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Supplementary Discussion

Native-source eisosome isolation as tubules

While MCC/eisosomes have been shown to have a furrow-like halfpipe structure in vivo'?, our
isolated eisosome tubules appear to be closed, continuous helices of Pil1/Lsp1 proteins. Similar
tubular structures have previously been shown in reconstituted Pil1 samples and eisosomes
purified from yeast2. Apparently, once the eisosomes are freed from the plasma membrane by our
gentle purification methods, the Pil1/Lsp1 lattice realigns to form a helical conformation around a
lower-energy tubular state of the plasma membrane lipids to which it is bound. Alternatively, the
eisosomes that we have isolated were already in a tubulated state in vivo, a behavior that has
been observed in deletion strains of the eisosome-resident Sur7-family proteins and upon

palmitoylcarnitine treatment in S. cerevisiae®, as well as Pil1 overexpression in S. pombe*®.

Membrane voids represent ergosterol molecules stably localized at amphipathic helix

Sterols, with their rigid ring structures, exhibit reduced Coulombic potential compared with tightly
packed phospholipid tails®-8. Examples of sterol/AH interactions have been previously observed®-
" Notably, MD simulations with the AH of PIP5K predict that cholesterol fills packing defects near

aromatic side chains and wedges between the acyl chains of poly-unsaturated P1(4)P2.

Physiological implications of eisosome lattice stretching

We propose that eisosome lattice stretching leads to lipid mobilization, which serves as a general
mechanism to free sequestered factors to signal membrane stress. These sequestered factors
need not be proteins; destabilizing interactions between the Pil1/Lsp1 lattice and sterols or PS
could also initiate signaling processes. For example, our mutants predicted to be compromised in
sterol coordination are hypersensitive to Nystatin, a macrolide antibiotic that binds sterols in the
plasma membrane leading to cell leakage and death, suggesting that sequestration of sterol at
MCC/eisosomes can also regulate the amount of free sterol in the PM. Lastly, although we have
presented eisosome lattice stretching as a possible trigger leading to release of sequestered
factors, other membrane perturbations that result in changes in lipid dynamics, for example,

thermal shock or amphiphilic toxins, could also be sensed by this system.

Role of amphipathic helices in mechanical stress sensing
The function of AHs to organize the lipids within the membrane and connect mechanical stretching
to the dynamics of those lipids may be a conserved feature of mechanosensitive proteins. In fact,

AHs from many mechanosensitive ion channels, including Piezo1'®'% Piezo2'®,



TREK/TRAAK'18 and OSCA1.2'% have bulky side chains inserted to the membrane and Piezos,
in particular, have been proposed to modulate and be sensitive to the lipid composition of the

membranes in which they function?0-22,

Lipid organization by membrane scaffold proteins beyond the MCC/eisosome

Although the MCC/eisosomes are a fungi-specific membrane feature?®, many of the principles of
lipid coordination by BAR domain proteins and other proteins that form lattices on membrane
surfaces are likely to be conserved. For example, caveolae in mammalian cells, scaffolded by the
interaction between caveolins (integral membrane proteins) and cavins (peripheral membrane
proteins) are proposed to concentrate cholesterol, PS, and PI(4,5)P,?42¢, as well as flatten in
response to sterol removal from the plasma membrane?’, suggesting that they share many
features with the MCC/eisosome membrane microdomain. There are also several other examples
of mammalian membrane domains scaffolded by BAR-domain proteins including the t-tubules of
cardiac and skeletal muscle tissue that are stabilized by BIN-1%282°_|n fact, the organization and
alteration of the dynamics of membrane lipids through interactions between membrane
scaffolding proteins, charged lipids, and sterols could extend across a wide variety of structurally
and functionally diverse proteins that have been proposed to associate with membrane
microdomains, from focal adhesion proteins®??®! to ESCRTs%?* to myelin-specific proteins3+3°.
Our detailed characterization of the MCC/eisosome membrane microdomain provides a novel

context for understanding how protein-lipid interactions participate in cell signaling functions.



Supplementary Methods

Fluorescence Recovery After Photobleaching (FRAP) data analysis
The FRAP data was analyzed with Fiji v1.54f by measuring intensity over time from the bleached
region (region-of-interest), the region on nanotube outside the photobleached region (bleaching
correction) and the region outside nanotube (background). After background subtraction and
bleaching correction, the data for normalized to the intensity values before photobleaching.
Graphs were generated with Origin Pro 2022 v9.9.0.225 (OriginLab Corp.). To calculate recovery
halftimes and mobile fractions, we used either one-phase exponential equation:
y = Al x et/™ +y0

or two-phase exponential equation:

y = Al x et/™ + A2x et/*2 + y0

where A is value of y in plateau, t is time, 7 is a time constant and y0 is the value of y when t=0.

Recovery halftimes were then calculated with equation:
halftime = 7 X In(2)

Lipid sorting coefficient data analysis
Sorting coefficients were calculated for each of the mentioned lipids using Atto 647N DOPE as
the reference lipid with the following equation:

(Frestea lipid/FAtto 647N DOPE) Under Pill
(Frestea lipid/FAtto 647N popg) bare lipid nanotube

Sorting coef ficient =

where Fresieq 1ipia @Nd Fateo 6a7n popr are the integrated fluorescence densities of the lipid problem
and lipid reference integrated from the lipid nanotube plot profiles (Extended Data Fig 8C) after
background subtraction and neglecting the polarization factor®®. Microscopy images were
visualized and data extracted using Fiji v1.54f software. Data was analysed using Origin Pro 2022

(OriginLab Corp.) and plots were generated using GraphPad Software (GraphPad Prism 10.1.1).
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Supplementary tables

Name Alt. Name glljr?)mt) Hﬁggal '-![a:gtal Di:rilzrer Reso
symmetry

Native-source Type 1 7 D2 11.215 54.344 307.9 7.16
Native-source Type 2 0 D1 5.515 -53.522 314.9 3.84
Native-source Type 3 3 D4 21.344 -50.942 322.0 4.28
Native-source Type 4 2 D7 37.299 36.720 325.6 3.72
Native-source Type 5 4 D1 5.173 -136.534 332.6 3.72
Native-source Type 6 5 D1 5.135 49.337 336.2 4.37
Native-sourcea Type 7 6 D2 10.067 -48.121 343.2 3.72
Native-source Type 8 8 D1 4.860 -46.583 353.9 4.02
Native-source Type 9 9 D8 37.570 -57.772 371.6 4.28
Reconstituted: -PIP2/+sterol Type 1 ] D7 36.538 -14.466 334.2 3.89
Reconstituted: -PIP2/+sterol®® Type 2 1 D1 5.044 -136.500 340.9 8*85
Reconstituted: -PIP2/+sterol Type 3 | D2 9.762 131.906 351.9 3.57
Reconstituted: +PIP2/-sterol Type 1 b D1 5.420 133.600 323.1 3.91
Reconstituted: +PIP2/-sterol Type 2 a D4 21.004 39.094 332.0 3.88
Reconstituted: +PIP2/-sterol Type 3 d D1 5.078 -136.523 345.3 4.65
Reconstituted: +PIP2/-sterol®P< Type 4 c D3 14.547 -83.250 3519 3.86
Reconstituted: +PIP2/-sterol Type 5 e D1 4.714 -81.141 365.2 4.5
Reconstituted: +PIP2/+sterol Type 1 D D2 11.142 -137.653 312.1 3.76
Reconstituted: +PIP2/+sterol Type 2 K D1 5.740 152.300 318.7 6.81
Reconstituted: +PIP2/+sterolaP¢ Type 3 A&C D1 5.408 133.595 3254 3.61
Reconstituted: +PIP2/+sterol? Type 4 FGH D4 20.968 -140.956 332.0 3.79
Reconstituted: +PIP2/+sterol Type 5 J D1 5.077 -136.507 343.1 4.52
Reconstituted: +PIP2/+sterol Type 6 E D1 4.980 -161.053 349.7 3.8
Reconstituted: +PIP2/+sterol Type 7 B D3 14.548 276.716 356.3 4.03
Reconstituted: +PIP2/+bromosterol Type 1 8b D2 11.008 42.353 320.9 3.95
Reconstituted: +PIP2/+bromosterol Type 2 9b D1 5.571 152.247 320.9 4.54
Reconstituted: +PIP2/+bromosterol? Type 3 2b D1 5.338 133.559 330.4 3.85
Reconstituted: +PIP2/+bromosterol Type 4 1b D4 20.640 219.094 341.8 3.90

Table 1. Symmetry parameters and diameters of helical structures. Helix type (hnumbered
from smallest to largest diameter), alternative name, point group symmetry, helical rise and twist,
helix diameter and resolution of helical map. 2Exemplar helical map used in figures, "Helical map
used for model refinement, °Helical map processed using non-uniform refinement



IUPAC name Abbreviation Catalogue # Purchased from

1,2-dioleoyl-sn-glycero-3-phosphocholine, DOPC #850375 Avanti Polar Lipids Inc.
1,2-dioleoyl-sn-glycero-3-phosphoethanoamine DOPE #850725 Avanti Polar Lipids Inc.
1,2-dioleoyl-sn-glycero-3-phospho-L-serine DOPS #840035 Avanti Polar Lipids Inc.
1-palmitoyl-2-oleoyl-glycero-3-phosphocholine POPC #850457 Avanti Polar Lipids Inc.
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine POPE #850757 Avanti Polar Lipids Inc.
1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-serine POPS #840034 Avanti Polar Lipids Inc.
brain L-a-phosphatidylinositol-4,5-biphosphate PI(4,5)P2 #840046 Avanti Polar Lipids Inc.
cholesterol (ovine) chol #700000 Avanti Polar Lipids Inc.
ergosterol, 98% erg #117810050 Thermo Scientific

i;]c_)lg(al)?ggfo—_{g_—'[)tégi;)g;gg;«iettorfzgk_)gi?pnhgggjﬁ;ige)butanoyl]amino}hexanoyl— TopFluor-PI(4,5)P2 #810184 Avanti Polar Lipids Inc.
23-(dipyrrometheneboron difluoride)-24-norcholesterol TopFluor-cholesterol #810255 Avanti Polar Lipids Inc.
ll)h%a;lrr:;]igoc{:ji-rggipyrrometheneboron difluoride)undecanoyl-sn-glycero-3- TopFluor-PC #810281 Avanti Polar Lipids Inc.
;h%a;rrmgoeﬁtiﬁg;ggg{:énetheneboron difluoride)undecanoyl-sn-glycero-3- TopFluor-PE #810282 Avanti Polar Lipids Inc.
1-palmitoyl-2-(dipyrrometheneboron difluoride)undecanoyl-sn-glycero-3- TopFluor-PS #810283 Avanti Polar Lipids Inc.

phospho-L-serine (ammonium salt)

ATTO 647N-labelled 1,2-dioleoyl-sn-glycero-3-phosphoethanoamine

Atto 647N-DOPE

#AD 647N-161

ATTO-TEC GmbH

Table 2. Lipids used in this study. IUPAC names, abbreviations used in text, catalogue numbers

and supplier.




CryoEM studies

Name

Lipid mixture

molar ratio

-P1(4,5)P2/+sterol

DOPC:DOPE:DOPS:Cholesterol

30:20:20:30 mol%

+P1(4,5)P2/-sterol

DOPC:DOPE:DOPS:brain PI(4,5)P2

50:20:20:10 mol%

+P1(4,5)P2/+sterol

DOPC:DOPE:DOPS:Cholesterol:brain P1(4,5)P2

35:20:20:15:10 mol%

+P1(4,5)P2/+bromosterol

DOPC:DOPE:DOPS:bromosterol:brain P1(4,5)P2

35:20:20:15:10 mol%

Lipid sorting coefficient and FRAP studies

Name

Lipid mixture

molar ratio

-P1(4,5)P2/+sterol

DOPC:DOPE:DOPS:cholesterol: TopFluor-cholesterol

30:20:20:29:1 mol%

+1% PI(4,5)P2/+sterol

DOPC:DOPE:DOPS:cholesterol:brain PI(4,5)P2:TopFluor-cholesterol

29:20:20:29:1:1 mol%

+1% PI(4,5)P2/-sterol?

DOPC:DOPE:DOPS:TopFluor-PI(4,5)P2

59:20:20:1 mol%

+1% PI(4,5)P2/+sterol?

DOPC:DOPE:DOPS:cholesterol:TopFluor-P1(4,5)P2

29:20:20:30:1 mol%

+1% PI(4,5)P2/+sterol?

DOPC:DOPE:DOPS:cholesterol:brain P(4,5)P2:TopFluor-PC

28:20:20:30:1:1 mol%

+1% PI(4,5)P2/+sterol?

DOPC:DOPE:DOPS:cholesterol:brain P(4,5)P2:TopFluor-PE

29:19:20:30:1:1 mol%

+1% PI(4,5)P2/+sterol?

DOPC:DOPE:DOPS:cholesterol:brain P(4,5)P2:TopFluor-PS

29:20:19:30:1:1 mol%

+1% PI(4,5)P2/-sterol

DOPC:DOPE:DOPS:brain P(4,5)P2:TopFluor-PC

58:20:20:1:1 mol%

+1% PI(4,5)P2/-sterol

DOPC:DOPE:DOPS:brain P(4,5)P2:TopFluor-PE

59:19:20:1:1 mol%

+1% PI(4,5)P2/-sterol?

DOPC:DOPE:DOPS:brain P(4,5)P2:TopFluor-PS

59:20:19:1:1 mol%

+1% PI(4,5)P2/+ergosterol

DOPC:DOPE:DOPS:ergosterol: TopFluor-P1(4,5)P2

29:20:20:30:1 mol%

+1% PI(4,5)P2/+ergosterol

DOPC:DOPE:DOPS:ergosterol:brain P(4,5)P2:TopFluor-PS

29:20:19:30:1:1 mol%

+1% PI(4,5)P2/+sterol

POPC:POPE:POPS:cholesterol: TopFluor-PI(4,5)P2

29:20:20:30:1 mol%

+1% PI(4,5)P2/+sterol

POPC:POPE:POPS:cholesterol:brain P(4,5)P2:TopFluor-cholesterol

30:20:20:29:1:1 mol%

Table 3. Lipid mixtures used in this study. Mixture name used in text, components of lipid
mixtures, and molar ratio (mol %). 20.01 mol% of Atto647N DOPE was added to each lipid mixture

for lipid sorting experiments




TopFluor-cholesterol

halftime 1 (s.e.), s halftime 2 (s.e.), s mobile fraction (s.e.), % R-squared
+PIP2, control 5.6 (0.4) 64.1 (8.6) 86.4 (0.5) 0.993
+PIP2, Pill 0.8 (0.6) 9.3(0.4) 34.0(0.1) 0.956
-PIP2, control 5.0 (1.0) 38.5 (3.6) 92.5 (0.9) 0.987
-PIP2, Pil1 0.8 (0.3) 7.4 (0.3) 56.4 (0.1) 0.974
PO-lipids*, control 3.0 (0.4) 16.3 (1.9) 78.9 (0.9) 0.991
PO-lipids*, Pill 2.25 (0.5) 223 (1.2) 40.9 (0.6) 0.995
Pill F33A, Y40A, F42A, F50A 0.8 (0.3) 7.4(0.3) 51.1 (0.1) 0.974
TopFluor-PIP2
halftime 1 (s.e.), s halftime 2 (s.e.), s mobile fraction (s.e.), % R-squared
+sterol, control 4.8 (0.3) 354 (1.2) 60.8 (0.4) 0.998
+sterol, Pill 4.6 (0.6) 61.9 (4.4) 20.7 (0.6) 0.994
-sterol, control 12.2 (0.3) 53.7 (0.2) 0.977
-sterol, Pill 28.5(1.0) 27.5(0.3) 0.973
+ergosterol**, control 4.3 (0.5) 48.6 (16.3) 98.8 (11.1) 0.992
+ergosterol**, Pill 1.6 (0.9) 26.1 (4.1) 19.0 (1.0) 0.953
PO-lipids*, control 2.5(0.2) 23.4 (0.9) 67.8 (0.6) 0.999
PO-lipids*, Pill 28.4 (9.4) 15.1 (1.3) 0.640
TopFluor-PC
halftime 1 (s.e.), s halftime 2 (s.e.), s mobile fraction (s.e.), % R-squared
+PIP2, control 11.2 (0.2) 74.4 (0.3) 0.989
+PIP2, Pill 14.4 (0.4) 58.7 (0.3) 0.996
-PIP2, control 2.7 (0.3) 18.8 (0.5) 90.7 (0.5) 0.998
-PIP2, Pil1 1.0 (0.1) 13.2 (0.4) 55.9 (0.2) 0.968
-sterol, control 15.4 (0.3) 88.5 (0.4) 0.980
-sterol, Pill 11.5(0.4) 443 (0.2) 0.939
TopFluor-PE
halftime 1 (s.e.), s halftime 2 (s.e.), s mobile fraction (s.e.), % R-squared
+PIP2, control 9.7 (0.1) 80.4 (0.2) 0.988
+PIP2, Pill 9.0 (0.3) 49.9 (0.2) 0.926
-PIP2, control 1.9 (0.3) 15.6 (0.3) 81.6 (0.2) 0.995
-PIP2, Pill 0.8 (0.1) 7.6 (0.5) 54.4 (0.1) 0.951
-sterol, control 13.4 (0.2) 80.8 (0.2) 0.990
-sterol, Pill 5.3(0.2) 54.1 (0.2) 0.925

Table 4. FRAP halftimes in seconds and percentages of mobile fractions. Values are derived
from one-phase exponential (one halftime shown) or two-phase exponential (two halftimes
shown) equations (see Materials and methods). Standard error of fitted values (s.e.) and the
goodness of fits (R-squared) are shown. *PO-lipid mixture = 29mol% POPC : 20mol% POPE :
20mol% POPS : 1mol% PI(4,5)P2 : 30 mol% cholesterol. **ergosterol lipid mixture = 29mol%
DOPC : 20mol% DOPE : 20mol% DOPS : 1mol% PI(4,5)P2 : 30 mol% cholesterol.



Name Genotype Source
TB50a MATa leu2-3,112 ura3-52 rmel trp1 his3 Loewith lab
TB50a MATa leu2-3,112 ura3-52 rmel trpl his3 PMID:26028537
CG1-37 TB50a BIT61-TAP::kanMX4 This study
RL276-2B TB50a HIS3 Loewith lab
MGTY086 TB50a pill::KanMX6 Ispl::HphMX4 HIS3 This study
JK001 TB50a PIL1-GFPenvy::HIS3MX6 Ispl::HphMX4 This study
ABO001 TB50a pill-R43A-GFPenvy::HIS3MX6 Ispl::HphMX4 This study
AB002 TB50a pill-R126A-GFPenvy::HIS3MX6 Ispl::HphMX4 This study
ABO003 TB50a pill-K130A/R133A-GFPenvy::HIS3MX6 Ispl::HphMX4 This study
XZ001 TB50a pil1-K66A/R70A-GFPenvy::HIS3MX6 Ispl::HphMX4 This study
XZ002 TB50a pill-K66A/R70A/K130A/R133A-GFPenvy::HIS3MX6 Ispl::HphMX4 This study
XZ003 TB50a pill-F33A/Y40A/FA2A/F50A-GFPenvy::HIS3MX6 Ispl::HphMX4 This study
MGTY064 TB50a pill-GFPenvy::HIS3MX6 Ispl::HphMX4 NCE102-mScarlet-l::Hph This study
JK003 TB50a pill-R43A-GFPenvy::HIS3MX6 Isp1::HphMX4 NCE102-mScarlet-1::Hph This study
JK004 TB50a pill-R126A-GFPenvy::HIS3MX6 Isp1::HphMX4 NCE102-mScarlet-I::Hph This study
JKO05 TB50a pill-K130A/R133A-GFPenvy::HIS3MX6 Ispl::HphMX4 NCE102-mScarlet-I::Hph This study
MGTY056 TB50a pill-K66A/R70A-GFPenvy::HIS3MX6 Ispl::HphMX4 NCE102-mScarlet-I::Hph This study
MGTY062 TB50a pill-K66A/R70A/K130A/R133A-GFPenvy::HIS3MX6 Ispl::HphMX4 NCE102-mScarlet-1::Hph This study
MGTY061 TB50a pill-F33A/Y40A/FA2A/F50A-GFPenvy::HIS3MX6 Ispl::HphMX4 NCE102-mScarlet-I::Hph This study

Table 5. Yeast strains used in this study. Strain name, genotype, and source.
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Source data Fig 3.xIsx
Source data Fig 4.xIsx
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Supplementary data

Supplementary Data 1. Mass spectrometry analysis of native-source eisosome preps.
(See .xlIsx file)
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Supplementary Data 2. NMR of ergosterol. A. TH NMR spectra of ergosterol, inset: structure
of ergosterol. B. 13C NMR spectra of ergosterol.
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Supplementary Data 3. NMR of brominated ergosterol. A. 1H NMR spectra of brominated
ergosterol, inset: Structure of brominated ergosterol. B. 13C NMR spectra of brominated
ergosterol



Bit61-TAP

ladder El E2 beads

Supplementary Data 4. Source gel image. Coomassie-stained gel loaded with protein from
Bit61-TAP purification. Elution 1 (E1), Elution 2 (E2; grids made with this elution), and protein
remaining bound to Dynabeads (beads) after elution.
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