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Abstract Membrane compartmentalization allows the

spatial segregation of different functions, such as signal

transduction and protein trafficking, and ensures their

fidelity and efficiency. Eisosomes constitute nanoscale

furrow-like invaginations of the plasma membrane where

proteins and lipids segregate. The intense interest elicited

by eisosomes over the last few years has led to the

identification and molecular characterization of their key

constituents. This review addresses eisosome structure,

functions and its implications for the mechanistic under-

standing of curvature-induced membrane nanodomains

formation and signaling compartmentalization in living

cells.
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Introduction

The startling variety of membrane protein and lipid species

of eukaryote cells and the propensity of some of them to

self-associate in vitro have stimulated theoretical and

experimental research supporting the existence of segre-

gated domains in both model and biological mem-

branes (Demel et al. 1977; Mouritsen and Bloom 1984;

van Meer et al. 1987; Simons and Ikonen 1997). Extensive

work on Madin–Darby canine kidney cells has demon-

strated that segregation of the plasma membrane in

well-defined compartments is essential to ascertain the

functional identity of epithelial cells. Currently, the iden-

tities and mechanisms of formation of these micron-scale

domains are well understood (Tanos and Rodriguez-Boulan

2008). However, the lack of conclusive microscopic evi-

dence and the limitations of biochemical characterization

techniques (e.g., detergent solubilization, sterol depletion)

steered a long debate about the identity and even the

existence of membrane domains below the micron level

(Munro 2003; Hancock 2006). Recently, various novel

microscopy techniques have provided conclusive evidence

for the existence of plasma membrane nanodomains in

living cells. Currently, it is accepted that essential functions

such as cell signaling and endocytosis can be organized in

nanoscale plasma membrane platforms. However, the

debate concerning their identities and mechanisms of for-

mation is still ongoing (Kusumi et al. 2011; Simons and

Sampaio 2011; Mueller et al. 2012).

Membrane nanodomains span over a wide range of

spatial and temporal scales, extending from tens to hun-

dreds of nanometers and from milliseconds to highly stable

and even immutable existence. This diversity contributes to

disperse the efforts to build a unifying and simplistic model

for plasma membrane nanodomain formation. The current

picture involves a complex interplay between at least five

different mechanisms (Fig. 1). Preferential association

between lipids (e.g., sterols and sphingolipids) provides

lipidic platforms, called lipid rafts, where certain protein–

protein interactions are favored by selective sorting of

proteins (Mouritsen and Bloom 1984; Kaiser et al. 2011;

Simons and Sampaio 2011). Within the lipid bilayer,

homotypic and heterotypic protein–protein interactions
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also drive lipid segregation by virtue of preferential pro-

tein-lipid interactions (McLaughlin and Murray 2005;

Poveda et al. 2008). Dynamic protein–protein interactions

of integral membrane proteins can be sufficient to organize

domains (Douglass and Vale 2005). Lateral compartmen-

talization can be achieved by picket fences constituted by

transmembrane proteins that are anchored to a submem-

brane cytoskeleton limiting free diffusion of membrane

proteins (Kusumi et al. 2005). Finally, scaffolding of

peripheral membrane proteins locally modifies the plasma

membrane topography and/or composition by protein–

protein and protein-lipid interactions (Johannes and Mayor

2010). As stated by these postulated mechanisms, nanod-

omain formation occurs throughout self-assembly of dif-

ferent components and consequently this process can be

understood as an emergent property of biological mem-

branes (Kusumi et al. 2011; Mueller et al. 2012).

Plasma membrane nanodomains are present in both

eukaryotes and prokaryotes (de Bony et al. 1989; Fishov

and Woldringh 1999; Matsumoto et al. 2006; Lopez and

Kolter 2010). In the model eukaryote Saccharomyces

cerevisiae, descriptions of plasma membrane nanodomains

date from 1963 when electron microscopic (EM) views of

frozen-etched cells showed hexagonal arrangements of

17 nm diameter particles coexisting with 300 nm long and

50 nm deep furrow-like invaginations (Moor and Muhlet-

haler 1963). Further studies reported the presence of sim-

ilar domains in Schizosaccharomyces pombe and also

indicated that in both, budding and fission yeast, furrow-

like invaginations were enriched in quiescent parts of the

plasma membrane and absent in sites of active growth

(Streiblova 1968; Takeo 1984). Afterwards, yeast plasma

membrane organization received little extra attention

besides seminal work on endocytosis (Mulholland et al.

1994). A resurgence of interest in the past n years has

resulted in a leap forward in our understanding of the

identity, biogenesis and maintenance of yeast plasma

membrane domains. In this review we will summarize

these advances, focusing on eisosomes and the domains

they form in budding yeast and other fungi as well.

Plasma membrane domains in S. cerevisiae

A widely used biochemical tool to define membrane

domains is solubilization by non-ionic detergents such as

Triton X-100. Membranes enriched in sterols and sphin-

golipids are tightly packed and resistant to Triton X-100

solubilization. This property earned these membranes the

acronym DRMs for detergent-resistant membranes

(Schroeder et al. 1998). Thus, membrane proteins that after

detergent extraction remain associated with DRMs are

categorized as lipid rafts components (London and Brown

2000). Prudence has been suggested on the use of this

criterion since DRMs obtained with different detergents

differ considerably in their protein and lipid content, and

these variations are even more prominent between different

cell types (Schuck et al. 2003). In S. cerevisiae, all plasma

membrane proteins analyzed so far partition into DRMs

(Bagnat et al. 2000; Malinska et al. 2003, 2004; Lauwers

and Andre 2006). In remarkable contrast, fluorescence

microscopy analysis of the same membrane revealed the

Membrane domain formation

Lipid preferential association Protein-lipid interaction 

Picket fence 

Protein scaffolding Protein-protein interaction

Fig. 1 Mechanisms of plasma

membrane domain formation.

Five not mutually exclusive

mechanisms are considered. See

text for details
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existence of multiple domains (Malinska et al. 2003, 2004;

Berchtold and Walther 2009; Spira et al. 2012). Thus, the

DRMs criterion relies on a crude fractionation technique

that cannot resolve yeast’s plasma membrane domains

evidenced by fluorescence microscopy. Consequently,

S. cerevisiae plasma membrane domains are better defined

using cell biological evidence coming from different

microscopy approaches. Based on this criterion, both

dynamic and static domains have been observed. Dynamic

domains include the polarized distribution of proteins and

lipids that occurs at sites of cellular growth: buds in veg-

etative growing cells and ‘‘shmoo’’ projections in cells

undergoing mating (Chen and Davis 2000; Bagnat and

Simons 2002). These domains are above the micron scale

and polarized secretion, differential endocytosis and septin-

limited diffusion are postulated mechanisms that contribute

to their formation and maintenance (Valdez-Taubas and

Pelham 2003; Oh and Bi 2011). A recent survey of yeast

plasma membrane organization using total internal reflec-

tion microscopy (TIRFM) and deconvolution revealed the

existence of more than a dozen nanodomains with different

dynamic behaviors and shapes ranging from discrete pat-

ches to roughly continuous networks (Spira et al. 2012).

Clathrin-mediated endocytic patches are highly dynamic

nanodomains (life span of 60–120 s) where cargo is first

immobilized, surrounded by a cohort of cytosolic factors

and then internalized in a process driven by actin poly-

merization (Kaksonen et al. 2006). Another example of

highly dynamic nanodomains is the foci formed by the

target of rapamycin complex 2 (TORC2). Each TORC2

focus is composed by less than ten complexes that

assemble, move and disassemble at the plasma membrane

within a timescale of a few minutes (Berchtold and Walther

2009).

Examples of static domains are MCCs (for Membrane

Compartments occupied by the arginine H?-symporter

Can1) and MCP (for Membrane Compartment occupied by

Pma1) (Grossmann et al. 2007). MCCs are nanoscale pat-

ches that have a regular size and are evenly distributed

along the plasma membrane. There are between 30 and 40

patches per cell, depending on the cell size, and they are

occupied by members of the Sur7/PalI family (pfam06687)

and several nutrient H?-symporters (Young et al. 2002;

Malinska et al. 2003, 2004). Pma1, the major plasma

membrane H?-ATPase, exports protons creating an elec-

trochemical gradient that drives nutrient import. MCP is a

nearly continuous network that partially overlaps with

other nanodomains but not with MCCs (Malinska et al.

2003, 2004; Spira et al. 2012). On the cytoplasmic side of

each MCC, thousands of units of the paralogous proteins

Pil1 and Lsp1 constitute supramolecular membrane-asso-

ciated complexes called eisosomes (Walther et al. 2006).

The current list of static and dynamic domains is certainly

incomplete as it is based on the observation of a large but

still discrete set of proteins (Grossmann et al. 2008; Spira

et al. 2012). Overall, our current view of yeast plasma

membrane organization resembles a patchwork where a

multitude of diverse domains coexist and, in some cases,

partially overlap (Spira et al. 2012). As described below,

eisosomes emerge as topographically distinct domains

where lipids and a large number of different proteins are

segregated.

Furrow-like invaginations, Mccs and eisosomes

Until recently, the identity of the plasma membrane

furrow-like invaginations initially described more than

forty years ago had remained mysterious. This knowledge

gap has been closed by immuno-EM evidence showing

that both the canonical MCC marker Sur7 and the eiso-

some core protein Pil1 localize at S. cerevisiae furrow-

like invaginations (Stradalova et al. 2009). Moreover,

budding yeast cells lacking Pil1 are deprived of such

invaginations. Thus, eisosomes and MCCs are both part

of the same subcellular structure: the plasma membrane

furrow-like invagination. For simplicity, we will use the

term eisosomes to describe furrow-like membrane

invaginations and the proteins that partition in them (see

Table 1; Fig. 2). Based on colocalization with the sterol-

binding drug filipin, it has been proposed that eisosomes

also concentrate sterols (Grossmann et al. 2007). Still,

because of the propensity of filipin to form aggregates

and pores in the plasma membrane of living cells, its use

as a sterol marker has been criticized (Robinson and

Karnovsky 1980; Valdez-Taubas and Pelham 2003). It

has also been proposed that filipin binding is restricted to

free but not to sphingolipid-associated sterols and,

therefore, it is not an accurate marker for total sterol

levels (Jin et al. 2008). Consequently, the usage of

ergosterol-like fluorescent lipids such as dehydroergos-

terol may help to unambiguously determine whether ster-

ols are concentrated at eisosomes (Georgiev et al. 2011).

The number of furrow-like invaginations per membrane

surface area seen by frozen-etch EM imaging is roughly

twice the number of eisosomes observed by fluorescence

microscopy. This apparent discrepancy is explained by the

resolution limit of conventional light microscopy: two

closely located 300 nm long invaginations can be mistaken

for one when imaged using fluorescence microscopy

(Stradalova et al. 2009). Accordingly, the number of

eisosomes per cell seen by super-resolution microscopy is

higher than previously calculated (Rankin et al. 2011).

Thus, a Pil1-GFP (or Sur7-GFP) plasma membrane fluo-

rescent punctum should not be interpreted as a single

eisosome.
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Eisosome composition in S. cerevisiae

The current list of eisosomal proteins spans almost two

dozens and it is expected to increase over time (Table 1).

Notably, few components have a molecular function

assigned. Among them, proteins that structure eisosomes

and proteins involved in nutrient uptake and signal

processing have been described. Different genetic and

phenotypic analyses provide clues about the function of

less well-characterized components. Here, we will discuss

major aspects of eisosomal proteins in budding yeast.

Composition and organization of eisosomes in other fungi

are summarized in ‘‘Box 1’’ and Table 2.

Structural proteins

Pil1 and Lsp1 constitute the core components of eisosomes.

The cellular content of these two proteins is comparable to

the amount of ribosomal proteins (roughly 2 9 105 mole-

cules/cell) and is at least one order of magnitude higher

than the next most abundant eisosomal protein

(Ghaemmaghami et al. 2003; Walther et al. 2006). Fluo-

rescence recovery after photobleaching (FRAP) analysis of

Pil1 indicated that assemblies formed by this protein are

highly stable (Walther et al. 2006). Crystallographic and

in silico studies have shown that Lsp1 and Pil1 contain a

bin/amphiphysin/rvs (BAR) domain encompassing 50 % of

the proteins (Olivera-Couto et al. 2011; Ziolkowska et al.

2011). Like canonical BAR domain proteins, Pil1 and Lsp1

form banana-shape dimers that self-assemble into scaffolds

which bind and bend liposomes forming tubular mem-

branes (Karotki et al. 2011; Olivera-Couto et al. 2011).

Accordingly, it has been proposed that Pil1 and Lsp1 are

responsible for structuring the yeast plasma membrane into

furrow-like invaginations (Stradalova et al. 2009; Karotki

et al. 2011; Olivera-Couto et al. 2011; Ziolkowska et al.

2011). Based on the structure of Lsp1 dimers (Ziolkowska

et al. 2011) and the cryo-EM reconstruction images of Pil1

and Lsp1 liposome-bound scaffolds (Karotki et al. 2011), it

can be estimated that each furrow-like invagination con-

tains approximately 1,000 molecules of both Pil1 and Lsp1,

which is in good agreement with previous calculations

Table 1 Eisosomal proteins

Systematic name Standard name Evidence Reference

Membrane-associated proteins

Ygr086c Pil1 Eisosome main component Walther et al. (2006)

Ypl004c Lsp1 Eisosome main component Walther et al. (2006)

Ygr130c Ygr130c AC/MS, colocalization Grossmann et al. (2008), Deng et al. (2009)

Ymr031c Eis1 AC/MS, colocalization Grossmann et al. (2008), Deng et al. (2009)

Ymr086w Seg1 AC/MS, colocalization Deng et al. (2009)

Ykl105c Ykl105c AC/MS Aguilar et al. (2010)

Ynl173c Mdg1 Colocalization Grossmann et al. (2008)

Ydr490c Pkh1 AC/MS, colocalization Zhang et al. (2004), Walther et al. 2007)

Yol100w Pkh2 AC/MS, colocalization Zhang et al. (2004), Walther et al. (2007)

Ydr032c Pst2 Colocalization Grossmann et al. (2008)

Ybr052c Rfs1 Colocalization Grossmann et al. (2008)

Ycr004c Ycp4 AC/MS, colocalization Grossmann et al. (2008), Deng et al. (2009)

Yil105c Slm1 Colocalization Grossmann et al. (2008)

Ynl047c Slm2 Colocalization Grossmann et al. (2008)

Integral membrane proteins

Ydl222c Fmp45 Colocalization Young et al. (2002)

Yml052w Sur7 Colocalization Young et al. (2002), Malinska et al. (2004), Walther et al. (2006)

Ylr414c Pun1 Colocalization Alvarez et al. (2008), Grossmann et al. (2008)

Ypr149w Nce102 Colocalization Grossmann et al. (2008)

Yel063c Can1 Colocalization Malinska et al. (2003)

Yol020w Tat2 Colocalization Grossmann et al. (2007)

Ybr021w Fur4 Colocalization Malinska et al. (2004)

Ygr131w Fhn1 Colocalization Grossmann et al. (2008)

Ynl194c Ynl194c Colocalization Young et al. (2002)

Low-throughput experimental evidence (e.g., affinity chromatography/mass spectrometry (AC/MS) and colocalization) was taken as the criterion

for inclusion
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(Walther et al. 2006). Pil1 and Lsp1 BAR domains pref-

erentially bind to liposomes containing phosphatidylinosi-

tol 4,5 biphosphate (PI(4,5)P2). PI(4,5)P2 depletion causes

detachment of Pil1-GFP from the plasma membrane and

conversely, increased PI(4,5)P2 levels lead to formation

of much larger Pil1-GFP scaffolds (Karotki et al. 2011).

Thus, eisosome membranes might be reservoirs of this

phosphoinositide.

Membrane-associated proteins

Pkh1 and Pkh2 kinases, the functional homologs of the

mammalian phosphoinositide-dependent kinase 1 (PDK1),

phosphorylate Pil1 and Lsp1 and regulate eisosome

assembly (Zhang et al. 2004; Walther et al. 2007; Luo et al.

2008) (see below). Pkh kinases activity is regulated by

long-chain bases (LCBs), which are precursors of sphin-

golipid biosynthesis (Sun et al. 2000; Friant et al. 2001;

Zhang et al. 2004). LCBs are positive regulators of the

phosphorylation of several Pkh kinases targets, including

Lsp1. However, LCBs inhibit Pkh-mediated phosphoryla-

tion of Pil1 (Zhang et al. 2004). How Pkh1/2 are targeted

to eisosomes is currently unknown, although the presence

of a phosphoinositide-binding pleckstrin homology (PH)

domain in Pkh2 has been recently suggested (Olivera-

Couto et al. 2011).

Slm1 and Slm2 are an essential pair of proteins that

promotes actin cytoskeleton organization, sphingolipid

homeostasis and cell growth (Audhya et al. 2004; Tabuchi

et al. 2006). Slms are TORC2 effectors, they physically

interact with and are phosphorylated by TORC2 (Audhya

et al. 2004). Thus, an apparent paradox is that the expected

localizations for Slms are membrane compartment occu-

pied by TORC2 (MCTs) and not eisosomes. This conflict

has been recently solved by evidence showing that Slms

are dynamically exchanged between these two compart-

ments (Berchtold et al. 2012). The molecular features that

sustain Slms dynamic exchange are currently unknown.

Both Slm1 and Slm2 have a PH domain that is sufficient

for plasma membrane binding but not for recruitment to

OUTSIDE

INSIDE

H+ export

Nutrient/H+import

ADPADAD

Pma1

Pkh1 & Pkh2

ATP

TORC2

Slm1
& Slm2

Nce102

Sur7

Nutrient Symporters

Fig. 2 Saccharomyces cerevisiae’s plasma membrane resembles a

patchwork where various domains ranging from discrete patches to

roughly continuous networks coexist and partially overlap. Among

them, eisosome core proteins Pil1 and Lsp1 (green) scaffold and

sculpt the plasma membrane into furrow-like invaginations concen-

trating lipids; nutrient H? -symporters (pink); tetra-spanning trans-

membrane proteins like Sur7 (dark blue) and Nce102 (lilac); and

signaling proteins. Nce102 displays a dual partition that is sensitive to

sphingolipid availability (see text for details). Pkh1 and Pkh2 (light
blue) are transiently recruited to a subset of eisosomes where they

phosphorylate Pil1 and Lsp1, and presumably other substrates. Pma1

ATPase (brown) is exclusively located at the network-like domain

called MCP (brown), whereas TORC2 effectors Slm1 and Slm2 (red)

are dynamically exchanged between membrane compartment occu-

pied by TORC2 (MCTs) (yellow) and the invaginations
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Table 2 S. cerevisiae eisosomal proteins homology assignation

based on phylogenetic analysis

Systematic name Standard

name

Closest homolog or gene

clade in S. cerevisiae

Pil1–Lsp1

A. nidulans

AN5217 pilA Pil1–Lsp1

AN3931 pilB Pil1–Lsp1

C. albicans

orf19.3149 Lsp1 Pil1

orf19.778 Pil1 Lsp1

A. gossypii

AEL329W AgPil1 Pil1

AGL006C AgLsp1 Lsp1

S. pombe

SPAC3C7.02c pil2 Pil1–Lsp1

SPCC736.15 pil1 Pil1–Lsp1

SPBC1347.03 meu14 Pil1–Lsp1a

Pkh1–Pkh2

A. nidulans

AN3110 – Pkh1–Pkh2

C. albicans

orfO19.12690 – Pkh1–Pkh2

A. gossypii

AFR335C AgPKH1/2 Pkh1–Pkh2

S. pombe

SPCC576.15c ksg1 Pkh1–Pkh2

SPBC1778.10c ppk21 Pkh1–Pkh2

Slm1–Slm2

A. nidulans

AN4171 – Slm1–Slm2

AN5671 – Slm1–Slm2

C. albicans

orf19.3505 – Slm1–Slm2

A. gossypii

ADL234C AgSlm1/Slm2 Slm1–Slm2

S. pombe

SPAC637.13c slm1 Slm1–Slm2

Sur7–Fmp45–Ynl194c–Pun1

A. nidulans

AN1331 – Sur7–Fmp45–Ynl194c–Pun1

AN5213 – Sur7–Fmp45–Ynl194c–Pun1

AN4615 surG Sur7–Fmp45–Ynl194c

C. albicans

orf19.6489 Fmp45 Fmp45–Ynl194c–Sur7

orf19.6741 – Sur7–Fmp45–Ynl194c–Pun1

orf19.3414 Sur7 Sur7

A. gossypii

AER090W – Pun1b

ABL156C – Fmp45–Ynl194c

AFR368C AgSur7 Sur7

Table 2 continued

Systematic name Standard

name

Closest homolog or gene

clade in S. cerevisiae

S. pombe

SPAC15A10.09c pun1 Sur7–Fmp45–

Ynl194c–Pun1

Nce102–Fhn1

A. nidulans

AN7683 – Nce102–Fhn1

AN8422 – Nce102–Fhn1

C. albicans

orf19.5960 Nce102 Nce102–Fhn1

A. gossypii

AFR312W AgNce102 Nce102–Fhn1

S. pombe

SPBC1685.13.1 fhn1 Nce102–Fhn1

Seg1–Ykl105c

A. nidulans

–

C. albicans

orf19.8830 – Seg1–Ykl105c

orf19.1246 – Seg1–Ykl105c

A. gossypii

ABL037C AgSeg1 Seg1–Ykl105c

S. pombe

–

Ygr130c

A. nidulans

–

C. albicans

orf19.6763 Slk19 Ygr130c

A. gossypii

AFR310C – Ygr130c

S. pombe

–

Eis1–Ykl050c

A. nidulans

AN6340 klpA Eis1–Ykl050c

C. albicans

orf19.6160 – Eis1–Ykl050c

A. gossypii

ABR081C – Eis1–Ykl050c

S. pombe

–

Pst2–Ycp4–Rfs1

A. nidulans

AN0297 – Pst2–Rfs1

C. albicans

orf19.5286 Ycp4 Ycp4

orf19.2241 Pst1 Pst2–Rfs1

orf19.3612 Pst2 Pst2–Rfs1
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eisosomes (Yu et al. 2004). Slms recruitment to eisosomes

is assured by the simultaneous presence of a predicted

F-BAR domain and the PH domain (Olivera-Couto et al.

2011). Thus, it is possible that Slms targeting to eisosomes

depends on protein-lipid interactions, whereas targeting to

TORC2 depends mainly on protein–protein interactions.

Integral membrane proteins

Can1, Tat2 and Fur4 are H?-symporters that import

nutrients and protons into the cell. Sur7 is the prototypical

member of the Sur7/PalI family of tetra-spanning integral

membrane proteins (pfam06687). In S. cerevisiae, three

other proteins belonging to this family (Fmp45, Pun1 and

Ynl194c) are also part of eisosomes. SUR7 has been

associated with endocytosis since its overexpression par-

tially suppresses several phenotypes caused by mutations in

amphiphysin-like endocytic proteins Rvs167 and Rvs161

(Sivadon et al. 1997). Single deletion of SUR7, FMP45 or

YNL194C causes slight defects in sporulation and changes

in inositol phosphorylceramides membrane composition

(Young et al. 2002). PUN1 gene expression is induced by

different cell wall injuries, metal ion stress and during

nitrogen stress-dependent filamentous growth (Lagorce

et al. 2003; Xu et al. 2010; Hosiner et al. 2011). Deletion of

PUN1 leads to thin cell walls with low b-glucan content,

defective filamentous growth and increased heavy metal

stress sensitivity (Xu et al. 2010; Hosiner et al. 2011).

These phenotypes suggest that Pun1 is a stress responsive

protein contributing to cell wall integrity maintenance (Xu

et al. 2010; Hosiner et al. 2011). Nce102 and its paralog

Fhn1 are also tetra-spanning membrane proteins. There are

two interesting features that distinguish Nce102 from the

other eisosomal integral membrane proteins. First, deletion

of NCE102 leads to a pil1D-like phenotype (Grossmann

et al. 2008; Frohlich et al. 2009). Second, Nce102

concentrates at eisosomes depending on sphingolipid avail-

ability and influences Pkh kinases signaling (see below).

Eisosome biogenesis and maintenance

In remarkable contrast with most yeast cellular organelles,

eisosomes are static. Time-lapse microscopy monitoring of

GFP-tagged versions of Sur7, Can1 and Pil1 in mother

cells showed that these markers do not change their

localization during a life span (Young et al. 2002; Malinska

et al. 2003; Walther et al. 2006). In contrast to mother cells,

live monitoring of Pil1-GFP and Sur7-GFP showed that

eisosomes are assembled de novo in growing buds (Young

et al. 2002; Moreira et al. 2009). Active sites of eisosome

assembly are first detected at the neck of small-size buds.

As the bud size increases, early eisosomes get bigger and

new sites of assembly appear towards the bud tip. This

vectorial pattern of eisosome assembly (advanced at the

neck and nascent at the tip) reflects the polar deposition of

brand new plasma membrane during bud anisotropic

growth (Moreira et al. 2009). Before cytokinesis, when

daughter cells are close to reaching their maximum size,

active assembly of eisosomes has already concluded

(Moreira et al. 2009). Pairwise correlation analysis of

eisosome location demonstrated that their sites at the

plasma membrane are not pre-assigned, but randomly

distributed (Moreira et al. 2009). Similar features of eiso-

some assembly have been observed in other fungi as well,

such as S. pombe and C. albicans (Kabeche et al. 2011;

Reijnst et al. 2011). Although Pil1 and Lsp1 are the most

likely initiators of eisosome assembly, there are still no

reports that address simultaneous monitoring of more than

one eisosomal protein during this process. This type of

analysis would establish which components settle first and

which ones colonize the preoccupied spots.

Compelling evidence indicates that Pil1 is the eisosome

main organizer. Pil1 production is cell cycle-regulated in

synchronicity with bud membrane expansion (Moreira et al.

2009). The absence of Pil1 causes massive eisosome dis-

organization. In pil1D cells, eisosomal integral membrane

proteins disperse in the plasma membrane, associated pro-

teins fall into the cytoplasm and furrow-like invaginations

disappear (Walther et al. 2006; Grossmann et al. 2007;

Stradalova et al. 2009; Aguilar et al. 2010). Still, pil1D cells

Table 2 continued

Systematic name Standard

name

Closest homolog or gene

clade in S. cerevisiae

orf19.5285 Pst3 Pst2–Rfs1

A. gossypii

–

S. pombe

SPAC3C7.14c obr1 Pst2–Rfs1

Mdg1–Crp1

A. nidulans

AN4988 – Mdg1–Crp1

C. albicans

–

A. gossypii

ABL133C – Mdg1–Crp1

S. pombe

–

See phylogenetic trees in Online Resource 1
a meu14 is more distantly related to Pil1/Lsp1 than pil1 and pil2
b Here Pun1 refers to the clade that contain S. cerevisiae Pun1,

Ylr413w and Ykl187c

Mol Genet Genomics (2012) 287:607–620 613

123



have few eisosome ‘‘remnants’’ that concentrate elevated

amounts of eisosomal proteins and correspond to large

aberrant plasma membrane invaginations (Walther et al.

2006; Stradalova et al. 2009). In striking contrast with Pil1,

Lsp1 absence did not render a noticeable phenotype indi-

cating that Pil1 alone is sufficient to sustain eisosome for-

mation and maintenance (Walther et al. 2006).,

Eisosome integrity does not depend on either actin or

tubulin cytoskeletons since Pil1 and Can1 localization were

unperturbed by latrunculin A or nocodazole treatments

(Malinska et al. 2004; Walther et al. 2006). Depolarization

of the plasma membrane, either by application of an

external electrical field or by adding the H? gradient

uncoupler FCCP, releases Can1, Tat2 and Fur4 nutrient

H?-symporters from their eisosomal location. This

behavior is reversible, after repolarization H?-symporters

move back to eisosomes. Notably, only these H?-sym-

porters are sensitive to membrane depolarization since Pil1,

Nce102, Sur7 and even Pma1 localizations were unper-

turbed under the same conditions (Grossmann et al. 2007,

2008). This differential behavior of H?-symporters sug-

gests that their activities may be influenced by location.

Accordingly, when Can1 is artificially removed from

eisosomes it becomes inactive (Spira et al. 2012). It is

currently unknown whether inactive mutant versions of

Can1 and other H?-symporters are still concentrated at

eisosomes and/or sensitive to depolarization-induced

changes in localization.

Eisosome organization is highly sensitive to perturba-

tions in plasma membrane lipid composition. Pil1 and Lsp1

bind preferentially to liposomes containing PI(4,5)P2, a

phosphoinositide that is enriched in yeast plasma mem-

brane. Eisosomes disassemble when yeast cells are deple-

ted of PI(4,5)P2, more likely due to loss of direct

interaction between Pil1 and Lsp1 with this phosphoino-

sitide at the plasma membrane (Karotki et al. 2011). Pil1

assembly is also affected by sphingolipid-sensitive Pkh

kinases activity (Walther et al. 2007; Luo et al. 2008). Pkh

kinases overexpression increases the amount of phospho-

Pil1, which detaches from the plasma membrane and

accumulates in the cytoplasm leaving few assembled

eisosomes per cell. Depletion of the sphingolipid precur-

sors LCBs by adding the drug myriocin also leads to

increased levels of phospho-Pil1 and eisosome disassembly

(Walther et al. 2007; Luo et al. 2008; Frohlich et al. 2009).

This is consistent with results showing loss of eisosome

organization when a phospho-mimicking variant of Pil1 is

the only source of Pil1. Reciprocally, in vivo inactivation

of Pkh kinases leads to Pil1 hypophosphorylation and

formation of large eisosomes, as does the use of a Pil1

variant lacking phosphorylation sites. (Walther et al. 2007;

Luo et al. 2008). Thus, a hyperphosphorylation state of Pil1

promotes eisosomes disassembly and conversely, assembly

increases if Pil1 is hypophosphorylated. However, other

non-phosphorylatable variants of Pil1 are unable to form

eisosomes remaining in the cytoplasm (Luo et al. 2008). A

possible explanation for this discrepancy is that different

sets of phosphorylated residues play different roles in

protein-lipid and protein–protein interactions. Many Pil1

phosphorylated residues locate either in the concave (lipid-

binding) face of the BAR domain or in areas proposed to be

involved in Pil1 dimer–dimer interactions (Karotki et al.

2011; Olivera-Couto et al. 2011; Ziolkowska et al. 2011).

Another player in the regulation of Pil1 phosphorylation

status mediated by sphingolipids is Nce102. It has been

proposed that Nce102 is a sphingolipid-responsive protein

that negatively regulates Pil1 phosphorylation (Frohlich

et al. 2009). Based on this model, high sphingolipid

availability drives Nce102 partition towards eisosome

domains where it inhibits Pkh kinases. The resulting

decrease in phospho-Pil1 levels promotes eisosome

assembly. Conversely, when sphingolipid availability is

compromised (e.g., under myriocin treatment) Nce102

abandons eisosomes and relieves Pkh kinases inhibition

leading to high levels of phospho-Pil1 and eisosomes dis-

assembly (Frohlich et al. 2009). Cellular sterol composition

also impacts on eisosome integrity. Deletion of the ergos-

terol biosynthetic genes ERG2, ERG24 and ERG6 lead to

loss of eisosome assembly (Grossmann et al. 2008). Since

yeast cells adjust their sphingolipid composition in

response to changes in sterols structure it is possible that

the observed phenotypes are due to altered Pkh kinases

activity (Guan et al. 2009). Eisosome integrity is also lost

in slm2D slm1ts mutants but the mechanism involved is still

unknown (Kamble et al. 2011).

Molecular and cellular functions of eisosomes,

outstanding questions

Work accumulated during the last decade offers a molec-

ular portrait of plasma membrane domain organization in

fungi. At first glance, eisosome domains are the best

understood case: the key players have been identified,

molecular structures have been solved and a dynamic

description of domain formation has already been sketched.

Thus, the starting materials needed to elucidate the

molecular mechanisms of eisosome-mediated membrane

domain formation are already available. Still, our under-

standing of eisosome cellular functions remains elusive. As

described below, eisosomes have been involved in many

vital cellular functions. However, massive eisosome dis-

organization caused by PIL1 deletion is not accompanied

by a noticeable decrease in cellular fitness. This conundrum

may be a consequence of the lifestyle of prevalent labo-

ratory yeast strains. In our opinion, the most pressing
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question is why have eisosome domains been conserved

during fungi evolution? Below, we briefly summarize

current topics of eisosomes molecular and cellular func-

tionality giving prominence to still open questions, which

are also listed in ‘‘Box 2’’.

Membrane domain formation and maintenance

Eisosomes construct invaginated plasma membrane

domains. Extensive work on different model fungi positions

Pil1 as the main organizer of eisosomes (Young et al. 2002;

Walther et al. 2006; Grossmann et al. 2007, 2008; Moreira

et al. 2009; Stradalova et al. 2009; Vangelatos et al. 2010;

Kabeche et al. 2011; Seger et al. 2011). Since Pil1 and Lsp1

self-assemble and form membrane-bound scaffolds of

tubular shape an immediate question that arises is whether

these proteins are sufficient to build membrane domains

(Karotki et al. 2011; Olivera-Couto et al. 2011). Curvature-

induced lipid segregation has been theoretically described

and experimentally demonstrated (Markin 1981; Roux et al.

2005). Membrane tube pulling in giant unilamellar vesicles

(GUVs) is sufficient to induce lipid segregation within

ternary mixtures of sphingomyelin, phosphatidylcholine

and cholesterol (Roux et al. 2005). Curvature-induced lipid

sorting is amplified by sphingolipid-clustering proteins such

as cholera toxin B-subunit (Sorre et al. 2009). Analogously,

the phosphoinositide-binding capacity of Pil1 and Lsp1 may

aid to cluster lipids into nascent domains. In vitro recon-

stitution of membrane domain formation using liposomes

and purified proteins will be an important step in deter-

mining the minimal machinery required for eisosome-dri-

ven membrane compartmentalization.

One of the most striking differences between budding

yeast Pil1 and Lsp1 is the inability of the latter to organize

eisosomes in the absence of the former. Why are Pil1 and

Lsp1 so similar but behaving so differently? In Ashbya

gossypii, this functional divergence is also observed for the

highly similar pair (74 % amino acid identity) of Pil1-Lsp1

orthologs (Seger et al. 2011). Elucidation of the intrinsic

differences between S. cerevisiae Pil1 and Lsp1 proteins

will shed light on this issue. Lsp1 phosphorylation sites

have not been characterized yet and Pil1 and Lsp1 phos-

phatases, if they exist, are still unidentified. The current

crystal structure of Lsp1 lacks the first 50 amino acid

residues of the poorly conserved N-terminus (Ziolkowska

et al. 2011). In both Pil1 and Lsp1, this region is important

for in vitro assembly and membrane binding (Karotki et al.

2011). It is currently unknown whether Pil1/Lsp1 N-ter-

mini, like N-terminal extra amphipatic helices in BAR

domain proteins, confer differential membrane-sculpting

capacities (Zimmerberg and Kozlov 2006). Also, whether

these regions interact with different subsets of eisosomal

proteins remains to be determined.

Another unsolved issue is how integral membrane pro-

teins are targeted to eisosomes. The different behaviors of

eisosome integral membrane proteins suggest the existence

of at least two mechanisms operating in eisosome targeting.

Can1 and Tat2 are being continuously exchanged between

eisosomes and MCP (Brach et al. 2011). These symporters

abandon eisosomes upon plasma membrane depolarization.

Thus, either functional- or membrane potential-dependent

conformational changes affecting protein–protein and/or

protein–lipid interactions may mediate this displacement

(Grossmann et al. 2007). In contrast, Sur7 localization is

not affected by plasma membrane depolarization. Whether

the other members of the Sur7 family that localize at

eisosomes behave similarly is currently unknown. Mug33,

a fission yeast member of the Sur7/PalI family provides an

interesting clue in this regard. Wild-type Mug33 resides at

the plasma membrane but does not colocalize with Pil1.

Deletion of Mug33 C-terminal cytoplasmic tail redirects

the resultant protein to eisosomes. This suggests that the

remaining N-terminal portion, which strictly spans the four

transmembrane domains, contains enough structural

information for eisosome targeting (Snaith et al. 2011).

Similarly, the structural determinants that keep Pma1 in the

MCP network await further characterization.

Eisosomes and endocytosis

Clathrin-mediated endocytosis in budding yeast depends on

actin dynamics and involves the progressive assembly of

more than 60 proteins at the plasma membrane (Kaksonen

et al. 2006). Colocalization analyses using the lipid dye

FM4-64 and the plasma membrane protein cargo Hxt2

suggested that Pil1 marks sites for endocytosis (Walther

et al. 2006). The endocytic rate of the a-factor mating

pheromone receptor Ste3 is diminished in pil1D lsp1D
double mutants (Walther et al. 2006). Loss of Pil1 leads to

several defects in assembly of endocytic mediators (e.g.,

Abp1, Las17, Rvs161/Rvs167, Sjl2) at endocytic sites

(Murphy et al. 2011). Genetic interactions between SUR7,

PIL1, LSP1 and known endocytic mediators (e.g., RVS161,

RVS167, SJL1, SJL2) reinforced the link between eiso-

somes and endocytosis (Sivadon et al. 1997; Walther et al.

2006; Fiedler et al. 2009; Aguilar et al. 2010; Karotki et al.

2011). However, colocalization analyses of different

markers of clathrin-actin-mediated endocytosis (e.g., Abp1,

Sla1, Ede1, Sla2, Rvs161) indicated that endocytic events

occur within MCPs independently of eisosome organiza-

tion (Grossmann et al. 2008; Brach et al. 2011). Moreover,

PIL1 or NCE102 deletion resulted in accelerated endocy-

tosis of Can1 and Fur1 (Grossmann et al. 2008). These

results supported the idea that eisosomes protect these

symporters from being internalized (Grossmann et al.

2008). However, an independent analysis of Can1 and Tat2
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endocytic rates found no differences between pil1D and

wild-type cells (Brach et al. 2011). Besides these contrary

results, these reports agree showing that calthrin-actin-

dependent endocytic mediators do not gather at eisosomes.

Moreover, the lack of colocalization between different

calthrin-actin-dependent endocytic mediators and eiso-

somes has also been reported in both A. gosypii and

S. pombe (Kabeche et al. 2011; Seger et al. 2011). Overall,

the role of eisosomes in endocytosis is under serious crit-

icism and further research is needed to unambiguously

solve this issue. Recently, a clathrin-independent actin-

dependent endocytic pathway has been described in

S. cerevisiae. This novel pathway depends on the GTPase

Rho1 and the formin Bni1 and seems to be Abp1- and

Las17-independent (Prosser et al. 2011). No specific cargo

for this pathway has been identified yet and the spatial/

functional relationship with eisosomes remains to be

determined.

Eisosomes and signaling

Pkh kinases and Slm1/Slm2-TORC2 are involved in cell

growth, heat stress-response, actin cytoskeleton organiza-

tion and sphingolipid homeostasis. It has been proposed

that these shared functions are channeled through the AGC

kinases orthologs Ypk1 and Ypk2. To be fully activated,

Ypk1 and Ypk2 require dual phosphorylation by Pkh

kinases and TORC2 (Roelants et al. 2002; Kamada et al.

2005; Aronova et al. 2008). The lack of lipid-binding

motifs in Ypk1 and Ypk2 made it difficult to explain how

these kinases were activated at the plasma membrane.

However, it has been shown that TORC2 effectors Slm1

and Slm2 recruit Ypk1 to the plasma membrane for

phosphorylation by TORC2 which, in turn, facilitates the

subsequent activation of Ypk1 by Pkh1/2 (Niles et al.

2012). In agreement with these findings, it has been shown

that under plasma membrane stress (e.g., hiposmotic shock,

sphingolipid synthesis inhibition) Slm1 abandons eiso-

somes and interacts with TORC2 to further promote

recruitment and activation of Ypk1 (Berchtold et al. 2012).

Thus, in this scenario, eisosomes act as reservoirs of sig-

naling molecules that are released according to need. It is

currently unknown whether relocalization of Pkh kinases is

also required for plasma membrane stress-mediated Ypk1

activation.

Pkh kinases, TORC2 and Ypk1 are also involved in

aminophospholipid flippase mediated activation (Roelants

et al. 2010). Phosphatidylethanolamine and phosphatidyl-

serine are returned to the inner leaflet of the plasma

membrane via lipid translocases or flippases. The mem-

brane-associated protein kinase Fpk1, a flippase activator, is

phosphorylated and inactivated by Ypk1 in a Slm1/Slm2-

and Pkh1/2-dependent manner (Roelants et al. 2010; Niles

et al. 2012). Fluorescent microscopy imaging showed that

Fpk1 localizes diffusely in the cytoplasm, at endosomal/

TGN structures and at the plasma membrane (Nakano et al.

2008; Roelants et al. 2010). It is currently unknown

whether eisosomes participate in these signaling events.

In both A. nidulans and S. cerevisiae, a signaling path-

way that includes the Sur7/PalI family member PalI (Rim9

in S. cerevisiae) mediates ambient pH sensing (Penalva

et al. 2008). PalI/Rim9 associates with the plasma mem-

brane sensor PalH (Rim21 and Dfg16 in S. cerevisiae).

This pathway, dubbed Pal/RIM, requires components of the

ESCRT machinery and arrestin-like proteins. Live fluo-

rescent microscopy monitoring of S. cerevisiae cells

showed that activation of this pathway leads to sequential

recruitment of arrestins, Pal/RIM and ESCRT proteins into

plasma membrane static foci that are distributed in an

eisosome-like pattern (Herrador et al. 2010; Galindo et al.

2012). These signaling foci are not involved in actin-

clathrin-mediated endocytosis and whether or not they are

related with eisosomes is currently unknown (Galindo et al.

2007).

Most of the mentioned signaling components are very

low abundant proteins with a highly dynamic behavior

making live monitoring a technically difficult task. How-

ever, the power of yeast genetics combined with novel

microscopy techniques, such as live stochastic optical

reconstruction microscopy (live STORM), image correla-

tion spectroscopy (ICS), fluorescence lifetime imaging

(FLIM) and fluorescence cross correlation spectroscopy

(FCCS), will help dissecting the specific roles of eisosomes

as signaling platforms.
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Box 1: Eisosome conservation and organization in other

fungi

There is currently no evidence for eisosome presence in

organisms outside the fungi kingdom. However, structur-

ally comparable domains called caveolae are found in the

plasma membrane of mammalian cells. Caveolae are

60–80 nm flask-shaped stable invaginations formed by

scaffolding of the integral membrane proteins caveolins

and the membrane-associated proteins cavins (Hansen and

Nichols 2010). Like eisosomes, caveolae concentrate
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sterols and phosphoinositides and have been implicated in

plasma membrane stress-mediated signaling and regulation

of lipid homeostasis (Bastiani and Parton 2010; Hansen and

Nichols 2010). Besides these appealing similarities, the

repertoire of known core components and mechanism of

assembly of both domains are quite dissimilar (Moreira

et al. 2009; Hayer et al. 2010). Eisosomes and caveolae

might, therefore, represent a case of convergent evolution.

Conservation of different eisosomal components across

all fungi is disparate. Most eisosomal components are

present in ascomycetes, Pil1 and Lsp1 and few others are

found in basidiomycetes and no eisosomal proteins were

found in zygomycetes or chytridiomycetes (Olivera-Couto

et al. 2011). A phylogenetic analysis across the ascomycota

phylum shows that most eisosomal proteins share a history

filled with multiple events of gene duplication and gene

loss, a common feature in this phylum (see Online

Resource 1). In addition to extensive work in budding

yeast, eisosomes are being actively characterized in four

other ascomycetes, annotation of eisosomal proteins and

their phylogenetic relationships are summarized in Table 2

and Online Resource 1:

Aspergillus nidulans: In ungerminated conidia of this

filamentous fungus, eisosome organization is similar to

budding yeast: Pil1/Lsp1 orthologs (PilA and PilB) and

Sur7 ortholog (SurG) all colocalize at the spore periphery

forming a dense net of foci (Vangelatos et al. 2010). In

contrast, in actively growing hyphae eisosome organization

is markedly different: PilA forms foci, whereas PilB is

cytoplasmic and SurG shows vacuolar and endosomal

localization. PilA is required for organization of SurG

peripheral foci but not of PilB foci. On the other hand,

SURG deletion leads to loss of PilB (but not PilA)

peripheral foci (Vangelatos et al. 2010).

Ashbya gossypii: Eisosomes in this filamentous fungus

share several common features with their S. cerevisiae

counterparts: Pil1 and Lsp1 form static and stable foci that

are assembled de novo at active sites of cellular growth

(Seger et al. 2011). Also, eisosomes organization depends

on the presence of Pil1 (but not of Lsp1). Unlike S. cere-

visiae, deletion of NCE102 in A. gossypii does not affect

eisosome organization, suggesting that there is no connec-

tion between Nce102 and Pkh kinases signaling. In addition

to loss of eisosome organization, PIL1 deletion in

A. gossypii leads to severe reduction of polar surface

expansion and formation of abnormal bulged hyphae (Seger

et al. 2011). The ortholog of YMR086w/YKL105c, SEG1,

is needed to maintain eisosome stability (Seger et al. 2011).

Candida albicans: Studies in this human pathogen,

which exhibits both budding yeast and hyphae morpholo-

gies, uncovered novel functional roles for Sur7. Like in

S. cerevisiae, in C. albicans Pil1, Lsp1, Sur7 and Fmp45

form static foci in budding cells and also in hyphae

(Alvarez et al. 2008; Reijnst et al. 2011; Wang et al. 2011).

C. albicans eisosomes are absent at the tips of growing

hyphae or buds, suggesting that de novo assembly is also

restricted to areas of active growth (Reijnst et al. 2011). In

contrast to S. cerevisiae, deletion of C. albicans SUR7

ortholog leads to several phenotypes, including lack of

septin localization at bud necks, defective growth polari-

zation, ectopic growth of cell wall, defective biofilm for-

mation and, more importantly, decreased virulence in a

mouse model of infection (Alvarez et al. 2008; Bernardo

and Lee 2010; Wang et al. 2011; Douglas et al. 2012).

Since septins control the correct positioning of actin pat-

ches and cell wall-synthesizing enzymes, it has been pro-

posed that many of the phenotypes observed in sur7D cells

are due to defects in septin organization (Alvarez et al.

2008). How Sur7 is implicated in septin organization

remains to be elucidated. Notably, SUR7 deletion does not

affect Lsp1 foci organization (Alvarez et al. 2008). Cur-

rently, there is no published evidence about the phenotypes

caused by deletion of PIL1 or LSP1 in C. albicans. Thus, it

is currently unknown whether C. albicans eisosomes

mediate plasma membrane organization and if they are

needed to sustain Sur7 functions.

Schizzosaccharomyces pombe: Both frozen-etch EM and

fluorescent microscopy data showed that fission yeast has

1–2 lm long eisosomes, much larger than those present in

S. cerevisiae (Moor and Muhlethaler 1963; Streiblova

1968; Takeo 1984; Kabeche et al. 2011). Like S. cerevi-

siae, eisosomes are formed de novo behind the active sites

of growth. Eisosomes are also stable and static (Kabeche

et al. 2011). However, during cell division eisosomes are

actively removed from the future zone of septation. This

clearance includes breakage, disassembly and even direc-

tional movement of eisosomes away from the cell division

zone (Kabeche et al. 2011). Gene swapping experiments

suggest that there is a Pil1-independent mechanism that

regulates eisosome assembly in both fission and budding

yeasts. In an S. pombe pil1D pil2D strain, expression of

S. cerevisiae PIL1-GFP leads to formation of 1–2 lm long

filaments that are indistinguishable from those observed in

wild-type fission yeast cells. Conversely, expression of

S. pombe Pil1-GFP in a pil1D S. cerevisiae strain renders

Pil1-GFP puncta that colocalize with endogenous Lsp1

(Kabeche et al. 2011).

Like Nce102 in S. cerevisiae, S. pombe Fhn1 presents a

dual localization being dispersed along the plasma mem-

brane and concentrated at Pil1 filaments. Similarly, in

pil1D cells Fhn1 disperses homogeneously in the plasma

membrane and Pil1 filaments are less numerous and shorter

in fhn1D cells (Kabeche et al. 2011). Surprisingly,

S. pombe Slm1 and Sur7 orthologues do not colocalize with
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Pil1 or depend on Pil1 for their localization stressing the

functional divergence that exists in budding and fission

yeast’s Pil1 (Kabeche et al. 2011). There is a third, more

distantly related Pil1/Lsp1 ortholog, Meu14, which is

required for maturation of the forespore membrane (FSM)

during sporulation (Okuzaki et al. 2003). The FSM is a

double-membrane envelope that extends and engulfs each

of the haploid nuclei produced by meiosis during sporu-

lation. The extending FSM adopts a cup-like shape and

Meu14 localizes at the rim, which is called the leading

edge. In Meu14-depleted cells, the leading edges are

abnormally assembled and FSMs are morphologically

aberrant (Okuzaki et al. 2003). A high sensitivity search for

distant orthologs suggested that, like Pil1 and Lsp1, Meu14

is a BAR domain-containing protein (our unpublished

results). Thus, it is tempting to speculate that the molecular

function of Meu14 is to maintain the high curvature of the

FSM leading edge.

Box 2: Outstanding questions

• Is there a physiological or genetic context in which

eisosome domain organization is essential for cell

growth?

• Are Pil1 and Lsp1 sufficient to segregate proteins and

lipids?

• What are the molecular features that distinguish

eisosome targeting of H? -symporters from proteins

of the Sur7 and Nce102 families?

• Which are the molecular functions of still uncharacter-

ized eisosomal proteins?

• Which are the Pil1 and Lsp1 phosphatases?

• What keeps eisosomes static?

• How is eisosome assembly controlled?

• Which are the molecular features that distinguish Pil1

from Lsp1?

• Is there an eisosome-dependent endocytic pathway?

• What is the molecular mechanism that releases Slm1

from eisosomes upon plasma membrane stress?
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