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Pill and Lspl assemble already during purification of the
proteins, and the resulting filaments likely form when the con-
centration of subunits reaches a critical threshold. Once formed,
the assemblies could remain in dynamic equilibrium with free
subunits, or, alternatively, they could represent stable complexes.
To distinguish between these possibilities, we monitored ex-
change of recombinant Pill subunits between preassembled
complexes. Complexes of Pill labeled with different fluores-
cent dyes appeared as foci in light microscopy images. A dy-
namic equilibrium between free subunits and the assemblies
predicts that subunits exchange between red- or green-labeled
preassembled complexes over time. However, even if we moni-
tored the complexes’ composition after >3 h, no exchange of
labeled subunits occurred (Fig. S1 A). These data indicate that
Pill assemblies are extremely stable in vitro, either as a result of
high binding energy of the subunits to each other or as a result
of a kinetic barrier for disassembly once a complex is formed.

We conclude that Pill and Lspl assemble into stable fila-
mentous structures in vitro. Therefore, the formation of eisosomes
is likely a consequence of intrinsic properties of Pill and Lspl.

Lsp1 filaments have helical symmetry

To understand how Pill and Lsp1 filaments are built, we studied
their structure in their native state by cryo-EM and 3D image re-
construction. We generated a structural model of Lsp1 filaments,
as they are longer and much more ordered than analogous Pill
structures, facilitating their analysis. Tomographic reconstruc-
tions of Lspl filaments display distinct striations (Fig. 1, C and D),
and averaging of overlapping 3D segments along the axis of the
filament shows grooves and ridges on the surface of a left-handed
helix, corresponding to these surface features (Fig.1 E).

In a complementary approach, we used Fourier—Bessel
analysis to reconstruct Lspl helices (DeRosier and Moore,
1970). Classification of segments revealed variation in the Lsp1
filaments, with at least two prominent classes, one being nar-
rower and one being wider (Fig. 1 F and Table S3). Power spec-
tra calculated for these two class averages show two very
different helical symmetries, as manifested by differences in the
position and Bessel order of the layer lines. For example, for the
narrower filament (Fig. 1 F), the first layer line (52) has a Bessel
order of 7, indicating the presence of a seven-start helix, whereas
for the wider filament (Fig. 1 F), the first layer line (45) has a
Bessel order of 8, indicating the presence of an eight-start helix.
3D reconstructions calculated from class averages revealed a
similar helical ordering of subunits (Fig. 1 F) to that seen in the
averaged structure from tomographic data (Fig. 1 E). As these
two computational approaches were fully independent from
each other, they cross-validate the derived structural models.

Pil1 and Lsp1 directly bind PI(4,5)P5-
containing membranes

Pil1-GFP and Lspl-GFP localization to the plasma mem-
brane (Walther et al., 2006; Stradalova et al., 2009) could
be mediated by direct binding to membranes, as observed
for other BAR domain—containing proteins. To test this
hypothesis, we incubated recombinant Pill or Lspl with
liposomes mimicking the lipid composition of the plasma

membrane and analyzed the resulting membrane structures
by negative staining and EM. Fig. 2 A shows that both Pill
and Lsp1 bind liposomes consisting of phosphatidylcholine
(PC; 70 mol %)/phosphatidylserine (PS; 15 mol %) and
phosphatidylethanolamine (PE; 15 mol %) only in the pres-
ence of 1.5% phosphatidylinositol (PI)-4,5, bisphosphate
(PI(4,5)P,) and deform them into long tubules.

To further test the lipid requirements for Pill and Lspl
membrane binding, we incubated the proteins with liposomes
made from PC, PC/PI, or PC/PI(4,5)P,. Even though we ob-
served more abundant tubulation of PI(4,5)P, containing lipo-
somes than of liposomes containing 1.5% PI (Fig. 2 B), binding
of Pill and Lspl is not strictly specific for PI(4,5)P,.

To independently confirm Pill and Lspl membrane bind-
ing, we used a biochemical copurification assay. In floatation
assays, protein complexes never migrated to the top of density
gradients under conditions in which we observed membrane
binding by EM. Therefore, we used cosedimentation of protein
and liposomes, as they copelleted with membranes under such
conditions. The interpretation of these experiments was further
complicated by the self-assembly of Pill and Lsp1. Pill assem-
blies pelleted alone in the absence of liposomes, preventing their
further analysis. In contrast, Lsp1 had a larger soluble pool (>50%
of the protein under the conditions we used), and inclusion of
PI(4,5)P,-containing liposomes shifted all of Lsp1 to the lipo-
some-containing bottom fraction, indicating membrane binding
(86 = 10%; Fig. 2 C). In agreement with our observations by
EM, membrane binding of Lspl was not completely PI(4,5)P,
specific, but some binding also occurred in the presence of PI
(Fig. 2 C) or PI(3P)-containing liposomes (not depicted).

As Pill and Lsp1 are highly homologous, we predict simi-
lar membrane-binding behavior for both proteins. As we could
not analyze Pill by liposome cosedimentation, we used a dif-
ferent assay to test this hypothesis. To detect Pill’s membrane
association, we coupled an environmentally sensitive NBD
(4-nitrobenzo-2-oxa-1,3-diazole) fluorophore to a version of Pill
containing a single cysteine residue at a position likely facing the
membrane (S45C; based on the crystal structure; see Fig. 6 B).
The resulting pil1S45C mutant localized normally, as deter-
mined by fluorescence microscopy in yeast cells expressing
its GFP-tagged derivative (unpublished data). A hydrophobic
environment (e.g., caused by membrane binding) increases the
fluorescence emission of NBD compared with its fluorescence
in aqueous solution. Consistent with membrane binding, NBD-
pil1S45C fluorescence increased 3.8-fold when incubated with
liposomes containing PI(4,5)P, (Fig. 2 D, green emission spec-
trum) compared with the signal of the protein alone (Fig. 2 D,
yellow emission spectrum). In agreement with our observations
by EM, binding was not completely specific for PI(4,5)P,, as we
also observed a mild increase of NBD-pil1S45C fluorescence
upon addition of PI-containing membranes (Fig. 2 D, purple
emission spectrum). However, the increase in NBD-pil1S45C
signal intensity induced by PI-containing liposomes was reduced
in comparison with PI(4,5)P,-containing liposomes (2.1-fold vs.
3.8-fold, respectively; Fig. 2 D). From these data, we conclude
that Pill and Lsp1 directly bind membranes, preferably those
containing PI(4,5)P,.
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Figure 2. Pill and Lsp1 directly bind PI(4,5)P,-containing A
membranes. (A) Pil1 and Lsp1 bind and tubulate PI(4,5)P,-
containing liposomes. Negative staining and EM of
recombinant Pil1 or Lsp1 incubated with liposomes con-
taining PC/PS/PE (70%/15%/15%) or, in addition,
1.5% PI(4,5)P,. (B) Negative-stained samples of recom-
binant Pil1 or Lsp1 incubated with PC liposomes contain-
ing 1.5% Pl or PI(4,5)P,. Insets show magnifications of
Pil1 bound to liposomes. (A and B) Protein-covered mem-
brane tubules are marked with yellow arrowheads. Bars,
100 nm. (C, top) Spin-down experiments of Lsp1 incu-
bated with or without PC liposomes containing 1% PI
or PI(4,5)P, as indicated. Proteins bound to liposomes
appear in the pellet (P). Lsp1 shows higher offinity to
PI(4,5)P, than to PIl. S, supernatant. (bottom) Quantifica-
tion of protein amounts in the pellet fractions from spin-
down experiments represented in a box plot, consisting
of the median (middle of the box), the upper and lower quar-
tile (edges of the box), and whiskers at a 1.5-interquartile
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PI(4,5)P; is required for the formation and
organization of eisosomes in vivo

As Pill and Lspl preferentially bind PI1(4,5)P; in vitro, a reduc-
tion of the plasma membrane—specific PI1(4,5)P, pool may lead
to impaired eisosome localization in vivo. To deplete PI(4,5)P,
from the plasma membrane and to test consequences on eiso-
somes, we used a yeast mutant containing a temperature-sensitive
allele of MSS4 (mss4"), encoding the kinase that converts PI-4-
phosphate (PI4P) to PI(4,5)P,. Inactivation of Mss4 after a tem-
perature shift results in the depletion of PI(4,5)P, from the
plasma membrane (Stefan et al., 2002). Under such conditions
of reduced PI(4,5)P, levels, no Pill-GFP signal remained in an
eisosome pattern in mss4" cells, but, instead, all of the protein
clustered into enlarged structures at the membrane or became
cytosolic (Fig. 3 A). Time-lapse imaging of eisosomes, marked
by Pill1-GFP, suggests that eisosomes progressively detach from
the plasma membrane and aggregate under these conditions
(Videos 1-3). This was specific for cells containing the mss4"”
allele, as we did not observe a similar phenotype in control cells
expressing Pil1-GFP. Depletion of other phosphoinositides, such
as PI4P at the Golgi apparatus in temperature-sensitive pikl/
mutants and PI3P in vps34A cells, did not lead to a comparable
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phenotype (Fig. S1, D and E). We also found that s7t4 mutants
impaired in generating PI4P at the plasma membrane and thus
indirectly impaired in PI(4,5)P, synthesis displayed abnormal
Pill organization, albeit much weaker than mss4 cells (Fig. S1 D).
Moreover, PI(4,5)P, is important for normal plasma mem-
brane domain organization, as PI(4,5)P, depletion results in loss
of the punctate Sur7 localization, an MCC domain marker,
which was instead more evenly distributed over the plasma mem-
brane of mss4” cells after the temperature shift (Fig. 3 B).

In addition, increase of PI(4,5)P; in the plasma membrane
had the opposite effect as its decrease; deletion of two PI(4,5)P,
phosphatases encoded by the yeast synaptojanin-like proteins (SJL/
and SJL2) leads to increased PI(4,5)P, levels (Stefan et al., 2002)
and Pil1-GFP assembly into much larger structures that appear to
protrude from the plasma membrane into the cytoplasm (Fig. 3 C).
Thus, Pill interaction with PI(4,5)P;, is crucial for normal eisosome
formation and plasma membrane domain organization.

To further test the physiological significance of eisosome
protein interaction with PI(4,5)P,, we tested genetic interactions
between PIL1 and SJLI in epistatic miniarray profiles (E-MAPs;
(Collins et al., 2006)). E-MAPs contain quantitative measure-
ments of genetic interactions within a selected set of mutants.
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