv2 was then concentrated to a
volume of approx. 5 ml and loaded onto
a Superdex 75 16/60 column. Purified
Hsv2 was concentrated, aliquoted and
flash frozen in liquid nitrogen, and stored
at -80°C.

3.2 Liposome preparation. Stock solu-
tions of the lipids were prepared with
chloroform: 10 mg/ml PC, 25 mg/ml PS,
25 mg/ml PE, 1 mg/ml Texas-Red PE,
1 mg/ml PtdIns3P, 1 mg/ml PtdIns4P,
1 mg/ml PtdIns5P, 1 mg/ml PtdIns(3,5)
P,, 1 mg/ml PudIns(3,4)P,, 1 mg/ml
PtdIns(4,5)P,, 1 mg/ml PtdIns(3,4,5)P,
and stored at -20°C.

Small unilamellar vesicles were pre-
pared by adding the individual lipids in
the desired w/w ratio yielding a total of
1 mg lipids in a 2 ml microcentrifuge
tube. We routinely add 2% (w/w) Texas-
Red-PE to stain the liposomes. The lipids
are air-dried to evaporate the chloroform.
Dried lipids are then resuspended in
150 wl HP150 buffer (150 mM KCl,
20 mM HEPES pH 7.4) supplemented
with 3% (w/v) sodium cholate. To remove
the cholate dissolved lipids are loaded onto
a self-packed Sephadex G-50 gel filtration
column (Sigma Aldrich, G5050) with a
column volume of approx. 5 ml and eluted
with approx. 4 ml HP150 buffer. Pink frac-
tions containing the liposomes (approx.
500 pl) are pooled and kept at 4°C.

Large unilamellar vesicles were pre-
pared with a Mini-extruder (Avanti Polar
Lipids, 610000) using polycarbonate
membranes with pore sizes of 0.4 pwm and
0.1 pm. Lipids were mixed and dried in the
same way as for the preparation of SUVs.
Then lipids were directly resuspended in
1 ml HP150 buffer and subjected to the
Mini-extruder with a 0.4 pm membrane
for approx. 25 strokes. In a second step
the membrane was exchanged with a
0.1 wm pore size membrane and another
25 strokes were performed.

3.3 Phosphate concentration deter-
mination. For phosphate concentration
determination, 10 pl of liposomes were
diluted with 90 pl water to yield an
approx. phospholipid concentration of 0.2
mM, then 20 wl of 70% (w/v) HCIO, and
100 1 7.2 M H, SO, are added. The mix-

ture is heated in an open glass test tube at

Autophagy

300°C for 2 h to release the organic bound
phosphate. After cooling to room temper-
ature, 1 ml water is added to the sample to
dissolve the formed phosphate and 100 !
of a solution containing 3% (w/v) ammo-
nium molybdate and 0.12% (w/v) Triton
X-100 is added and mixed. Absorbance
is measured at 660 nm precisely 20 min
after addition of the ammonium molyb-
date solution.

For the preparation of a calibration
curve we use a 0.2 mM NaH_ PO, stock
solution. The measurement points of the
curve range from 0- to 30-nmol phosphate.
For example, for the 5 nmol data point,
25 plof 0.2 mM NaH,PO, are mixed with
20 pl of 70% HCIO,, and 100 wl 7.2 M
H,SO, are added and treated in the same
manner as described for the liposomes.

3.4 Liposome size determination by
field-flow fractionation coupled to multi-
angle laser light scattering. The size dis-
tribution of liposomes can be conveniently
measured by FFF-MALLS. Liposomes of
different sizes are first separated accord-
ing to their diffusion properties, which are
related to size, followed by conventional
static light scattering analysis on mono-
disperse fractions or bins for absolute size
determination.'® These bins are then com-
piled to determine the entire size distribu-
tion of the liposome sample.

Liposome size distributions are mea-
sured essentially as described in references
24, and 25 using an Eclipse 2 system from
Wyatt Technology with exactly the same
FFF chamber specifications and using
0.1 pm filtered buffer as the eluent
[20 mM HEPES, 150 mM KCl, pH 7.4,
0.02% (w/v) NaN,]. The Eclipse system
is connected to a DAWN EOS multi-
angle light scattering setup and an Agilent
1100 series HPLC pump and autosampler.
Briefly, liposomes are diluted 1:50 with
HP150 buffer and injected into the FFF
using the Agilent autosampler (50 wl).
The channel flow is set to 1.0 ml/min and
liposomes are injected with a flow rate
of 0.20 ml/min and concentrated with
a focus flow of 3.0 ml/min for 3 min.
Immediately after focus, liposomes are
fractionated with a cross-flow of 0.75 ml/
min which is reduced linearly to 0 during
the course of 35 min.

Elution of the liposomes is detected by
the DAWN EOS, and the scattering data
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are recorded using the manufacturer’s
ASTRA software. After baseline correc-
tion for detectors 3 through 18, the angle-
dependent light scattering intensities of
the liposome elution fractions are fitted
with the coated-sphere model (real refrac-
tive index = 1.33, coating refractive index
= 145, and coating thickness = 4 nm).
The geometric radius obtained from this
analysis corresponds to the outer diameter
of a spherical liposome. The algorithms
in the ASTRA software are then used to
reconstruct the number size distribution,
that is, the relative number of liposomes
with a given radius R.

3.5 Liposome flotation assays. 30%
and 80% Nycodenz stock solutions are
prepared with HP150 buffer. First, 5 pl
2 wM Hsv2 were mixed with 45 pl of
the liposomes and incubated for 10 min
at room temperature. Then 50 pl 80%
(w/w) Nycodenz (Progen, 1002424) in
HP150 buffer were added and thoroughly
mixed with the protein-liposome sample
in 230-pl thick-walled polycarbonate
tubes (Beckman Coulter, 343775). Next
50 wl of 30% (w/w) Nycodenz in HP150
were overlaid and finally 30 pl HP150
buffer was added as top layer. Samples
are spun at 55,000 rpm (275000 x g) for
90 min at 4°C in a $55-S swinging bucket
rotor (Thermo Scientific) in a Sorvall
Discovery M150 SE analyrtical ultracentri-
fuge (Thermo Scientific). After centrifu-
gation, 30 pl aliquots are taken starting
from the top of the gradient and analyzed
with SDS-PAGE and western blotting.
We used a polyclonal rabbit antibody
raised against a C-terminal peptide from
S. cerevisine Hsv2 (CGE PTR WEL VRE
SWR EL). We used both the primary
anti-Hsv2 antibody and the secondary
goat anti-rabbit IgG HRP-labeled anti-
body (BioRad, 170-6515) in dilutions of
1:5000. Each condition tested was mea-
sured three times.

3.6 Isothermal titration calorimetry
measurements. Mesurements were done
with a VP ITC MicroCalorimeter, which
has a cell volume of 1.8 ml and the syringe
volume is 500 pl. As a rule of thumb, the
concentration of the ligand in the syringe
needs to be approx. 7-10 times higher than
that of the interaction partner in the cell.
Hsv2 was dialyzed against HP150 buffer.
For titrations with the soluble PtdIns3P
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analog dibutanoyl phosphatidylinositol-
3-phosphate (MoBiTec, P3004-EC) was
dissolved in HP150 buffer at a concen-
tration of 50 WM. The concentration of
Hsv2 in the cell was 2 wM. The ligand
dibutanoyl-PtdIns3P was added stepwise
by 20 injections with 15 pl ligand with
a spacing time of 250 sec between injec-
tions. Measurements were done at 25°C.

For titrations with the liposomes,
SUVs were prepared as described above.
Concentrated Hsv2 (concentration range
50-90 wM) was titrated into the lipo-
somes (accessible PtdIns3P concentration
range 5-10 pM) with a first injection
of 3 wl and followed by 19 injections of
15 pl each with a waiting period of
500 sec between injections to reach base-
line level. Data were fitted with a single-
site binding model using the MicroCal
Origin 7.0 software.
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