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Biological membranes are partitioned into functional zones termed membrane
microdomains, which contain specific lipids and proteins'. The composition and
organization of membrane microdomains remain controversial because few

techniques are available that allow the visualization of lipids in situ without disrupting
their native behaviour®*. The yeast eisosome, composed of the BAR-domain proteins
Pill and Lsp1 (hereafter, Pill/Lspl), scaffolds amembrane compartment that senses
and responds to mechanical stress by flattening and releasing sequestered factors®™®.
Here we isolated near-native eisosomes as helical tubules made up of a lattice of
Pill/Lsp1bound to plasma membrane lipids, and solved their structures by helical
reconstruction. Our structures reveal a striking organization of membrane lipids, and,
using in vitro reconstitutions and molecular dynamics simulations, we confirmed
the positioning of individual PI(4,5)P,, phosphatidylserine and sterol molecules
sequestered beneath the Pill/Lspl coat. Three-dimensional variability analysis of the
native-source eisosomes revealed a dynamic stretching of the Pill/Lsp1 lattice that
affects the sequestration of these lipids. Collectively, our results support amechanism
inwhich stretching of the Pill/Lsp1lattice liberates lipids that would otherwise be
anchored by the Pil1/Lspl coat, and thus provide mechanistic insight into how
eisosome BAR-domain proteins create amechanosensitive membrane microdomain.

Membrane compartmentalization enables the spatio-temporal control
of avariety of signalling events at the plasma membrane. Although
the biological evidence for membrane compartmentalization is
overwhelming*'°, the determinants and the physical structure of
the lipid organization within the membrane remain controversial.
This is because almost all of the tools that are used to study mem-
branelipidsalso risk perturbing their behaviour within the membrane
context>,

In Saccharomyces cerevisiae, at least three plasma membrane
compartments have been identified—the membrane compartment
containing Pmal (MCP), the membrane compartment containing
Canl (MCC) and the highly dynamic membrane compartment con-
taining TORC2 (MCT)’—in addition to the patchwork organization of
many other integral membrane proteins'. The MCC microdomains
are randomly distributed membrane furrows about 300 nm long
and 50 nm deep, scaffolded by a protein coat composed of the Bin-
amphiphysin-Rvs (BAR) domain family protein Pill and its paral-
ogue Lspl, known as the eisosome®*'2, MCC-eisosomes are relatively
stable™ %, and have been implicated in sensing and responding to
plasma membrane stress: various stimuli, including hypo-osmotic
shock, heat shock and mechanical pressure, cause eisosomes to flat-
tenand release sequestered proteins to affect signalling or transport
functions® 71216718,

BAR-domain proteins are a large and diverse family of proteins
that have physiological roles in membrane curvature sensing and/
orinduction’®?, Most of these proteins have a characteristicbanana
shape, with a membrane-binding surface that shows dense positive
charge, enabling interaction with negatively charged lipid head-
groups” 2, Although the features of BAR-domain proteins that
mediate their function of sensing and/or generating curvature and
their lipid-binding affinities in vitro are well-characterized, what
remains unknown is how BAR scaffolding affects the organization
of the complex mixture of lipids naturally found in cell membranes
invivo.

Cryo-electron microscopy (cryo-EM) is an emerging tool for the
label-free study of membranes and protein-lipid interactions® %,
Beyond the wealth of data coming from structures of transmembrane
proteins with bound lipids*, studies have highlighted the potential of
cryo-EM for studying lipids within the membrane. Variations in mem-
brane thickness mediated by lipid composition and/or lipid-protein
interactions have been observed by cryo-EM in liposomes in vitro?*%,
in reconstituted protein-lipid assemblies®® and in in situ systems?.
Moreover, patterned perturbations in membrane density mediated
by lipid-protein interactions provide compelling examples of how
this technique can be used to study lipids in molecular detail within
their context®*,
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Fig.1|Native-source eisosomesretainanunperturbed plasmamembrane
microdomain. a, Central (top, transverse; bottom, sagittal) slices of a helical
reconstruction of anative-source MCC-eisosome tubule with the membrane
bilayer visible. b, Sharpened maps of nine helical structures of varying diameter.
c,Model of the Pill dimer. Rainbow colouring on chain A from Nt (blue) to
Cterminus (Ct; red). Inset, magnified view of the AH. d, Series of one-pixel
slices through the helical reconstruction of the native-source eisosome,

Native-source eisosome filaments

We isolated MCC-eisosomes from S. cerevisiae using a gentle purifica-
tion procedure, preserving a lattice of untagged Pill/Lsp1 structural
proteins bound to a presumably intact plasma membrane bilayer in
anear-native state, observable as a two-layer density in the protein
tubule (Fig.1a). Although MCC-eisosomes have been shown to have a
furrow-like half-pipe structure in vivo®>®, our isolated eisosome tubules
seemto be closed, continuous helices of Pill/Lspl proteins (Fig.1a,b).
Using helical reconstruction, we were able to resolve nine independ-
enteisosome tubule structures with diameters ranging from 308 A to
372 A (within the range of diameters of curvatures observed in MCC-
eisosomes in situ®* (around 300-600 A)), but with a nearly identical
lattice pattern of Pill/Lspl dimers in all structures (Fig. 1b, Extended
DataFig.1a,b, Extended Data Table 1and Supplementary Table 1).

Using a symmetry expansion and density subtraction strategy,
we could refine our structures to a resolution of around 3.2 A, which
allowed us to build models of the paralogues Pill and Lsp1 (Fig.1c and
Extended Data Figs. 1c, 2a-c, 3a and 4a). We have chosen to base our
interpretations on the model of a Pill homodimer owing toits essential
role*** and its predominance over Lsplin our sample (Extended Data
Fig.1d and Supplementary Data1). With our improved resolution, we
could characterize the lattice contact sites between Pill dimers in detail
(Extended DataFig. 4b-e).

AHs associated with a pattern of membrane voids

Two novel structured regions of the protein were visible in our maps:
(1) afolded N terminus (Nt) that forms lattice contact sites with the
Nt of a neighbouring dimer, followed by (2) an Nt amphipathic helix
(AH; residues 39-48) buried within the lipid density of the cytoplasmic
leaflet of the bilayer that runs parallel to the BAR-domain helices of each
Pill/Lspl monomer (Fig.1c, inset and Extended Data Fig. 4c). N-terminal
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separated by adepth of approximately 5.3 A. Cyan label indicates AH (panel 1),
violetlabelsindicate membrane voids (panels 2-3). The void pattern continues
through the cytoplasmicleaflet (panel 4) butis absentin the exoplasmicleaflet
(panels 5-8). e, Unassigned putative lipid density (seagreen) inadeepEMhancer
sharpened map localized to the charged pocket. Inset, charged residues
coordinating the unassigned density.

AHs areacommon feature of the N-BAR family of BAR-domain proteins
(for example, endophilin and amphiphysin) and have been proposed
to have crucial roles in the sensing and induction of curvature?-*,

By making one-pixel slices through the unsharpened maps parallel
tothe axis of the eisosome tubule, we could clearly see the well-defined
proteindensity of the AH buried in the cytoplasmicleaflet of the mem-
brane, which is visible in these images as a uniform density of lower
intensity (Fig. 1d, panel 1, teal arrow). At slices around 5 A deeper, an
array of small voids in the membrane density begins to appear just
below the AH. This pattern continues throughout the cytoplasmic
leaflet, producing afence-like striation in the membrane (Fig. 1d, panels
2-4,violetarrows). This effect isasymmetric between the two leaflets:
the pattern of voids is present only in the protein-bound cytoplasmic
leaflet, whereas the density of the exoplasmic leafletis homogeneous
throughout the lateral slices (Fig. 1d, panels 5-8).

Visualizing the native-source membrane density at a high threshold
to produce aninverted view of its topological features revealed small
droplet-shaped pockets of higher resolution than the surrounding
membrane density that are intercalated between the bulky side chains
of the Pill AH (Extended Data Fig. 5a and Supplementary Video 1). We
wondered whether these membrane voids could represent stably local-
ized ergosterol molecules (see Supplementary Discussion).

Lipid-binding pocket on the Pil1/Lspl dimer

Visualization of the electrostatic surface on the membrane-facing sur-
face of the Pill dimer revealed two patches of intense positive charge
adjacent to the AHs (Extended Data Fig. 1e). Within this pocket, an
unassigned density is coordinated by several charged residues that
have previously been proposed to be involved in PI(4,5)P, binding®*
(Fig.1e).Invitro tubulation by Pilland Lsplis reportedly dependent on
the presence of PI(4,5)P, in liposomes, and defects in PI(4,5)P, regula-
tion cause changes in eisosome morphology in vivo***#°, In addition,
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Fig.2|Sterols are stabilized by the Pil1/Lspl1 AH within the MCC-eisosome
membrane microdomain. a-d, Parallel slice at maximum AH density of
unsharpened maps of native-source (a), —-PI(4,5)P,/+sterol reconstituted (b),
+PI(4,5)P,/-sterol reconstituted (c) and +PI(4,5)P,/+sterol reconstituted (d)
eisosomes. e, CD spectrareflecting the folding of a synthetic Pill AH peptidein
the presence of liposomes of theindicated compositions. Lines represent the
mean of three experiments. f-h, Membrane void pattern within the cytoplasmic
leafletin native-source (f), +P1(4,5)P,/-sterol reconstituted (g) and +P1(4,5)P,/
+sterol reconstituted eisosomes (h). Insetimages: magnified view of

Lspl has been shown to cluster PI(4,5)P, on giant unilamellar vesicles
and prevent its lateral diffusion within the membrane*. Because of this
well-documented structural and functional relationship between the
eisosomes and PI(4,5)P,, we speculated that this unassigned density
could represent one or more coordinated PI(4,5)P, headgroups.

Reconstitution of eisosomes with known lipids

To assignidentities to the structural signatures we observe within the
membrane, we chose to reconstitute eisosome filaments using lipid
mixtures of a known composition with recombinantly expressed Pill
protein. We tested several lipid mixtures (Extended Data Fig. 6a—-c),
ultimately using combinations of cholesterol and/or PI(4,5)P, with a
mixture of phosphatidylcholine (DOPC), phosphatidylethanolamine
(DOPE) and phosphatidylserine (DOPS) as a constant component. Our
final reconstructions were made with three lipid mixtures: (1) ‘minus
P1(4,5)P,/plus sterol’ (‘~PI(4,5)P,/+sterol’), containing 30% cholesterol;
(2) ‘plus PI(4,5)P,/minus sterol’ (‘+PI(4,5)P,/-sterol’), containing 10%
PI(4,5)P,; and (3) ‘plus P1(4,5)P,/plus sterol’ (‘+P1(4,5)P,/+sterol’), con-
taining 10% PI(4,5)P, and 15% cholesterol (Supplementary Tables 2
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membrane void region. Numbers indicate individual sterol dwell sites for
native-source eisosomes (seei). i, CGMD snapshot highlighting residues
with cholesterolheadgroup occupancy.j, Average per-residue percentage
occupancy of cholesterol at AH residues in the +P1(4,5)P,/+sterol systemin
CGMD simulations (threereplicas of 10 pus each), with peaks numbered at sterol
dwellsites (seei).Error barsares.e.m.k, FRAP of TF-cholesterol in samples with
or without 1% PI(4,5)P,. Solid lines indicate amean of n measured nanotubes
withs.d.shown. Dashed linesindicate the fitted data.

and 3). We used helical reconstruction to solve several structures of
varying diameters, helical parameters and resolutions (Extended Data
Figs.3b-dand 6d-g, Extended Data Table1and Supplementary Table1).

Forallthree lipid mixtures, the overall architecture of the Pilllattice
is similar to the native-source samples. However, in —PI(4,5)P,/+sterol
preparations, the AHs of the Pill dimers are not resolved (Fig.2a,band
Extended Data Fig. 2d). This could be because the AH is more mobile
in this lipid mixture or because it is not inserted into the membrane.
The AH (H,) of endophilin, for example, requires PI1(4,5)P, for mem-
brane penetration*. In the +PI(4,5)P,/-sterol samples, the AH density
isimproved, and the AH density resolutionis best and most resembles
that of the native-source eisosomesin the +PI(4,5)P,/+sterol samples,
which suggests that PI(4,5)P, is crucial for AH stabilization (Fig. 2¢,d
and Extended DataFig. 2e,f). To probe the PI(4,5)P,-dependency of the
AHinsertioninto the membrane, circular dichroism (CD) experiments
with asynthesized Pill AH peptide and small unilamellar vesicles were
performed. Only in the presence of PI(4,5)P, do we observe a clear
helical folding of the peptide (Fig. 2e). Together, these observations
suggest that the AH does not insert into the bilayer in the absence of
PI(4,5)P,.



Membrane voids require P1(4,5)P, and sterol

One feature that was notably absent from the +PI(4,5)P,/—sterol heli-
ceswasthe pattern of membrane voidsin the cytoplasmic leaflet that
we observe in the native-source eisosome filaments (Fig. 2f,g and
Extended Data Fig. 5b,c). However, in the +P1(4,5)P,/+sterol helices,
we can again observe the void pattern, supporting the notion that
this pattern results from the stable association of sterol molecules
with the AH (Fig. 2h and Extended Data Fig. 5d,e). Coarse-grained
(CG) molecular dynamics (MD) simulations were performed with
tubules of an identical lipid composition to that of the +P1(4,5)P,/
+sterol mixture, and the number of contacts between lipid head-
groups and residues of Pill was measured for each lipid in terms of
the percentage of occupancy; that is, the percentage of frames in
which any lipid-protein contact is formed (Extended Data Fig. 7a).
Notably, sites of increased cholesterol occupancy corresponded
to the locations of the pattern of holes in the lipid density, with
peaks at four clusters of residues, each containing aromatic side
chains: (1) residues 32F and 33F, (2) residues 37G, 38L, 39A and 40Y;
(3) residues 42F and 43R; and (4) residue 50F (Fig. 2i,j and Extended
DataFig. 7b).

To directly test whether the voids represent sterol molecules, we
reconstituted and solved structures of Pill tubules with lipid mix-
tures containing sterols that were brominated at the 7,8- position
of the steroid ring (bromosterol) to add density to these molecules
that can be observed in cryo-EM*® (Extended Data Figs. 3e and 6h
and Supplementary Data 2 and 3). In these +PI(4,5)P,/+bromosterol
reconstituted structures, the AHs are well-resolved, similar to the
+PI1(4,5)P,/+sterol structures, suggesting that the bromosterols
behave similarly to cholesterol in these structures (Extended Data
Fig. Se,f). Furthermore, the voids can be observed both at the plane
of the AH and starting at a depth of around 8 A from the bilayer mid-
plane, corresponding approximately to the predicted location of
C17 of cholesterol within the bilayer in MD simulations*. However, in
the +P1(4,5)P,/+bromosterol structures, in the slices ranging from a
distance of around11-12.5 A from the bilayer midplane, which would
correspond well with the bromination at C7(8) on the bromosterol
molecule, the voids are interrupted by density, which strongly sug-
gests that the brominated sterols are localized to the voids, and that
the void pattern represents stabilized sterol molecules (Extended
Data Fig. Se,f).

To better understand the relationship between PI(4,5)P, binding
and sterol dynamics, we reconstituted Pill scaffolds on preformed
membrane lipid nanotubes to perform fluorescence recovery after
photobleaching (FRAP) assays using TopFluor (TF)-cholesterol in
lipid mixtures with or without 1% P1(4,5)P, (Supplementary Videos 2
and 3). For Pill-scaffolded nanotubes without PI(4,5)P, (-PI(4,5)P,/
+sterol), there is a slight reduction in the mobile fraction of sterols,
but this effect is pronounced in the presence of 1% P1(4,5)P, (+1%
PI(4,5)P,/+sterol), indicating that the immobilized fraction of choles-
terolinteracts strongly with Pilland/or other lipids bound to the protein
inaPI(4,5)P,-dependent manner (Fig. 2k and Supplementary Table 4).

Lipid binding in reconstituted eisosomes

In the +PI(4,5)P,/-sterol structures, a clear triangular density, which
we fitted with an inositol-1,4,5-phosphate (IP;) ligand to represent a
PI(4,5)P,headgroup, interacts with the basic residues R126, K130 and
R133 oneach protomer in the binding pocket we had previously identi-
fiedinthe native-source structures (Fig. 3a, second panel and Extended
Data Fig. 2e). Notably, these conserved residues were previously
shown tobeimportant for eisosome assembly in vivoand membrane
binding in vitro®?%, This extra density, not present in the —PI(4,5)P,/
+sterol Pill filaments (Extended Data Fig. 2d), is likely to reflect a
PI(4,5)P,-binding site in the native-source eisosomes. To confirm the

interaction between PI(4,5)P, and Pill, we checked TF-PI(4,5)P, dif-
fusion in lipid nanotubes using FRAP assays, and observed a much
slower recovery and a significantly increased immobile fraction of
TF-PI1(4,5)P,when Pillisbound, suggesting a strong interaction (Fig. 3b
and Supplementary Table 4). We also measured lipid sorting coef-
ficients of 1% TF-PI(4,5)P, using a fluorescence ratiometric compari-
son with areference lipid (Atto647N DOPE). This revealed a relative
accumulation of PI(4,5)P, in regions with Pill scaffolds (Fig. 3c and
Extended Data Fig. 8a-c).

Inthe +PI(4,5)P,/+sterol samples, a similar triangular density bound
toR126,K130 and R133 was observed and fitted withan IP, ligand, com-
parable with the PI(4,5)P, headgroup in +PI(4,5)P,/—sterol samples
(Fig.3a, third panel and Extended Data Fig. 2f). Lipid sorting values for
PI(4,5)P, in the +1% PI(4,5)P,/+sterol samples revealed the accumula-
tion of P1(4,5)P, under Pill scaffolds, albeit to alesser extent compared
with +1% P1(4,5)P,/-sterol samples, which is in line with the observed
slight decrease in the intensity of this PI(4,5)P, density in the AH region
of the +PI(4,5)P,/+sterol samples (Fig. 3c and Extended Data Fig. 8d).
In addition, in the CG MD simulations for both the +PI(4,5)P,/-sterol
and the +PI(4,5)P2/+sterol systems, PI(4,5)P, occupancy was increased
at charged residues in the lipid-binding pocket, especially residues
R43, Q60, R126, K130 and R133. The inclusion of cholesterol reduced
occupancy for all these residues, complementing the lipid sorting
observations (Fig.3d and Extended Data Fig. 7c). InFRAP experiments,
we observed a further reduction in P1(4,5)P, mobility under the Pill
scaffold in samples with cholesterol, which suggests that, for theimmo-
bile fraction of PI(4,5)P,, sterols might have a role in enhancing the
Pil1-PI(4,5)P, interaction, perhaps by stabilizing the AH (Fig. 3b and
Supplementary Table 4).

In the +P1(4,5)P,/+sterol samples, we were surprised to observe an
additional lipid density stabilized between the AH and the P1(4,5)P,
headgroup. This density accommodates a phosphatidylserine (PS)
lipid (DOPS is present in our lipid mixtures), with a large splay in the
acyl tails. One acyl tail is visible up to C2 and the other is stabilized
up to C10, including the double bond at the 9,10- position, and bent,
coordinated by residues R43, K66 and R70 (Fig. 3a, third panel and
Extended Data Fig. 2f). Consistent with reported in vitro and in vivo
partitioning of PS with sterols****¢, we observed TF-PS sorting, but
not TF-PC or TF-PE (in which PC denotes phosphatidylcholine and PE
denotes phosphatidylethanolamine) sorting, using lipid nanotubes
with the +1% P1(4,5)P2/+sterol mixture, supporting the notion that
our extradensityisaPSlipid (Fig. 3c). CGMD simulations also suggest
that DOPS exhibits a similar affinity to that of PI(4,5)P, to the charged
lipid-binding pocket of Pil1, but with changes at several residues that
arepredicted tobeinvolved in lipid binding in the presence of sterols
(Extended Data Fig. 7c-e). Collectively, these data suggest that the
inclusion of sterol in the lipid mixture increases the specificity of
PI(4,5)P, and PS interactions with particular charged residues within
the lipid-binding pocket.

To investigate microdomain formation by the Pill lattice, we used
FRAP assays with TF-PC and TF-PE and found that asignificant portion
of each of theselipidsisimmobilized in the presence of Pill (Extended
DataFig. 8e,f). In the presence of both Pill and PI(4,5)P, although the
immobile fraction remains similar, the dynamics of the mobile lipid
fraction are decreased for TF-PC and TF-PE lipids (Extended Data
Fig.8e,fand Supplementary Table 4). However, theimmobile fraction
and the dynamics of the mobile lipid fraction for TF-PC and TF-PE are
broadly similar in the presence or absence of cholesterol (Extended
DataFig. 8g,h), which suggests that itis the protein lattice itselfalong
with the binding of PI1(4,5)P, (and the resulting AH insertion and sta-
bilization) that slows lipid dynamics in the membrane microdomain.
CG simulations, despite their intrinsic faster diffusion owing to the
smoother CG free energy landscape®”, also indicate that the presence
of the Pill coat slows down lipid diffusion in the outer leaflet of the
membrane tubule (Extended Data Fig. 7f).

Nature | Vol 632 | 15 August 2024 | 667



Article

Native-source

+P1(4,5)P,/-sterol

+P1(4,5)P/+sterol

RN
K6

N\

¢

N
728}
2w X

A & Vh@*@@@:

\ \{

M i
N 5"?4‘(‘/ ‘ %

Monomer 2

1204
—— +Sterols, control (n = 14) _ - - -
— iSterols, Pilt (0 = 19) TF-PI(4,5)P, TF-PS TF-PE TF-PC
100 —— —Sterols, control (n = 13) P =1.425 x 105 P = 0.006 ;\?
q —— =Sterols, Pil1 (n = 21) & 64 =
— ko] [9)
X 80 © <
[ = g
Fal 3 =1
o o Q
> 44 S Q
Q o [e]
8 £ o
& £ ofe &
@ o =
24 n=20 n=25 g
o)
- o
0 n=20 n=20 n=25 n=20
-Sterol +Sterol -Sterol +Sterol +Sterol +Sterol

Fig.3|Reconstitution of purified Pill with lipids of known composition
enables theidentification of structural signatures. a, Lipid densitiesin
lipid-binding pockets of native-source (orange; lipid density indark green),
+PI(4,5)P,/-sterol reconstituted (lime green; PI(4,5)P, in dark green) and
+PI(4,5)P,/+sterol reconstituted (magenta; PI(4,5)P,in dark greenand PSin
dodger blue) eisosome maps. #indicates PSheadgroup and *indicates two
PSacyltail chainsin the +PI(4,5)P,/+sterol reconstituted (magenta) model.

b, FRAP of TF-PI(4,5)P,in +1% PI(4,5)P,/-sterol (green) and +1% P1(4,5)P,/+sterol
(magenta) reconstituted Pill tubules. Solid lines indicate amean of n measured

Physiological effects of lipid binding

Tounderstand thein vivorelevance of thelipid binding we observe, we
produced mutant yeast strains that were predicted to affect the bind-
ing of Pill to different lipid species on the basis of our structures and
MD simulations (Fig. 4a and Supplementary Table 5). Specifically, we
tagged endogenous PIL1with GFPenvy in an LSP1 deletion background
and thenintroduced mutations thatare predicted to disrupt P1(4,5)P,
binding (pilI¥*°#®334) pSbinding (pill*°***°4) or both PI(4,5)P,and PS
binding (pilI}¢*VR7OAKIB0ARIBA) a5 well as mutations to disturb sterol
binding (pilI™3/Y#0A/F424/5508) 'We validated that lipid binding isindeed
altered in these mutants using lipid sorting assays (for the mutants
disrupting PS and PI(4,5)P, binding) and FRAP assays (for the mutant
disrupting sterol binding) (Extended Data Fig. 9a,b).

Eisosome morphology and function was altered in these, as well as
in two other pill lipid-binding-pocket mutants (pilI**** and pilI}'?**)
(Fig. 4b and Extended Data Fig. 9¢). Strains expressing pilI<°6A/R70A,
PpIlI*BOMRIA gnd to alesser degree, pill™**A, exhibited fewer eisosomes,
but with an elongated morphology, whereas the pilI*?** and
IT¥OOARTONKIZONRIBA mtants displayed misshapen eisosomes and par-
tial cytosolic mislocalization of the Pill protein. The pil1733A/Y40A/F424/FS0A
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nanotubeswiths.d.shown. Dashed linesindicate fitted data. c, Lipid sorting
coefficients of TF-PI(4,5)P,and TF-PSin +1% P1(4,5)P,/—-sterol (green) and

+1% P1(4,5)P,/+sterol (magenta) reconstituted Pill tubules, aswell as TF-PE and
TF-PCin+1% PI(4,5)P,/+sterol (magenta) reconstituted Pill tubules. Box plot
elements are defined in the Methods. d, Average per-residue PI(4,5)P, lipid
occupancy for residues less than 5 A from the PI(4,5)P, headgroup with greater
than 5% occupancy in CGMD simulations (three replicas of 10 ps each). Error
barsares.e.m.

sterol-binding-impaired mutant shows unusual rod-like eisosomes
that ingress towards the centre of the cell (Fig. 4b and Extended Data
Fig. 9d). To further investigate the role of these lipid-binding-pocket
sites, we chose to add an endogenous mScarlet-1 tag to the MCC-
eisosome resident protein Ncel02. NcelO2 relocalizes from the MCC-
eisosomes into the bulk membrane (or vice versa) after exposure to
various membrane stressors, including osmotic shocks, inhibition
of sphingolipid synthesis by the drug myriocin and sphingoid base
treatment™*®*, All of the lipid-binding-pocket mutants tested already
showed a mislocalization of Ncel02 in steady-state conditions, with
almost no colocalization in the pilIX6°A/R70A/KI30ARII3A (p|(4 5)P,- and
PS-binding-impaired) and pilI73A/Y40AF42A/F50A (tero]-binding-impaired)
mutants (Fig. 4c and Extended Data Fig. 9e).

To determine whether the disruption of lipid binding has any physi-
ological consequences, we assessed the growth of our mutant strains
under a variety of stress conditions. All of our Pilllipid-binding-pocket
mutants exhibited resistance to myriocin, aninhibitor of sphingolipid
biosynthesis (Fig. 4d and Extended Data Fig. 9f). Thisisinline with the
previously described role of eisosomes in sphingolipid biosynthesis
signalling*®*° and, given the mislocalization of the proposed sphin-
golipid biosensor, Ncel02 (ref. 49), we can speculate that sphingolipid
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Fig. 4 |Mutations thatimpair lipid binding affect the morphology and
function of MCC-eisosomesinvivo. a, Cartoon of the Pill lipid-binding pocket.
Proposed sterol-binding residues are inviolet, PS-binding residues in dodger
blue and P1(4,5)P,-binding residuesin green. b, Eisosome morphologyin IspiA
yeast expressing Pill-GFPenvy with lipid-binding mutations and Nce102-
mScarlet-l (summed z-stacks). The merge is summed stacks of Pill-GFPenvy

biosynthesisis mildly upregulated in these myriocin-resistant mutants.
We also observed that the pilI*®°AR3* mytant had increased growth
atalow temperature, relative to the control (Fig. 4d). Because cold
resistance has been previously described for cells that lack the MCC-
eisosome-localized PI(4,5)P, phosphatase Inp51, or Inp52 (ref. 51), it is
possible that this cold resistance could be caused either by PI(4,5)P,
dysregulation or by Inp51 or Inp52 mislocalization.

We also checked growth with nystatin, anantimycotic thatinteracts
with free ergosterol in the plasma membrane to induce cell lysis*>*>.
The sterol-binding-impaired pilIF*"/Y40AF42AFS0A i cant and the pil 17204
and pil[XCCA/RTOAKIS0ARIZBA mtants that exhibited cytosolic mislocaliza-
tion of the Pill protein were sensitive to nystatin, indicating a higher
availability of free ergosterol at the plasma membrane (Fig. 4d and
Extended Data Fig. 9f). However, none of the mutants showed resist-
ancetotheinhibitor of sterol synthesis atorvastatin®*, which suggests
that the nystatin sensitivity is not due to enhanced ergosterol synthesis
(Extended Data Fig. 9f). Itis tempting to speculate that these mutations
affect the lipid microdomain generated by Pill, rendering a normally
sequestered population of ergosterol available for nystatin binding,
although it is also possible that a more general disorganization of
ergosterol localization occurs owing to MCC-eisosome-dependent
signalling dysregulation.

3DVA of the native-source eisosome lattice

Witha clearer understanding of the identities of the lipids that produce
the signatures we see within the membrane and their functionalimpor-
tance, we returned to the native-source eisosome dataset to check for
variability inthe lipid organization. We performed three-dimensional
variability analysis (3DVA) using the symmetry-expanded and
density-subtracted lattice particles. One component of our 3DVA was
particularly noteworthy; we observed conformational flexibility within
thePill protein lattice that resembled a dynamic spring-like stretching
and compression localized to the Nt contact sites (Supplementary
Video 4). Because this Nt region is directly connected to the AH, we
considered whether this lattice stretching could be transmitted to
the lipid bilayer. We also saw that changes in the shape and size of the

F33A/Y40A/
F42A/F50A

(cyan) and Ncel02-mScarlet-1 (magenta) signals. WT, wild type. Scale bars, 2 um.
c, Fraction of Ncel02-mScarlet-I colocalizing with Pill-GFPenvy lipid-binding-
impaired mutantsinsingle cells (Manders’ M1 coefficient). The shaded area
represents the probability density of the data. d, Growth assays of [sp14 yeast
expressing Pill-GFPenvy lipid-binding-pocket mutants. The tagged proteinsin
b-dare expressed from their endogenouslocus.

bound lipid density were synchronized with the stretching of the Nt
contact sites in the visualization of the 3D variability.

To characterize the relationship between the Nt stretching and the
changesinthelipid density, we extracted ten sets of non-overlapping
particles along this variability dimension for further refinement, which
allowed us to compare the most compact and most stretched lattice
classes (Extended DataFig. 3f,gand 10a,b). We also analysed the tubule
of originfor each particle inthese ten classes to determine the contribu-
tion of tubule diameter to this stretching component. Particles from
every tubule diameter are distributed across all ten classes; however,
particles from small-diameter tubules are overrepresented in the more
compactclasses, whereas those from large-diameter tubules are over-
represented in more stretched classes (Extended DataFig.10c,d). This
suggests that the flexibility we observe arises from the protein lattice
stretching to accommodate larger diameters of tubules.

In deepEMhancer sharpened maps, the lipid-binding pocket of the
most compressed protein lattice class contained two clear densities:
onetriangular density that we could identify as a PI(4,5)P, headgroup
withinteractions atresidues R126, K130 and R133; and the other smaller
elongated density interacting with residue K66, which we had pre-
viously assigned as a PS lipid in the +P1(4,5)P,/+sterol reconstituted
samples, althoughitsidentity in the native plasma membrane cannot
be definitively assigned owing to the complexity of its lipid composi-
tion relative to our reconstituted tubules (Fig. 5a and Extended Data
Fig. 2g). By contrast, the lipid-binding pocket in the most stretched
protein lattice class was unoccupied in the sharpened maps, suggest-
ingthat PI(4,5)P, and PS binding are disrupted upon lattice stretching
(Fig. 5b and Extended Data Fig. 2h).

Tofurtherinvestigate the differences between these classes, we ana-
lysedslices through the membrane of the unsharpened maps (Fig. 5c,d
and Extended Data Fig. 10e). Although the most compressed protein
lattice class retained the pattern of membrane voids beneath the AH,
indicating sterol binding, this pattern was gradually lostin the interme-
diate classesand was blurred inthe most stretched protein lattice class,
despiteits slightly higher resolution (Fig. 5¢,d, Extended DataFigs. 5g,h
and 10f, Supplementary Videos 5 and 6 and Extended Data Table 1).
However, no overall changes in membrane thickness or intensity were
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Fig.5| Three-dimensional variability analysis reveals Pill/Lspl lattice
stretching and its effects on membrane organization within native-source
MCC-eisosomes. a, Well-defined two-part density (green for PI(4,5)P,and
dodger blue for putative PS) occupying the charged pocketinadeepEMhancer
sharpened map of the most compact protein lattice conformation (modelin
darkred).b, No cleardensityis observedinthe charged pocketinasharpened
map of the most stretched protein lattice conformation (modelinlight yellow).
c,d, Membrane void pattern, or lack thereof, in corresponding slices of
unsharpened maps of the most compact protein lattice (c) and the most
stretched protein lattice (d) conformation. e, Modelillustrating that lattice
stretching destabilizes lipid headgroup and sterol binding (compact model
indarkred, stretched modelinlightyellow, P1(4,5)P,headgroupingreen,

PS headgroupin dodger blue and sterolsinviolet).

observed in radial angle profile plots of these two classes (Extended
DataFig.10g). Thisimplies that sterols are mobilized rather than redis-
tributed between the leaflets in the stretched protein lattice class.

Discussion

Together, our observations provide clear evidence that the eisosome
scaffold proteins Pill and Lsp1 form a plasma membrane microdomain
through their direct interactions with specificlipids. Our work provides
a high level of detail into the organization and dynamics of plasma
membrane lipids within this microdomain. Furthermore, our data
allow usto propose aspeculative model for how these MCC-eisosome
microdomains sense and respond to mechanical stress.

Although the Pill/Lspllattice is capable of self-organization on the
membrane surface in the absence of PI(4,5)P,, we find that PI(4,5)P, is
necessary for the stabilization of the AH within the cytosolic leaflet.
When PI(4,5)P, is bound and the AH is inserted, semi-stable interac-
tions of sterols, mostly with bulky side chains of the AH, are able to
form and the mobility of the other lipids (and probably that of MCC-
eisosome-resident proteins, such as Ncel02) within the membrane
microdomainis reduced. Inthe presence of both PI(4,5)P, and sterols,
specificstable interactions between Pilland PS—including the acyl tails
of PS—occur, which suggests that the PS acyl tail profile could have a
roleintheseinteractions. Notably, the stabilized lipid interactions we
observeare limited to the cytoplasmic leaflet, showing clear membrane
asymmetry in the intra-leaflet lipid dynamics.
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Under mechanical stress, Pill/Lspllattice stretching could conceiv-
ably be communicated to the lipids in the cytoplasmic leaflet through
the direct connection between the Nt lattice contact sites and the
AH. In our native-source structures, we see that Pill lattice stretch-
ing is correlated with a mobilization of P1(4,5)P, and PS and a loss of
the sterol patterning within the cytoplasmic leaflet (Fig. Se), which
implies an increased mobility of all of the lipids within the MCC-
eisosome. Given thatall of our Pilllipid-binding-pocket mutants—even
those with mild morphology defects—exhibit amislocalization of the
tension-responsive protein Ncel02, we propose that this lipid mobi-
lization represents a general mechanism to free sequestered factors
to initiate their signalling functions that are sensitive to membrane
stress (see Supplementary Discussion for further details).

Online content

Any methods, additional references, Nature Portfolio reporting summa-
ries, source data, extended data, supplementary information, acknowl-
edgements, peer review information; details of author contributions
and competinginterests; and statements of data and code availability
are available at https://doi.org/10.1038/s41586-024-07720-6.

1. Honigmann, A. & Pralle, A. Compartmentalization of the cell membrane. J. Mol. Biol. 428,
4739-4748 (2016).

2. Lu, S.M. &Fairn, G. D. Mesoscale organization of domains in the plasma membrane—
beyond the lipid raft. Crit. Rev. Biochem. Mol. Biol. 53, 192-207 (2018).

3. Levental, I., Levental, K. R. & Heberle, F. A. Lipid rafts: controversies resolved, mysteries
remain. Trends Cell Biol. 30, 341-353 (2020).

4. Sezgin, E., Levental, I., Mayor, S. & Eggeling, C. The mystery of membrane organization:
composition, regulation and roles of lipid rafts. Nat. Rev. Mol. Cell Biol. 18, 361-374 (2017).

5. Malinsky, J., Opekarova, M. & Tanner, W. The lateral compartmentation of the yeast plasma
membrane. Yeast 27, 473-478 (2010).

6. Douglas, L. M. & Konopka, J. B. Fungal membrane organization: the eisosome concept.
Annu. Rev. Microbiol. 68, 377-393 (2014).

7. Appadurai, D. et al. Plasma membrane tension regulates eisosome structure and function.
Mol. Biol. Cell 31, 287-303 (2020).

8. Berchtold, D. et al. Plasma membrane stress induces relocalization of Slm proteins and
activation of TORC2 to promote sphingolipid synthesis. Nat. Cell Biol. 14, 542-547 (2012).

9. Moharir, A., Gay, L., Appadurai, D., Keener, J. & Babst, M. Eisosomes are metabolically
regulated storage compartments for APC-type nutrient transporters. Mol. Biol. Cell 29,
2113-2127 (2018).

10. Shi, Z., Graber, Z. T., Baumgart, T, Stone, H. A. & Cohen, A. E. Cell membranes resist flow.
Cell175,1769-1779 (2018).

1. Spira, F. et al. Patchwork organization of the yeast plasma membrane into numerous
coexisting domains. Nat. Cell Biol. 14, 640-648 (2012).

12.  Malinsky, J. & Opekarova, M. In International Review of Cell and Molecular Biology Vol. 325,
119-180 (Academic Press, 2016).

13. Malinska, K., Malinsky, J., Opekarova, M. & Tanner, W. Visualization of protein
compartmentation within the plasma membrane of living yeast cells. Mol. Biol. Cell 14,
4427-4436 (2003).

14.  Malinska, K., Malinsky, J., Opekarova, M. & Tanner, W. Distribution of Can1p into stable
domains reflects lateral protein segregation within the plasma membrane of living
S. cerevisiae cells. J. Cell Sci. 117, 6031-6041 (2004).

15.  Grossmann, G. et al. Plasma membrane microdomains regulate turnover of transport
proteins in yeast. J. Cell Biol. 183, 1075-1088 (2008).

16.  Zahumensky, J. & Malinsky, J. Role of MCC/eisosome in fungal lipid homeostasis.
Biomolecules 9, 305 (2019).

17.  Lanze, C.E. et al. Plasma membrane MCC/eisosome domains promote stress resistance
in fungi. Microbiol. Mol. Biol. Rev. 84, e00063-19 (2020).

18. Babst, M. Regulation of nutrient transporters by metabolic and environmental stresses.
Curr. Opin. Cell Biol. 65, 35-41(2020).

19. Salzer, U., Kostan, J. & Djinovi¢-Carugo, K. Deciphering the BAR code of membrane
modulators. Cell. Mol. Life Sci. 74, 2413-2438 (2017).

20. Mim, C. & Unger, V. M. Membrane curvature and its generation by BAR proteins. Trends
Biochem. Sci. 37, 526-533 (2012).

21.  Simunovic, M., Evergren, E., Callan-Jones, A. & Bassereau, P. Curving cells inside and out:
roles of BAR domain proteins in membrane shaping and its cellular implications. Annu.
Rev. Cell Dev. Biol. 35, 111-129 (2019).

22.  Frost, A., Unger, V. M. & De Camilli, P. The BAR domain superfamily: membrane-molding
macromolecules. Cell 137, 191-196 (2009).

23. Sharma, K. D., Heberle, F. A. & Waxham, M. N. Visualizing lipid membrane structure with
cryo-EM: past, present, and future. Emerg. Top. Life Sci. 7, 55-65 (2023).

24. Levental, |. & Lyman, E. Regulation of membrane protein structure and function by their
lipid nano-environment. Nat. Rev. Mol. Cell Biol. 24,107-122 (2023).

25. Kinnun, J. J. et al. Biophysical studies of lipid nanodomains using different physical
characterization techniques. Biophys. J. 122, 931-949 (2023).

26. Heberle, F. A. et al. Direct label-free imaging of nanodomains in biomimetic and
biological membranes by cryogenic electron microscopy. Proc. Natl Acad. Sci. USA 117,
19943-19952 (2020).


https://doi.org/10.1038/s41586-024-07720-6

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Cornell, C. E., Mileant, A., Thakkar, N., Lee, K. K. & Keller, S. L. Direct imaging of liquid
domains in membranes by cryo-electron tomography. Proc. Natl. Acad. Sci. USA 17,
19713-19719 (2020).

Azad, K. et al. Structural basis of CHMP2A-CHMP3 ESCRT-IIl polymer assembly and
membrane cleavage. Nat. Struct. Mol. Biol. 30, 81-90 (2023).

Fischer, T. D., Dash, P. K., Liu, J. & Waxham, M. N. Morphology of mitochondria in
spatially restricted axons revealed by cryo-electron tomography. PLoS Biol. 16, e2006169
(2018).

Moss, F. R. et al. Brominated lipid probes expose structural asymmetries in constricted
membranes. Nat. Struct. Mol. Biol. 30, 167-175 (2023).

Unwin, N. Structure of a cholinergic cell membrane. Proc. Natl Acad. Sci. USA 119,
2207641119 (2022).

Stradalova, V. et al. Furrow-like invaginations of the yeast plasma membrane correspond
to membrane compartment of Can?. J. Cell Sci. 122, 2887-2894 (2009).

Karotki, L. et al. Eisosome proteins assemble into a membrane scaffold. J. Cell Biol. 195,
889-902 (2011).

Bharat, T. A. M., Hoffmann, P. C. & Kukulski, W. Correlative microscopy of vitreous sections
provides insights into BAR-domain organization in situ. Structure 26, 879-886 (2018).
Walther, T. C. et al. Eisosomes mark static sites of endocytosis. Nature 439, 998-1003 (2006).
Campelo, F., McMahon, H. T. & Kozlov, M. M. The hydrophobic insertion mechanism of
membrane curvature generation by proteins. Biophys. J. 95, 2325-2339 (2008).

Zemel, A., Ben-shaul, A. & May, S. Modulation of the spontaneous curvature and bending
rigidity of lipid membranes by interfacially adsorbed amphipathic peptides. J. Phys. Chem.
112, 6988-6996 (2008).

Ziotkowska, N. E., Karotki, L., Rehman, M., Huiskonen, J. T. & Walther, T. C. Eisosome-driven
plasma membrane organization is mediated by BAR domains. Nat. Struct. Mol. Biol. 18,
854-856 (2011).

Kabeche, R., Roguey, A., Krogan, N. J. & Moseley, J. B. A Pil1-Sle1-Syj1-Tax4 functional
pathway links eisosomes with PI(4,5)P, regulation. J. Cell Sci. 127, 1318-1326 (2014).
Kabeche, R., Madrid, M., Cansado, J. & Moseley, J. B. Eisosomes regulate
phosphatidylinositol 4,5-bisphosphate (PI(4,5)P,) cortical clusters and mitogen-activated
protein (MAP) kinase signaling upon osmotic stress. J. Biol. Chem. 290, 25960-25973
(2015).

Zhao, H. et al. Membrane-sculpting BAR domains generate stable lipid microdomains.
Cell Rep. 4,1213-1223 (2013).

Yoon, Y., Zhang, X. & Cho, W. Phosphatidylinositol 4,5-bisphosphate (PtdIns(4,5)P,)
specifically induces membrane penetration and deformation by Bin/Amphiphysin/Rvs
(BAR) domains. J. Biol. Chem. 287, 34078-34090 (2012).

Smondyrev, A. M. & Berkowitz, M. L. Structure of dipalmitoylphosphatidylcholine/
cholesterol bilayer at low and high cholesterol concentrations: molecular dynamics
simulation. Biophys. J. 77, 2075-2089 (1999).

Kay, J. G., Koivusalo, M., Ma, X., Wohland, T. & Grinstein, S. Phosphatidylserine dynamics
in cellular membranes. Mol. Biol. Cell 23, 2198-2212 (2012).

45. Maekawa, M. & Fairn, G. D. Complementary probes reveal that phosphatidylserine is
required for the proper transbilayer distribution of cholesterol. J. Cell Sci. 128, 1422-1433
(2015).

46. Nyholm, T. K. M., Jaikishan, S., Engberg, O., Hautala, V. & Slotte, J. P. The affinity of sterols
for different phospholipid classes and its impact on lateral segregation. Biophys. J. 116,
296-307 (2019).

47. Meinel, M. K. & Miiller-Plathe, F. Loss of molecular roughness upon coarse-graining
predicts the artificially accelerated mobility of coarse-grained molecular simulation
models. J. Chem. Theory Comput. 16, 1411-1419 (2020).

48. Frohlich, F. et al. A genome-wide screen for genes affecting eisosomes reveals Nce102
function in sphingolipid signaling. J. Cell Biol. 185, 1227-1242 (2009).

49. Zahumensky, J. et al. Microdomain protein Nce102 Is a local sensor of plasma membrane
sphingolipid balance. Microbiol. Spectr. 10, e0196122 (2022).

50. Aguilar, P. S. et al. A plasma-membrane E-MAP reveals links of the eisosome with
sphingolipid metabolism and endosomal trafficking. Nat. Struct. Mol. Biol. 17, 901-908
(2010).

51. Stolz, L. E., Huynh, C. V., Thorner, J. & York, J. D. Identification and characterization of an
essential family of inositol polyphosphate 5-phosphatases (INP51, INP52 and INP53 gene
products) in the yeast Saccharomyces cerevisiae. Genetics 148, 1715-1729 (1998).

52. Szomek, M. et al. Direct observation of nystatin binding to the plasma membrane of living
cells. Biochim. Biophys. Acta Biomembr. 1863, 183528 (2021).

53. Kristanc, L., Bozi&, B., Jokhadar, S. Z., Dolenc, M. S. & Gomi$&ek, G. The pore-forming
action of polyenes: from model membranes to living organisms. Biochim. Biophys. Acta
Biomembr. 1861, 418-430 (2019).

54. Istvan, E. S. & Deisenhofer, J. Structural mechanism for statin inhibition of HMG-CoA
reductase. Science 292, 1160-1164 (2001).

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution

oy 4.0 International License, which permits use, sharing, adaptation, distribution

and reproduction in any medium or format, as long as you give appropriate

credit to the original author(s) and the source, provide a link to the Creative Commons licence,
and indicate if changes were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your
intended use is not permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a copy of this licence,
visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

Nature | Vol 632 | 15 August 2024 | 671


http://creativecommons.org/licenses/by/4.0/

Article

Methods

Yeast strains

Yeast strains used for endogenous protein expression and purification
were constructed using classical recombination methods. Yeast strains
with point mutations were constructed using CRISPR-Cas9-based
methods. The strains used in this study are listed in Supplementary
Table 5.

Purification of native-source eisosomes

Eisosome tubules were isolated in the following manner. Using S. cer-
evisiae expressing a TAP-tag on the endogenous locus of the target
of rapamycin complex 2 (TORC2) subunit Bit61, we performed a gen-
tle purification procedure. Yeast were grown to an optical density at
600 nm (ODg((m) Of 6-8, collected by centrifugation at 6,000 rpm
for 10 min, flash frozen in liquid nitrogen and stored at —80 °C. Cells
were lysed by manual grinding with a pestle and mortar under liquid
nitrogen, then resuspended by slow rotation at 4 °Cin 1.5 volumes of
extraction buffer containing CHAPS detergent at less than one-tenth
of the critical micelle concentration® (50 mM PIPES pH 7,300 mM
NacCl, 0.5 mM CHAPS, 0.5 mM DTT plus 1 mM PMSF and 1x cOmplete
protease inhibitor cocktail (-EDTA) (Roche)). Lysates were cleared by
centrifugationat12,000 rpm for 10 min, and supernatants wereincu-
bated with IgG-coupled Dynabeads M270 (Thermo Fisher Scientific)
for2 hat4 °C.Beads were washed five times with wash buffer (50 mM
PIPESpH 7,300 mMNaCl,1 mM CHAPSand 0.5 mMDTT) at4 °C, then
incubated with TEV protease (0.1 mg ml™) for 1 h at 18 °C. Eluate was
collectedat4 °Cthenused immediately for cryo-EM grid preparation.

Mass spectrometry of native-source eisosomes

Pillis acommon contaminant in S. cerevisiae pull-downs*® and the
amount of Pill/Lsplproteinisolated by our methodsis below the detec-
tion limit of our protein gels (Extended Data Fig. 1h), suggesting that
our eisosome filaments are a contamination of our intended target.
Nevertheless, the large tubulated structures that they form were sali-
ent features on the EM grid, enabling us to collect a sufficiently large
dataset for structural determination through helical reconstruction.
Ultimately, we were able to clearly assign protein identity with our
structural data owing to the resolution we achieved, and to confirm
the presence of Pill and Lsplin these preps using mass spectrometry
(Extended DataFig.1d and Supplementary Data1).

The native-source eisosome sample (around 0.5 pg) was separated
on an SDS-PAGE gel and stained with Coomassie Brilliant Blue. The
entire lane was cutintosix pieces, destained (200 pl, 50 MM NH,HCO,
in50% acetonitrile (ACN)), washed (200 pl, ACN), and dried for 30 min
in SpeedVac in separate tubes. Dried gel fractions were rehydrated
(200 pl, 10 MM DTT in 50 mM NH,HCO,) for 1 h at 56 °C shaking at
400 rpm. Liquid was removed, and samples were alkylated (200 pl,
50 mM iodoacetamide in 50 mM NH,HCO;) at room temperature for
45 min shaking at 400 rpm in dark. Samples were washed twice with
200 pl, 50 mM NH,HCO, for 10 min shaking at 600 rpm and twice with
200 pl, ACN for 10 min shaking at 600 rpm. Samples were dried com-
pletely in SpeedVac, then rehydrated with cold trypsin + LysC stock
solution (1 pg trypsin + 0.25 pg LysC per 100 pl 50 mM NH,HCO;) on
ice. Once all the solution was absorbed, 50 mM NH,HCO, was added
to cover the gel pieces completely, and samples were kept onice for
5min. Then, samples were incubated o/n at 37 °C shaking at 400 rpm.
Next day, the samples were centrifuged, the supernatant was collected
into a new tube and peptide extraction was performed with 100 pl of
50% ACN + 5% formic acid at room temperature for 30 min shaking at
400 rpm. Samples were centrifuged, the supernatant was collected into
anew tube and peptide extraction was repeated with the pellet once
more. Supernatants from the same gels were combined and dried in
SpeedVac to afinal volume of approximately 40 pl. Fifty microlitres of
water was added and samples were desalted with C18 columns. Liquid

chromatography with tandem mass spectrometry was performed
by nanoflow reverse-phase liquid chromatography (EASY-nLC 1000,
Thermo Fisher Scientific) coupled to an Orbitrap Fusion Lumos Tribrid
mass spectrometer (Thermo Fisher Scientific). Raw data files were
analysed using MaxQuant v.1.6.6.0 using default parameters for false
discovery rate (FDR), fixed and variable modifications.

Because our samples are likely to contain a mixture of both Pill and
Lsplproteins and their sequence conservationis very high, we could not
conclusively differentiate between these two proteinsinour structures
(Extended DataFigs. 2c and 4a; 73% identity, MUSCLE). Analysis of the
mass spectrometry data of our native-source preparations yielded an
average intensity ratio of 3.1:1 Pill:Lsp1 peptides (Extended Data Fig. 1d
and Supplementary Datal).

Plasmids

PIL1 was cloned into the pCoofy6 vector (a gift from S. Suppmann,
Addgene plasmid 43990) as described previously” with the following
primers: LP1-Sumo3-Pill-fwd 5-GTGTTCCAGCAGCAGACCGGTGG
AATGCACAGAACTTACTCTTTAAG, LP2-ccdB-Pill-rev 5-CCCCAG
AACATCAGGTTAATGGCGTTAAGCTGTTGTTTGTTGGGGAAG, LP2-
ccdB-fwd 5-CGCCATTAACCTGATGTTCTGGGG and LP1-Sumo3-rev
5-TCCACCGGTCTGCTGCTGGAACAC. After PCR amplification using
Q5 High-Fidelity 2X Mastermix (M0492, New England Biolabs), gel-
purified DNA fragments were assembled using RecA recombinase
(M0249, New England Biolabs). A plasmid containing mCherry was a
gift from A. Michelot. The mCherry was cloned into the C terminus of
Pill with the following primers: LP1-Pill-linker-mCherry-fwd 5-TCTCT
TCCCCAACAAACAACAGCTGAGCTCGCTGCAGCAATGGTGAG, LP2-
mCherry-rev 5-TGGTGCTCGAGTGCGGCCGCAAGCCTAGTTTC
CGGACTTGTACAGCTC, LP1-Pill-rev 5-AGCTGTTGTTTGTTGGGGAA
GAGAC and LP2-pCoofy-vector-fwd 5-GCTTGCGGCCGCACTCGA
GCACCAC. The DNA fragments were amplified and assembled as
above. PIL1 mutant DNA was PCR-amplified from genomic DNA
extracted from mutant yeast strains using LP1-Sumo3-Pill-fwd
primer and LP2-mCherry-Pill-rev primer 5-GCTCACCATTGCT
GCAGCGAGCTCAGCTGTTGTTTGTTGGGGAAGAGAC. The vector
containing 6xHis-Sumo3 and mCherry was linearized with
LP2-mCherry-FWD primer 5-GAGCTCGCTGCAGCAATGGTGAGC
and LP1-Sumo3-rev primer. The PCR amplification was performed as
described above. Gel-purified DNA fragments were assembled using
NEBuilder HiFi DNA Assembly Cloning Kit (New England Biolabs).
The sequence of each plasmid was verified by Sanger sequencing
(Microsynth).

Purification of Pill protein

Recombinant Pill and Pill-mCherry were expressed in BL21(DE3)
pLysS (200132, Agilent Technologies) in auto-induction LB medium
(AIMLB0210, Formedium) overnight at 20 °C. Cells were lysed in lysis
buffer (20 mM HEPES, pH 7.4,150 mM KCI, 2 mM MgAc and 30 mM
imidazole) supplemented with 1% Triton X-100,1 mM PMSF and cOm-
plete protease inhibitor cocktail (5056489001, Roche) by sonication
onice. Proteins were first purified with a HisTrap Fast Flow column
(GE17-5255-01, Cytiva) in the Akta Pure system (Cytiva) using a gradi-
ent ofimidazole from 30 mM to 500 mM. Proteins were subsequently
dialysed overnight with 20 mM HEPES, pH 7.4, 75 mM KCl and 2 mM
MgAcbuffer, and further purified withaHiTrap Q sepharose HP column
(17115401, Cytiva). AKCl gradient from 75 mM to 500 mM was used to
elute the protein. To cleave off the Sumo3 tag, SenP2 protease at a final
concentration of 30 pg ml™ was then added and the protein was dia-
lysed with20 mM HEPES, pH 7.4,150 mM KoAc and 2 mM MgAc buffer
overnight. Finally, protein samples were cleaned with a Superdex200
Increase10/300 GL column (GE28-9909-44, Cytiva) equilibrated with
20 mM HEPES, pH 7.4,150 mM KoAc and 2 mM MgAc buffer. Proteins
were concentrated to 20-25 pM, snap-frozen with liquid nitrogen and
stored at -80 °C.



Recombinant Pill-mCherry mutants R126A and K130A/R133A
were expressed in BL21(DE3)pLysS (200132, Agilent Technologies)
in auto-induction LB medium (AIMLB0210, Formedium) with kana-
mycin overnight at 20 °C. Recombinant Pill-mCherry mutants R43A
and K66A/R70A were expressed in Rosetta2 (DE3) pLysS (71397,
Novagen) in LB medium with kanamycin and chloramphenicol at
37 °C for 4 h followed by overnight induction at 18 °C with 0.1 mM
isopropyl-B-D-thiogalactopyranoside (IPTG). Recombinant Pill-
mCherry mutant F33A/Y40A/F42A/F50A was expressed in Rosetta2
(DE3) pLysS (71397, Novagen) in LB medium with kanamycin and
chloramphenicol and grown at 37 °C to an ODg ., Of 0.6-0.8. Next,
1mMIPTGwas added, followed by growth for 3 hat 37 °C. Theinduced
cellswere collected by centrifugation and resuspended in lysis buffer
(20 MM HEPES, pH 7.4,150 mM KCl, 2 mM MgAc, 30 mM imidazole,
0,15% CHAPS, 1 pg mI™ DNase and 1 pg ml™ lysozyme), supplemented
with proteaseinhibitors (1 mMPMSF and cOmplete EDTA-free protease
inhibitor cocktail (73567200, Roche)). Cells were lysed using an Emul-
siflex system (Avestin) and cleared by centrifugation at 15,000 rpm
for 45 min at 4 °C. The soluble fraction was purified using a HisTrap
Fast Flow crude column (1752801, Cytiva) on an Akta Explorer-HPLC
(GE Healthcare). The protein was washed with the same buffer and
elutated with a gradient of imidazole from 30 mM to 500 mM in the
same buffer. The purest fractions were desalted on a HiPrep Deasalting
column (17508701, Cytiva) against 20 mM HEPES, pH 7.4,150 mMKCl,
2 mMMgAcand 30 mMimidazole. To cleave off the Sumo3 tag, SenP2
protease atafinal concentration of 50 pg ml™ was thenadded and the
reactionwas performed in the cold room (4-6 °C) overnight. Cleaved
protein was separated fromthe tag, the protease and the contaminants
by reapplication to the HisTrap column. Finally, protein samples were
applied onaSuperdex200 prep 16/600 (28989335, Cytiva) equilibrated
with 20 mM HEPES, pH 7.4,150 mM KoAc and 2 mM MgAc buffer. Pro-
teins were concentrated to 15 uM for R43A mutant and 38 uM for the
others, aliquoted, snap-frozeninliquid nitrogen and stored at —80 °C.

Reconstitution of Pill tubules

The lipids used in this study are listed in Supplementary Table 2. The
selection of the subset of lipid compositions used for this study was
based onour ability to observe tubulation that was sufficiently robust
for cryo-EM studies. The variations in conditions we tried were combi-
nations of the following variables: (1) £20% DOPE; (2) 0.5% versus 2%
versus10% PI(4,5)P,; (3) brain P1(4,5)P, versus 18:1PI(4,5)P,; (4) choles-
terol versus ergosterol; (5) combination of PI(4,5)P, with15% versus 30%
cholesterol. Although these mixtures do not capture the full complexity
of the native plasmamembrane, using these reconstitutions, we were
able to make several salient observations.

To reconstitute Pill tubules using large unilamellar vesicles (LUVs)
for cryo-EM, lipids were mixed in chloroform to a final concentration
of 3.8 mM with the desired molar ratios. Chloroform was evaporated
under argon gas flow and subsequently for three hoursin a 30 °C
vacuum oven. A lipid film was hydrated in reaction buffer (20 mM
HEPES, pH 7.4,150 mM KoAc and 2 mM MgAc), subjected to 10 cycles
of freeze-thaw and extruded through a 200-nm-pore-sized polycar-
bonate filter (Cytiva) using a mini-extruder (Avanti Polar Lipids). Lipid
compositions used in cryo-EM studies are listed in Supplementary
Table 3. To produce samples for cryo-EM studies, amixture of 15-20 pM
recombinant Pilland around 2 mg mI LUVs was incubated at 30 °C for
one hour before freezing.

The vast majority of the conditions tested yielded some amount of
tubulation (except DOPC:DOPS alone), but we found that the most
robust tubulation occurred in mixtures containing 20% DOPE, 10% brain
PI(4,5)P,and cholesterol, rather than ergosterol. We were surprised that
ergosterol gave us slightly less robust tubulation, because it is the main
sterol species in yeast (they do not produce cholesterol). Neverthe-
less, cholesterol recapitulates the void pattern that we observedin the
native-like eisosomes, which almost certainly contain ergosterol, and

not cholesterol. We also confirmed using FRAP assays that no signifi-
cant differences in either TF-PI(4,5)P, or TF-PS fluorescence recovery
were observed when 30% cholesterol was replaced with 30% ergosterol
(Extended Data Fig. 6a and Supplementary Table 4). This suggests
that the structural features of eisosome proteins that enable sterol
coordination are likely to be conserved across species.

To reconstitute Pill tubules on preformed membrane nanotubes
for fluorescence microscopy experiments, supported lipid films over
silicabeads were formed from multilamellar vesicles by mixing lipids
in chloroformto afinal concentration of 1 mg ml™and evaporating the
solvent as described previously®®. In brief, lipid films were hydrated
using 5 mM HEPES, pH 7.4 buffer. Multilamellar vesicles were then
mixed with silicon dioxide microspheres (Corpuscular 140256-10 or
Sigma-Aldrich 904384) and dried for 30 minina 30 °C vacuum oven.
The imaging chamber was prepared by attaching a sticky-Slide VI
0.4 (Ibidi, 80608) on a 24 x 60-mm microscope cover glass. Sample
chambers were passivated for 10 minwith 2 g I"'bovine serumalbumin
solution and subsequently washed several times with reaction buffer
(20 mM HEPES, pH 7.4, 150 mM KoAc and 2 mM MgAc). Lipid-coated
silicabeads were then hydrated by adding a small amount of beads in
the sample chamber and allowing beads to roll through the chamber.
Several different lipid compositions were used in these experiments
(SeeSupplementary Table 3). Then, 0.01 mol% of Atto647N DOPE was
addedtoeachlipid mixture to visualize nanotubes and as the reference
fluorescent lipid for measuring lipid sorting coefficients.

DO-lipids were used for all these studies despite their low frequency
in the yeast plasma membrane because their melting temperature is
-18 °C.PO-orsaturated lipids are more prone to phase changes during
cooling. To confirm that DO- lipids recapitulate the behaviour in the
eisosome filaments of the more physiological PO-lipids, we performed
MD simulations and FRAP assays replacing DOPC:DOPE:DOPS 30:20:20
with POPC:POPE:POPS 30:20:20. Lipid occupancy trends were broadly
similar in these MD simulations, and no significant differences were
observed for either TF-PI(4,5)P, or TF-PSin the FRAP assays (Extended
Data Figs. 6b,c and 7g and Supplementary Table 4).

Cryo-EM grid preparation and data collection
Five microlitres of fresh sample was applied to untreated lacey carbon
film on copper mesh grids (Jena Bioscience X-170-CU400), blotted
for 3-4 s, then re-applied, blotted for 2-4 s (second blot) and finally
plunge-frozenin aLeica GP2 plunge system at 18 °C, 90% humidity.
Native-source eisosome filaments were imaged by targeted acqui-
sition using SerialEM with a 300 kV Titan Krios fitted with a Gatan K2
Quantumdirectelectrondetector (Heidelberg). A total of 2,827 movies
were collected, eachwithatotal dose of 40 e A2, atarget defocus range
of -0.8to-1.8 umand a pixel size 0f1.327 A (105,000x magnification).
Reconstituted Pillfilaments were imaged using EPU v.2.14 software
witha300 kV TitanKrios and aFalcon 4 direct detector (DCILausanne).
Three datasets were collected: (1) Pill + ‘minus PI(4,5)P,’ liposomes
(21,386 movies); (2) Pill + ‘minus cholesterol’ liposomes (22,960 mov-
ies); and (3) Pill + ‘P1(4,5)P,/cholesterol’ liposomes (22,408 movies).
For each movie, atotal dose of 50 e” A2, atarget defocus range of -0.6
to-1.8 pmand a pixel size of 0.83 A (96,000x magnification) was used.

Cryo-EM data processing
The pipeline for cryo-EM data processingis outlined in Extended Data
Figs.1and 6.

For native-source eisosomes, movies were aligned using Motion-
Cor2%, and CTF correction was completed using Getf v.1.06%. Fila-
ments were handpicked using manual picking in RELION v.2.1.0.
Two-dimensional (2D) classification was run iteratively in RELION
v.2.1.0 to sort particles into clean sets of similar diameter and helical
arrangement. In our rawimages and 2D class averages, we noted alarge
variation in tubule diameters (Extended Data Fig. 1f,g). For particles
in each clean RELION 2D class, power spectra were summed by class,
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thenmanually sorted into identical ‘types’. Helixplorer-1* was used to
estimate helical parameters, which were used with particles fromeach
‘type’ for 3D auto-refinement with helical parameters in RELION. All
helix types were then corrected for handedness and aligned along the
D symmetry axis (using Csymmetry worsened resolution). Amask was
generated in RELION covering the central third of the helix and a final
round of helical refinement was completed either with the mask (to
optimize resolution) or unmasked (to be used for particle subtraction).
Resolution estimates for masked maps are based on gold standard FSC
values with a 0.143 cut-off on post-processed maps with the one-third
mask used for refinement, amanually chosen initial threshold and
auto-b-factor calculation.

To improve resolution and enable 3D classification of the Pill/Lspl
dimers, we used asymmetry expansion and density subtraction strat-
egy (Extended Data Fig. 1c). This allowed us to merge lattice pieces
from the nine helical structures into an expanded dataset. Symme-
try expansion and density subtraction on native-source filaments
was completed using unmasked maps from the final iteration of 3D
auto-refinement. Helical parameters for each helix type were used
for symmetry expansion, except using C symmetry instead of D sym-
metry to produce dimer particles. A mask for density subtraction was
generated in Chimera v.1.16 through the addition of two zone maps:
(1) an 8-A zone using models of a central Pill/Lspl dimer and the six
dimers with which it shares lattice contact sites; and (2) a spherical
zone of 60 A centred on the AHs of the Pill/Lspl dimer. This initial mask
was extended with a soft edge, then used for density subtraction and
reboxing of the particles in RELION v.3.1.3. Density-subtracted particles
were used to reconstruct a volume and particle set for all helix ‘types’
andthereconstructed volumes wereimported into cryoSPARC v.4.1.2
for further processing. Homogenous refinement was completed with
all particles with the reconstructed volume as the initial model using
C2 symmetry. This map was used for refinement of the Pill and Lspl
native-source models (see ‘Model building’ for details). This map was
then symmetry expanded in C2 for 3DVA.

For reconstituted Pill filaments, data processing was completed
in cryoSPARC v.4.1.2. Movies were processed with CryoSPARC Live
v.3.2.2, using patch motion correction and patch CTF estimation. Fila-
ments were picked using Filament Tracer, then cleaned and sorted
usingiterative rounds of 2D classification. Clean classes were used to
calculate average power spectra, which were then manually sorted into
identical ‘types’. Helixplorer-1was used to estimate helical parameters,
which were used with particles from each ‘type’ for helical refinement.
Afterinitial refinement, all helix types were corrected for handedness
and aligned along the D symmetry axis. A mask on the central third
of the helix was created in RELION v.3.1.3 and used for an additional
round of helical refinement. A final round of helical refinement with
non-uniform refinement enabled was used to improve the resolu-
tion in the lipid-binding pocket for the best resolved maps from the
+PI1(4,5)P,/-sterol and PI(4,5)P,/+sterol datasets (cryoSPARC v.4.4.0).
These maps were used for real-space refinement of the Pill lattice
(=PI(4,5)P,/+sterol reconstituted), Pill lattice (+PI(4,5)P,/-sterol recon-
stituted) and Pilllattice (+PI(4,5)P,/+sterol reconstituted) models (see
‘Model building’ for details). Resolution estimates are based on gold
standard FSC values with a 0.143 cut-off using an optimized mask auto-
matically generated during refinement.

To identify dimensions of continuous heterogeneity in the
symmetry-expanded and density-subtracted dataset, we used 3DVA,
which enables both the resolution and the visualization of flexible
movements within cryo-EM datasets®. The analysis completed with five
components requested. Manual inspection revealed one component
that exhibited obviouslattice stretching. This component was used for
3Dvariability display inintermediate mode with ten non-overlapping
frames used to generate particle subsets. Each particle subset was then
used for masked local refinement with a mask covering the central
dimer (generated in Chimerausing the Pill/Lspldimer witha10-A zone

and extended with a soft edge in RELION). These maps were used for
refinement of the Pill compact and stretched (near-native) models (see
‘Model building’ for details). Sharpening with deepEMhancer® was
used toimprove theresolution of lipid headgroupsin the lipid-binding
pocket. Resolution estimates are based on gold standard FSC values
with a 0.143 cut-off using an optimized mask automatically generated
during refinement.

Parallel slice images were made in Fiji v.1.54f using the Reslice tool
withoutinterpolation. Three-dimensionalintensity plots were madein
Fiji using the 3D surface plot tool on the slice with maximum sterol void
intensity usingidentical display conditions on both maps. Radial angle
profile plots were made in Fiji using the Radial Profile Extended plug-in
with an angle of 40°, corresponding to the size of the sphere used in
density subtractiontoinclude the lipid density under the central dimer.

Figures were made in Chimera v.1.16 or ChimeraX v.1.5. Three-
dimensional sterol void visualization figures were produced by display-
ing the membrane density at a high threshold, so that the membrane
density appearsasasolid tubule, and applying a Gaussian filter of 1.2s.d.
tosmoothenthetopological features of the membrane density. Next,
a zone map of around 12 A from residues of the AH of dimer models
was generated and then coloured by local resolution (in A). The zone
map provides a cut-out window into the inside of the membrane den-
sity adjacent to the AH, producing aninverted view of the topological
features within the membrane density (Extended Data Fig. 5a-c,g,h).

Model building

Structure predictions for Pill and Lspl from the AlphaFold database
(https://alphafold.ebi.ac.uk/) were used as starting models, with the
C-terminal region removed, starting from residue 275, for which no
density was observed. Iterative rounds of model building, performed
in Coot v.0.8.9.2, and real-space refinement, performed in PHENIX
v.1.20-4459, were completed until no improvement in the model was
observed. The model quality and fit to density were performed using
PHENIX v.1.20-4459.

Ligand constraints for inositol 2,4,5-triphosphate, phosphatidyl-
serine and phosphoserine were produced using phenix.elbow. Refine-
ments with ligands were performed with these ligand constraints. For
lipid headgroup ligands in native-source eisosome compact dimer
model, ligands refined in the Pill +PI(4,5)P,/+sterol reconstituted map
were placedintheinthe deepEMhancer sharpened native-source eiso-
some compact map, then adjusted in Coot v.0.8.9.2 with rigid body
fitting.

An electrostatic potential map of the model surface was calculated
using the Coulombic potential function of ChimeraXv.1.5.

CD spectrometry

Small unilamellar vesicles with a lipid composition of either 80 mol%
DOPC +20 mol% DOPS or 70 mol% DOPC + 20 mol% DOPS + 10 mol%
brain PI(4,5)P, were produced by mixing lipids in the desired ratios in
chloroform, evaporating chloroformunder argon gas and finally drying
inavacuumoven. Lipids were hydrated in 5 mM Na-phosphate buffer
pH 7.4, followed by thorough sonicationin water bath. C-terminally ami-
nated Pill amphipathic peptide (GKGGLAYSFRRSAAGAFGPEL) was syn-
thesized by GenScript and peptide was dissolved in 5 mM Na-phosphate
buffer pH 7.4. CD spectra were measured using the peptide at a final
concentration of 50 uMin Na-phosphate buffer either with or without
small unilamellar liposomes at a final concentration of 250 pg ml™.
Measurements were performed with a Jasco J-815 circular dichroism
spectrophotometer usinga high precision quartz cuvette withal-mm
light path. Spectra were recorded between 190 nm and 250 nm with
1-nmincrements and a scanning speed of 10 nm per min. The molar
ellipticity was calculated by using Spectra Manager Analysis software
v.2.14.02 (Jasco) and alphahelical character was assessed using previ-
ously described methods®*. We note that the use of small unilamellar
vesicles causes a high scattering effect especially in the wavelength
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range below 200 nm. Each measurement was performed three times
and we show the mean of these measurements.

Lipid diffusion measurements with FRAP

Lipid nanotubes were prepared as described above and 200 nM of
Pill-mCherry wasincubated with nanotubes for 30 min. FRAP experi-
ments were performed with an Olympus IX83 wide-field microscope
equipped withan Olympus Uapo N100x 1.49 oil objective and anIma-
geEM X2 EM-CCD camera (Hamamatsu). The system was controlled
by the Visiview v.4.4.0.11 software (Visitron Systems). Five frames
were captured before a small protein-coated region was bleached.
Subsequently, the recovery of fluorescence intensity was measured
by capturing images every 500 ms for 1-2 min (see Supplementary
Methods for a description of the analysis).

Measurements of lipid sorting coefficients

Lipid nanotubes were prepared as described earlier and incubated
with 200-400 nM of Pill-mCherry for 30 min until protein scaffolds
were formed and visible by fluorescence microscopy. Imaging was
performed using aninverted spinning disk microscope assembled by
3i (Intelligent Imaging Innovation) consisting of a Nikon Eclipse C1 base
and a100x 1.3 NA oil immersion objective. Fluorescence microscopy
images were collected using SlideBook software v.6.0.22 (Intelligent
Imaging Innovations). Lipid sorting experiments performed with Pill
mutants were performed in the same manner as those performed with
the WT protein (see Supplementary Methods for a description of the
analysis).

MD simulations

In accordance with the experimental models, three systems with
different lipid compositions were modelled and simulated. CG MD
simulations of Pill tubule interacting with the tubule membranes were
performed, in duplicates.

The tubule membranes were built using the BUMPy tool v.1.1°. The
systems, without the protein, were solvated with water and minimized
using the steepest descent algorithm®. Four equilibration steps were
performed, as follows. (1) a first equilibration with a time step of 5 fs
was run for 10 ns, imposing position restraints with a force constant
(fc) of 300 kJ per mol per nm? on the lipid tails, to allow the formation
of membrane pores to equilibrate the lipid and water content between
the tubule lumen and the external region. (2) A second equilibration
step of 5 ns was performed using the previous settings but increasing
the fc to 500 kJ per mol per nm? and the time step to 10 fs. (3) A third
equilibration step was run for an additional 10 ns after the removal of
position restraints to allow the closure of the pores. The Berendsen
barostat and the v-rescale thermostat® 8 (with atemperature of 303 K)
were used.

From the cryo-EM structure of Pill tubule (21 dimers), CG mapping
was performed using Martinize2%, imposing an elastic network within
the dimers. The CG protein model was then manually positioned around
the tubule membrane using VMD v.1.97°. The final system was solvated
with water beads and neutralized adding Na® and Cl"ions. Each system
was minimized and equilibrated in seven steps. (1) A first equilibration
with a time step of 5 fs was run for 10 ns, imposing position restraints
withafcof300 k] per mol per nm?on the lipid tails, to allow water pore
formation. The Berendsen barostat® was applied to all the direction,
with 7, =5, and the v-rescale thermostat was used, setting the tem-
perature at 303 K (ref. 68). (2) A second equilibration step of 5 ns was
performed using the previous setting but increasing the fc to 500 kJ
per mol per nm?, and the time step to 10 fs. (3) A third equilibration
step was run for another 10 ns, increasing the fc to 1,000 kJ per mol
per nm?, to maintain the waterpores open and to allow for the solvent
equilibration. (4) Starting from the fourth step, the fc on the tails was
progressively reduced to slowly induce a slowly closure of the pores.
Finally, afcof 500 k] per mol pernm?was applied, to runan equilibration

of 5ns. (5) An equilibration decreasing the fc at 300 kJ per mol per
nm?was performed for another 5 ns. (6) An equilibration removing
the fc on the lipid tails was performed to allow the complete closure
of waterpores. (7) A final equilibration step of 10 ns was run without
restraints, increasing the time steps to 20 fs.

For systems containing cholesterol, the equilibration procedure
was extended including an additional first equilibration step, with a
reduced time step of 2 fs.

For production, the Parrinello-Rahman barostat” was used with
1,=12.Foreachsystem, tworeplicates of approximately 10 us were per-
formed. The simulations were performed using GROMACS v.2021.5%
and the Martini3 force field”>”.

To compute lipid occupancy, the PyLipID python package was used™.
The analysis was performed selecting the headgroups of lipids. The
values were averaged over time and over the dimers.

Synthesis of bromosterols

Bromosterol was synthesized by adding halogen to the double bond
as previously described”. Br, (45 pl, 0.9 eq, 0.87 mmol) was added
dropwise to a solution of 400 mg (1 eq, 1 mmol) ergosterol in 40 ml
CH,CI. The mixture was stirred onice in the dark for 30 min and a10%
solution of Na,S,0, was added. The organic layer was separated from
the aqueous layer and the latter was extracted with CH,Cl, and dried
over Na,SO,. The solvent was removed under reduced pressure and the
product was purified by flash chromatography. The brominated ergos-
terol was stored as a powder at =20 °C in the dark. Compounds were
verified by nuclear magnetic resonance (Supplementary Data2and 3)

Spot assays

Saturated overnight yeast cultures (30 °C, SC medium) were diluted
to an ODyg ny Of 0.1in the morning and grown into mid log phase
(ODggpnm = 0.5-0.8). Log phase cells were diluted to OD 4, 0.1, and a
tenfold dilution series was spotted onto SC medium plates containing
treatment substances, or vehicle. Plates wereincubated at 30 °C, except
low (15 °C) temperature plates, and imaged when differences were
most apparent (typically after 40 h for nystatin, 48 h for controls and
atorvastatin, 72 h for myriocin and 168 h for 15 °C). Substance stocks
used in this study: myriocin (Sigma M1177) 2.5 mM in MeOH, nystatin
(Sigma 475914) 50 mM in DMSO and atorvastatin (Sigma PHR1422)
20 mM in DMSO.

Fluorescence microscopy

Logarithmically growing overnight yeast cultures (30 °C, SC medium)
werediluted and grown to an OD ., Of 0.6. For fluorescence live-cell
microscopy, cellswere loaded into a Concanavalin coated flow chamber
(Ibidi p-Slides VI 0.4 ibiTreat). Microscopy was performed at room
temperature with a Zeiss LSM 980 microscope with Airyscan 2, using
a63x1.4NA oilimmersion objective with Zeiss Zen 3.3.89.0008 (blue
edition) software. Images were taken as z-series to generate 2D SUM
projections.

For determining colocalization between Pil1-GFP and Ncel02-
mScarlet-l, cells were first segmented using Cellpose v.2.07. Cells that
wereintersected by theimage borders, and cells with an Nce102-Scarlet
signal below the fixed threshold (thresholded area = 0) for calculating
the Manders’ colocalization coefficient M1 (fraction of Nce102-Scarlet
overlapping with Pill-GFP) were excluded. Manders’ coefficients of
single cells were obtained by analysis of 3D stacks in Fiji v1.54f, using
the BIOP version of the JACoP plug-in”” with fixed manual thresholds
for Pill-GFP and Ncel02-mScarlet-I, and graphs were generated with
Origin Pro 2022 v.9.9.0.225 (OriginLab).

Statistics and reproducibility

Native-source protein purifications were repeated more than 20 times
(n>20), yielding similar results in Coomassie stained gels (Extended
Data Fig. 1h) and a varying density of visible tubules in negative-stain
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and/or cryo-EM micrographs. Reconstituted samples for EM studies
were repeated at least three times for each lipid composition with a
similar degree of tubulation observed in negative-stainand/or cryo-EM
micrographs. For MD simulations, the sample size was determined
empirically, considering the time necessary for equilibration of the
lipids. For our systems, that is about 10 ps. Two replicates were per-
formed foreachlipid system. The FRAP datawere combined fromthree
individual experiments, with individual measurements from these
experiments pooled together for the analysis. The raw dataare available
uponreasonable request. For lipid sorting coefficients, in all conditions
N=2,meaning that the experiments were repeated two different days
(whereas nreferstothe number of independent tested nanotubes). To
poolall data points from the two different days together, we performed
the Wilcoxon-Mann-Whitney non-parametric test between data points
obtained each day for each condition to ensure that there were no
batch differences between the experimentation days. Statistical sig-
nificance was determined with the two-sample ¢-test after testing the
normality of the data distributions (all conditions following normal
distribution at 0.01 tested by Shapiro-Wilk, Kolmogorov-Smirnov
and Anderson-Darling normality tests). Box plot elements for lipid
sorting dataare defined as follows. The box indicates the interquartile
range (IQR) from Q1 (25%) to Q3 (75%) quartiles. The bottom and top
whiskers show from Qland Q3 quartiles to the minimum and maximum
data points, respectively. The horizontal line shown inside the box
indicates the median, black rhombuses show data points obtained
at day 1and grey circles show data points obtained for day 2 (Fig. 3c
and Extended Data Fig. 9a). Yeast growth assays and microscopy were
repeated at least three times on different days, yielding similar results
(Fig.4band Extended DataFig.9¢,d). For calculating Manders’ overlap
coefficient, microscopy datafromseveral days were pooled to analyse
atleast 100 cells per mutant.

Reporting summary
Furtherinformation onresearch designisavailablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability

Mass spectrometry data have been deposited to the ProteomeX-
change Consortium via the PRIDE partner repository with the dataset
identifier PXD050326. Sharpened maps used for model refinement
and all associated helical maps and deepEMhancer sharpened maps
have been deposited in the Electron Microscopy Data Bank (https://
www.ebi.ac.uk/emdb/) under the following accession codes: eiso-
some native-source (EMD-18307), Pil1-PI(4,5)P,/+sterol reconstituted
(EMD-18308), Pil1 +PI(4,5)P,/-sterol reconstituted (EMD-18309),
Pill +PI(4,5)P,/+sterol reconstituted (EMD-18310), Pill1 +PI(4,5)P,/
+bromosterol reconstituted (EMD-19822), eisosome native-source
compact (EMD-18311) and eisosome native-source stretched (EMD-
18312). Raw micrographs of native-source eisosome samples have
been deposited in the Electron Microscopy Public Image Archive
(EMPIAR) database under the accession code EMPIAR-12053. The
starting model for building the Pill model was acquired from
the AlphaFold Protein Structure Database (https://alphafold.ebi.
ac.uk/) using the Uniprot accession number P53252 (PIL1_YEAST).
All models have been deposited in the Protein Data Bank (https://
www.rcsb.org/): Pill lattice (native-source) (PDB 8QB7), Lsp1 lattice
(native-source) (PDB 8QB8), Pill lattice (-PI(4,5)P,/+sterol reconsti-
tuted) (PDB 8QBY), Pilllattice (+P1(4,5)P,/-sterol reconstituted) (PDB
8QBB), Pilllattice (+PI(4,5)P,/+sterol reconstituted) (PDB 8QBD), Pill
lattice compact (native-source) (PDB 8QBE), Pill dimer compact with
lipid headgroups (native-source) (PDB 8QBF) and Pill lattice stretched
(native-source) (PDB 8QBG). Lipid diffusion, lipid sorting and yeast
cellbiology dataare provided at https://doi.org/10.26037/yareta:ubj
a4xykqzfjbhcfwmg7sgj2x4. Raw gels are provided in Supplementary

Data 4. All other data supporting the findings of this study are pro-
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Extended DataFig.1|Purificationand cryo-EM data processing of native-
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strategy for symmetry expansion of helical reconstructionsd, Total intensity
of Pilland Lspl peptides in mass spectrometry analysis. Intensity ratio of
Pill:Lsplis 3.1:1. e, Electrostatic surface prediction of Pill model with potentials
ranging from-10 kcal*mol™e™ (red) to +10 kcal*mol™e (blue). f, Two
representative aligned micrographs with native-source MCC-eisosome

tubules and other putative contaminants visible. 2827 micrographs were
collected for this dataset. g, Example 2D class averages with varying filament
diameters. h, Representative Coomassie staining of protein gel of Bit61-TAP
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source MCC-eisosome model). Violet squares indicate sterol-binding residues,
dodgersquaresindicate PS-binding residues, green squares indicate P1(4,5)P,-
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between Pill dimers. Previous nanometre-resolution helical reconstructions
ofreconstituted Pilland Lspl proteins revealed alattice pattern that could be
fitted with the Lspl crystal structure, albeit with unaccounted density at the
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domain-swapped N-terminus (Nt) of monomer A (res1-8) in the central dimer
(red) and the equivalent Nt stretch (res1-8) of monomer B in neighbouring
dimer 2 (light violet) (c), including residue S6 which previously shown to be
phosphorylated by Pkhland important for eisosome assembly in combination
with other phosphorylated residues’”". The remaining two contact sites
arelocalized to the BAR-domain tips, previously shown to be flexible in
crystallographic studies®. Astretch of electrostaticinteractions between
residues 171-186 on helix 3, as well as residue 145 on helix 2, of the BAR domain
inmonomer A of the central dimer (salmon) and the equivalent residues from
monomer Bofdimer 3 (blue) forms the second contactsite (d). A hydrophobic
interactionbetween Y155 at the tip of BAR-domain helix 2 on monomer A of the
central dimer (salmon) with Y158 on monomer B of dimer 4 (light violet), and
viceversa, formsathird contact (e).
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Extended DataFig. 5|Sterol void visualization. a, Membrane density from
native-source samples visualized at high threshold to display aninverted
topological surface of the cytosolic leaflet, coloured by local resolution (in
angstrom). Position of sterol voids, corresponding to droplet-shaped pockets
ofhigherlocal resolution (magenta), isshownrelative to the residues of the AH
withinthe cytosolicleaflet (inset). b, Membrane density from +PI(4,5)P,/-sterol
reconstituted samplesvisualized at high threshold (asin a). Droplet-shaped
pockets corresponding to sterol voids are not observed in the +PI(4,5)P,/-sterol
zone map (inset). ¢, Sequence of one-pixelslices through the protein-bound
leaflet of +P1(4,5)P,/—sterol samples. Numbers above or below slices indicate
distancesin angstrom from the bilayer midplane. Coloured boxes highlight
slices~-11-12.5 A from the midplane bilayer and are presented as zoomed inset
below.d, Membrane density from +PI(4,5)P,/+sterol reconstituted samples
visualized at high threshold (asina,b). Position of sterol voids, corresponding

+PIP2/+bromosterol

todroplet-shaped pockets of higher local resolution (magenta), is shown
relative to theresidues of the AH within the cytosolicleaflet. These pockets can
beclearly observedin +PI(4,5)P,/+sterol zone maps (inset). e,f, Sequence of
one-pixelslices through the protein-bound leaflet of +P1(4,5)P,/+sterol (e) and
+P1(4,5)P,/+bromosterol (f) reconstituted samples. Numbers above or below
slicesindicate distances in angstrom from the bilayer midplane. Coloured
boxes highlight slices -11-12.5 A from the midplane bilayer (in which voids are
interrupted by density in the +PI(4,5)P,/+bromosterol eisosomes) and are
presented as zoomed inset below. g, h, Membrane density from native-source
compact protein lattice (g) and stretched protein lattice (h) maps visualized
athigh threshold to display aninverted topological surface of the cytosolic
leaflet, coloured by local resolution (in A). Sterol voids are visible within the
cytosolicleaflet of the compact protein lattice (g, inset) but not the stretched
protein lattice (h, inset) zone maps.



TF-PI(4,5)P, diffusion

TF-PI(4,5)P, diffusion

c TF-cholesterol diffusion
. 1204 .
Lo Cholesterol, control (n=14) DO-I!p!ds, cor‘urol (n=15)
——— Cholesterol, +Pil1 (n=19) 100 4 DO-lipids, control (n=14) DO-lipids, +Pil1 (n=18)
100 49 ——— Ergosterol, control (n=14) DO-lipids,| + Pil1 (n=19) 100 4 PO-lipids, control (n=12)
Ergosterol, +Pil1 (n=14) PO-lipids, control (n=10) PO-lipids, +Pil1 (n=13)
80 PO-lipids, +Pil1 (n=9)
g 80 > E 80
3 o~ 2 3
3 Y 8 60+ ]
® 604 AV S 5 60
ki ol e <
<] e 5 S
= 40 // < 40 R 40
20 / 20 20
/
0+ - - v - T 3 0 0+ y
0 10 20 30 40 50 60 0 10 20 20 40 50 60 0 10 20 30 40 50 60
Time (s) Time (s) Time (s)

d Patch motion correction
Patch CTF estimation

-PI(4,5)P2/+sterol

21,886 1,172,196
movies particles
22,961 2,658,743
movies particles

g
22,408 3,525,805 _I;
movies particles N ¢

m 4

h  +PI(4,5)P2/+bromosterol
28,542 2,557,397
movies particles

[e—— 321A——|

Extended DataFig. 6 | Validation and cryo-EM data processing of
reconstituted Pill filaments with lipid mixtures of known composition.

a, FRAP of TF-PI(4,5)P2lipids in cholesterol- and ergosterol-containing lipid
mixturesinthe presence or absence of Pill.b,c, FRAP of TF-PI(4,5)P2 (b) and
TF-cholesterol (¢) lipidsin DO- or PO- lipid mixtures in the presence or absence

—> Filament tracer —3 Iterative 2D classification —3» Average Power spectra —3» Manual sorting into helix "Types"

Determine helical symmetry
parameters for each helix "Type"
[Helixplorer-1]

(See Table 2)

[#—— 3524 —|

Helical refinement
(D symmetry)

Helical refinement
with mask over
central third

[+——— 365A —|
[«——— 356A —|

[¢——341A —|

of Pill.Ina-c, solid lines indicate amean of n number of measured nanotubes
withstandard deviation shown. d, Helical reconstruction data processing
strategy for reconstituted Pilltubules. e-h, All helical reconstructions

from —P1(4,5)P,/+sterol (e), +P1(4,5)P,/-sterol (f), +PI(4,5)P,/+sterol (g) and
+PI(4,5)P,/+bromosterol (h) reconstituted Pill tubules.
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Extended DataFig.7| CGMD simulations. a, Total occupancy per lipid for all
lipidsin each CGMD system. Total occupancy was averaged across the 3 replicas,
errorbarsare sb, Comparison of DOPC occupancy and cholesterol occupancy
inthe +PI(4,5)P,/+sterol system for AH region residues <5 A from DOPC and/or
sterol headgroup, revealing the specificity of the sterol occupancy over the
DOPC occupancy at the bulky side chains of the AH. ¢, PI(4,5)P, occupancy
reported for all residues <5 A from PI(4,5)P, headgroups. d, DOPS lipid
occupancy for residues <5 A from DOPS headgroup with >5% occupancy in
CGMDsimulations. e, Comparison of P1(4,5)P, occupancy and DOPS occupancy
inthe +PI(4,5)P,/+sterol system for residues <5 Afrom PI(4,5)P,and/or DOPS
headgroup.Inb-e, valuesrepresent averages of per-residue occupancy
computed along three replicas of 10 ps each, error bars are SEM.f, Lipid

diffusion coefficients from CG simulations with PO- lipids. The values reported
are the 1D axial diffusion of lipids in the outer leaflet of the tubes, with (green)
and without (cyan) the Pill coat. Diffusion coefficients were computed from
Sreplicasof2 pus. Box plots elements are defined as follows: Centre line is the
median, box limits are 25% to 75% lower and upper quartiles, whiskers extend
from the box to the minimum and maximum data points lying within 1.5x
interquartilerange (IQR), and green triangle indicates the mean value. g, Total
occupancy per lipid for all lipids in each CG MD system using PO- lipids instead
of DO-lipids. *indicates sterol-binding residues and # indicates charged
predicted lipid-binding-pocket residues. Total occupancy was averaged across
the3replicas, error barsare SEM.
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Extended DataFig. 8 |Lipid sorting coefficients and +PI(4,5)P,/-sterol
FRAPassays. a, Examplelipid nanotube with DOPE-Atto647N and Pill-mCherry
bound. Constriction of the nanotube reduces the intensity of the labelled lipid
fluorescence where Pill-mCherryis bound. b, Example lipid nanotube with
Pill-mCherry, fluorescent TF-PI(4,5)P,, and fluorescent DOPE-Atto647N.
Constriction of the nanotube reduces the intensity of the labelled lipid
fluorescence where Pill-mCherryis bound. Increased sorting of TF-P1(4,5)P2
relative to DOPE-Atto647Nis observed at sites of Pill nanotube constriction.
¢, Fluorescence plot profiles of the lipid of interest and reference lipid used to
extracttheintegrated fluorescence densities (shading under the curve) to
measure lipid sorting coefficients. d, AH slice through unsharpened maps of

+PI(4,5)P,/-sterol (left panel) and +PI(4,5)P,/+sterol (right panel), with arrows
indicating presumed PI(4,5)P,density in each reconstruction (greenand lilac,
respectively).e,f, FRAP of TF-PC (e) and TF-PE (f) in control samples without
protein and with Pillin -PI(4,5)P,/+sterol (blue) and +1% P1(4,5)P,/+sterol
(magenta) lipid nanotubes. Solid lines indicate amean of nnumber of measured
nanotubes withstandard deviation shown. Dashed linesindicate the fitted
data.g,h, FRAP of TF-PC (g) and TF-PE (h) in control samples without protein
and with Pillin +1% P1(4,5)P,/-sterol and +1% P1(4,5)P,/+sterol lipid nanotubes.
Solid linesindicate amean of n number of measured nanotubes with standard
deviationshown.
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Extended DataFig.9|Invivolipid-binding-pocket mutants. a, Lipid sorting
coefficients of TF-PI(4,5)P2 and TF-PS for PS-binding-impaired mutant
(pil1-K66A/R70A) and P1(4,5)P2-binding-impaired mutant (pill-K130A/R133A)
in +1% P1(4,5)P2/+sterol lipid nanotubes. A significant decrease in P1(4,5)P,
sortingisobservedinthe PI(4,5)P2-binding impaired mutant relative tothe WT
(WTvsK130A p=0.04058), but notin the PS-binding-impaired mutant (WT vs
K66A p=0.71233,K66A vs K130A p =0.15098). PSsorting isimpaired in both
the PS-and the PI(4,5)P2-bindingimpaired mutants (WT vs K66A p = 8.417e-7,
WTvsK130A p =2.425e-5,K66A vs KI30A p = 0.03931). Box indicates
interquartile range (IQR) from Q1 (25%) to Q3 (75%) quartiles. Lower and upper
whiskers show from Ql and Q3 quartiles to minimum and maximum data
points, respectively. Horizontal line showninside the box indicates the median
[Statistical significance: p-values obtained applying two-sample t-test with all
conditions following normal distribution at 0.01 tested by Shapiro-Wilk,
Kolmogorov-Smirnov, and Anderson-Darling normality tests. nis the number
ofindependenttested nanotubes, N =2 for all conditions, being the number of
experimental repetitions. Black rhombuses show data points obtained at day 1
and grey circles show data points obtained for day 2]. b, FRAP of TF-cholesterol
for sterol-binding-impaired mutant (Pil1-F33A/Y40A/F42A/F50A), withand

cell count I

without Pill proteinin +1% P1(4,5)P,/+sterol lipid nanotubes. The mobile fraction
of sterolsisincreasedinthe sterol-binding-impaired mutant, confirming the
reduction of sterol binding by this mutant. Solid lines indicate amean ofn
number of measured nanotubes with standard deviation shown. ¢, Eisosome
morphologyinlsplAyeast expressing Pill-GFPenvy lipid-binding-pocket
mutation variants and Ncel02-mScarlet-1 (summed stacks). Merge represents
summed stacks of Pill-GFPenvy (cyan) and mScarlet-I (magenta) signals.

d, Central confocalslice of Isp14 yeast expressing Pill-GFPenvy variants and
Ncel02-Scarlet-1highlighting cytosolicingression of eisosomes in sterol-
binding-impaired mutant Pil1734/Y40A/F424/F0A e Thresholded fraction of Ncel02-
mScarlet-1that colocalizes with indicated Pil1-GFPenvy lipid-binding-pocket
mutants insingle cells (Manders’ M1 colocalization coefficient). The shaded
arearepresents the probability for data points of the population to take on this
value. f, Growth of serial dilutions of IspIA cells expressing Pill-GFPenvy lipid-
binding-pocket mutants on Complete Supplement Mixture media (CSM) with
theindicated treatments. (DMSO: dimethylsulfoxide, Atorva: atorvastatin,
Nys: nystatin, Myr: myriocin). All tagged/mutant proteinsinc-fare expressed
fromtheirendogenouslocus. Scale bars, 2 um.
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Extended DataFig.10|3D variability analysis. a, 3DVA data processing unsharpened mapsillustrating the lipid-binding pocket and the sterol voids
strategy. b, Alignment of most compact protein lattice class (dark red) and ofthe most compact protein lattice and most stretched protein lattice 3DVA
most stretched protein lattice class (yellow) comparing measured distances classeswith thelipid-binding-pocketregionindicated (most compact protein
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Extended Data Table 1| Cryo-EM data collection, refinement and validation statistics

#8 Pil1 compact

" " " #3 Pil1 lattice #4 Pil1 lattice #5 Pil1 lattice #6 Pil1 lattice #7 Pilt lattice . A #9 Pilt lattice
#1Pilt lattice #2Lspl latlice (-PIP2/4sterol (+PIP2/-sterol (+PIP2+sterol (+PIP2/ compact dimer with lipids stretched
(native) (native) y y . headgroups .
reconstituted) reconstituted) reconstituted) +bromosterol) (native) (native) (native)
(EMD-18307) (EMD-18308) (EMD-18309) (EMD-18310) (EMD-19822) (EMD-18311) (EMD-18312)
(PDB 8QB7) (PDB 8QB8) (PDB 8QB9) (PDB 8QBB) (PDB 8QBD) (PDB 8QBE) (PDB 8QBF) (PDB 8QBG)
Data collection and
processing
Magnification 10500 10500 96000x 96000x 96000x 165000x 105000x 105000x 105000x
Voltage (kV) 300 300 300 300 300 200 300 300 300
Electron exposure (e—/A?) 40.00 40.00 50 50 50 50 40 40 40
Defoous range (um) 08118 081018 -0610-18 -0.610-1.8 0.610-1.8 -0.6t0-1.8 -0.810-18 -0.8t0-1.8 -0.8t0-1.8
Pixel size (A) 1.33 1.33 0.83 083 0.83 07121 1.327 1.327 1.327
. Symmetry expanded, Symmetry . " . " Symmetry Symmetry Symmetry
Symmetry imposed c1 expanded, C1 Helical, D1 Helical, D3 Helical, D1 Helical, D1 expanded, C1 expanded, C1 expanded, C1
Rise (A) - - 5.044 14.547 5.41 533 - - -
Twist (deg.) - - 136.5 83.250 133.60 133.61 - . .
Initial particle images (no.) 1211972 1211972 1172196 2685743 3525805 2557397 1211972 1211972 1211972
Final particle images
(no.) 1211972 1211972 176005 85456 77414 56475 63118 63118 77457
Map resolution (A) 3.20 3.20 335 375 356 385 367 367 364
FSC threshold 0.143 0.143 0.143 0.143 0.143 0143 0.143 0.143 0.143
Map resolution range (A) 2.972-42.269 2972-42.269 1.762-29.519 1.754-37.804 1.754-46.832 1:490-57.484 3.302-61.571 3.302-61.571 3.261-61.394
Refinement
Initial model used (PDB Pil1 (P53252) _ . ~
code) AlphaFold2 database _ _ ~ .
Model resolution (A) 33 35 33 38 35 39 37 38
FSC threshold 0.143 0.143 0.143 0.143 0.143 0.143 0.143 0.143
Map sharpening B factor
(A?) -106 -106 -101.9 1013 911 -99.6 -99.6 -94.6
Model composition
Non-hydrogen atoms 30058 29750 27874 30394 30814 30058 4364 30058
Protein residues 3794 3794 3500 3794 3794 3794 542 3794
Ligands 0 0 0 13P: 14 IP3:14 0 IP3:2 0
P5S:14 SEP:2
Bfactors (A%
Protein 736117232/ 73611723210  63.31/156.79/
7.58/145.95/7553  40.94/191.65/92.81 36.10/208.72/84.74 7476/233.48/11633  61.79/189.51/97.32 104.67 : 96.07
Lioand 109.94/109.94/1
ig - - - 128.10/128.10/128.10  98.09/117.01/108.60 - 09.94 -
R.m.s. deviations
Bond lengths (A) 0.002 0.003 0.002 0.003 0.002 0.003 0.004 0.004
Bond angles (*) 0.508 0.65 0.467 0.546 0476 0.67 1.002 0.699
Validation
MolProbity score 1.47 1.59 1.38 171 1.55 1.63 1.75 1.67
Clashscore 8.68 11.82 6.96 7.23 6.71 13.07 1473 129
Poor rotamers (%) 043 0 0 256 1.71 0.85 1.07 0
Ramachandran plot
Favored (%) 98.51 99.26 99.19 99.26 99.63 98.14 97.77 97.77
Allowed (%) 1.49 0.74 0.81 074 0.37 1.86 223 223
Disallowed (%) 0 0 0 0 0 0 0 0
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Data collection  SerialEM (Nexperion) and EPU 2.14 (ThermoFisher) for EM data collection. BUMPy v1.1 (doi: 10.1021/acs.jctc.8b00765) and GROMACS
version 2021.5 (doi.org/10.5281/zenodo.4457591) for CG MD simulations . Slidebook 6.0.22 (Intelligent Imaging) for Spinning disk confocal
microscopy experiments and lipid sorting measurements. Visiview v4.4.0.11 (Visitron Systems GmbH) for FRAP experiments. Zeiss Zen
3.3.89.0008, Blue edition for cell imaging. Spectra Manager version 2.14.02 (Jasco) for CD spectrometry.

Data analysis EM Data: cryoSPARC Live v3.2.2, MotionCor2, Getf v1.06, RELION v2.1.0 and v3.1.3, Helixplorer-1, cryoSPARC v4.1.2 and v4.4.0 for data
processing. Chimera v1.16, ChimeraX v1.5 and Fiji v1.54f, for visualization and figure preparation. Coot 0.8.9.2, phenix.elbow (https://phenix-
online.org/documentation/reference/elbow.html), deepEMhancer (https://github.com/rsanchezgarc/deepEMhancer) and PHENIX 1.20-4459
for model building and refinement.

Lipid sorting assays: Fiji v1.54f, OriginPro 2022 v9.9.0.225 (OriginLab Corp.) and GraphPad Prism 10.1.1

CG MD simulations: GROMACS version 2021.5 (doi.org/10.5281/zenodo.4457591); PyLiplD package (doi.org/10.1021/acs.jctc.1c00708);
Python version 3; VMD version 1.9.4 (doi: 10.1016/0263-7855(96)00018-5) and Martinize2 (https://github.com/marrink-lab/vermouth-
martinize)

Mass spec analysis: MaxQuant v1.6.6.0

Fluorescence microscopy analysis: Fiji v1.54f, JACoP BIOP version (https://github.com/BIOP/ijp-jacop-b), Cellpose v2.0, and Origin Pro 2022
v9.9.0.225

CD spectrometry: Spectra Manager Analysis version 2.15.05 (Jasco) and Origin Pro 2022 v9.9.0.225

FRAP analysis: Fiji v1.54f and Origin Pro 2022 v9.9.0.225

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.
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Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability
- For clinical datasets or third party data, please ensure that the statement adheres to our policy

Mass spectrometry data were deposited to the ProteomeXchange Consortium via the PRIDE partner repository with the dataset identifier PXD050326.

Sharpened maps used for model refinement and all associated helical maps and deepEMhancer sharpened maps have been deposited in the Electron Microscopy
Data Bank (https://www.ebi.ac.uk/emdb/) under the following accession codes: Eisosome native-source (EMD-18307), Pil1 -PIP2/+sterol reconstituted
(EMD-18308), Pil1 +PIP2/-sterol reconstituted (EMD-18309), Pil1 +PIP2/+sterol reconstituted (EMD-18310), Pil1 +PIP2/+bromosterol reconstituted (EMD-19822),
Eisosome native-source compact (EMD-18311), Eisosome native-source stretched (EMD-18312). Raw micrographs of native-source eisosome samples have been
deposited in the Electron Microscopy Public Image Archive (EMPIAR) database under the accession code EMPIAR-12053.
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The starting model for building the Pil1 model was acquired from the AlphaFold Protein Structure Database (https://alphafold.ebi.ac.uk/) using the Uniprot
accession number P53252 (PIL1_YEAST) and Q12230 (LSP1_YEAST). All models have been deposited in the Protein Data Bank (https://www.rcsb.org/): Pill lattice
(native-source) (PDB 8QB7), Lsp1 lattice (native-source) (PDB 8QB8), Pil1 lattice (-PIP2/+sterol reconstituted) (PDB 8QB9), Pill lattice (+PIP2/-sterol reconstituted)
(PDB 8QBB), Pill lattice (+PIP2/+sterol reconstituted) (PDB 8QBD), Pill lattice compact (native-source) (PDB 8QBE), Pill dimer compact with lipid headgroups
(native-source) (PDB 8QBF), and Pill lattice stretched (native-source) (PDB 8QBG).

Lipid diffusion, lipid sorting and yeast cell biology data are provided at DOI:10.26037/yareta:ubjadxykqzfibhcfwmg7sgj2x4. Raw gels are provided in Supplementary
data. All other data supporting the findings of this study are provided in this manuscript. Source data are provided with this paper.
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size EM data: Sizes of cryoEM datasets were determined by microscope availability, efficiency of image collection strategy, and number of tubules
visible per micrograph (dependent on sample). For native structures, manual targeting produced a dataset of 2827 movies, sufficiently large
to produce 9 helical maps and merged lattice map of good resolution. For reconstituted structures, large (>20,000 movies) datasets were
collected, and final particle number after classification was sufficient to achieve good resolution.

CG MD simulations: Simulations of 10us were performed in triplicate, thus producing an aggregated time of 30us per system. Sample size was
chosen to allow membrane equilibration of multicomponent lipid tubules, as in PMID: 36624348.

FRAP assays: Sample sizes were chosen based on previous publications in the field (PMID: 24055060 and PMID: 35858336)

Lipid sorting assays: Sample size was chosen based on previous publications on lipid and/or protein sorting experiments using membrane in
vitro reconstitutions (PMID:19304798, PMID:20160074, and PMID: 31757972).

Cellular microscopy and growth assays: The samples sizes were selected based on previous studies with similar methodologies (PMID:
37902009 and PMID: 29976762).
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Data exclusions EM data: Micrographs and particles of poor quality were excluded as part of the process of EM data analysis to reach good resolution.
CG MD simulations: residues >5 angstroms in distance from lipid headgroups were not included in the analysis. Lipid headgroup occupancy
lower than 5% was excluded for analysis of DOPS occupancy in +PIP2/-sterol vs +PIP2/+sterol system comparisons and in DOPS vs PIP2
occupancy comparison in the +PIP2/+sterol system.
FRAP assays: No data was excluded.
Lipid sorting assays: No data was excluded.
Cellular microscopy: Segmented cells that where intersected by the image borders, and cells that featured Nce102-Scarlet signal below the
fixed threshold (thresholded area = 0) for calculating Manders' co-localisation coefficients were excluded.

Replication EM data: For each dataset, at least 3 and up to 9 different helical structures were solved from independent sets of particles within the same
dataset. Each helical structure within a sample dataset, while varying in diameter and/or helical parameters, exhibited an identical lattice
pattern and similar structural features (e.g. lipid headgroups, sterol voids) in regions of interest for our study.

CG MD simulations: Three replicas were performed for each system. In addition, as a control, a single replica was performed for the +PIP2/
+sterol system composition without the protein. Results were similar across replicas.

FRAP assays: repeated three times and in each repetition at least 3 different nanotubes were measured. Results were similar across replicas.
Lipid sorting assays: repeated two times and in each repetition at least 8 different nanotubes were measured. Results were similar across
replicas.

Cellular microscopy: Performed at least three times, on different days, from fresh cultures, yielding similar results. Data from at least two
different days was pooled for each strain for overlap analysis. Results were similar across replicas.

Yeast growth assays: Performed at least three times, on different days, from fresh cultures, of which at least once from a different streak out
from glycerol stock, yielding similar results. Results were similar across replicas.

>
Q
S
(e
=
)
o
o)
=
o
=
—
@
§o)
o)
=
>
Q@
wv
c
S
3
Q
<L

Randomization  EM data: CryoEM data analysis involves inherent randomization: tubules are randomly oriented within the micrographs, particles are divided
into random halfsets and independently processed, and resolution estimates are based on the independently processed half maps.
FRAP assays and lipid sorting assays: Randomization was not applied because measuring multiple samples at the same time was not possible.
Each sample had to be prepared individually. Samples for each experiment were prepared in a similar manner.
Cellular microscopy and growth assays: Yeast strains of known identity were required and used for these assays.

Blinding EM data: Blinding was not possible because samples of known composition were required.
CG MD simulations: Blinding was not done because systems of known composition were required.
FRAP assays: Blinding was not possible because the difference between samples without protein and with proteins was significant upon
protein binding.
Lipid sorting assays: Blinding for group allocation or data analysis was not done since this study relies on studying difference lipid behaviors
under Pil1 helical scaffolds
Cellular microscopy and growth assays: Blinding was not done as it would not affect the outcome of these experiments.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.
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