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In Brief

Macromolecular assemblies can be
visualized in their cellular environment by
electron cryo-tomography. However,
data acquisition and identification of
elusive structures are major bottlenecks
hindering widespread application. Bharat
et al. address these issues by cryo-
correlative microscopy, and use their
workflow to study the formation of BAR-
domain coats on cellular membranes.
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e Cryo-fluorescence microscopy eases electron cryo-
tomography of vitreous sections

e Elusive protein assemblies are localized in situ by correlative
microscopy

e Yeast BAR-domain protein Pil1 binds to plasma membrane
with varying curvature

e Scaffold-like coats are only seen when Pil1 is bound to high
curvature membranes
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SUMMARY

Electron microscopy imaging of macromolecular
complexes in their native cellular context is limited
by the inherent difficulty to acquire high-resolution
tomographic data from thick cells and to specifically
identify elusive structures within crowded cellular en-
vironments. Here, we combined cryo-fluorescence
microscopy with electron cryo-tomography of vitre-
ous sections into a coherent correlative microscopy
workflow, ideal for detection and structural analysis
of elusive protein assemblies in situ. We used this
workflow to address an open question on BAR-
domain coating of yeast plasma membrane compart-
ments known as eisosomes. BAR domains can sense
or induce membrane curvature, and form scaffold-
like membrane coats in vitro. Our results demon-
strate that in cells, the BAR protein Pil1 localizes
to eisosomes of varying membrane curvature. Sub-
tomogram analysis revealed a dense protein coat
on curved eisosomes, which was not present on
shallow eisosomes, indicating that while BAR do-
mains can assemble at shallow membranes in vivo,
scaffold formation is tightly coupled to curvature
generation.

INTRODUCTION

Biological macromolecules fulfill their tasks in crowded cellular
environments. The organization of macromolecular functions in
the cell often necessitates formation of transient complexes,
such as proteins binding to membranes or to the cytoskeleton,
or the self-association of proteins into oligomers. Such interac-
tions can generate short-lived or fragile higher-order assembilies,
whose formation can depend on the local cellular environment,
for example the composition of the organelle membrane at which
they occur. Understanding how macromolecular assemblies
contribute to cellular function is a long-term goal of many struc-
tural and cell biological endeavors. The essential steps toward
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this goal are identifying, visualizing, and solving structures of
macromolecular assemblies in their native environment.

Advances in electron cryo-tomography (cryo-ET) have re-
sulted in improved visualization of protein assemblies inside cells
(Beck and Baumeister, 2016). However, efficient data acquisition
from cellular samples and identification of structures within cells
remain two major bottlenecks for routine cellular structural
biology applications. Firstly, due to limitations imposed by the
electron beam, unless thin areas of cells (<0.5 um), such as the
cell cortex, are being imaged, physical thinning of specimens
is required either by vitreous sectioning or using focused ion
beam (FIB)-milling (Al-Amoudi et al., 2007; Marko et al., 2007).
Both vitreous sectioning and FIB-milling are cumbersome
methods in terms of generating samples of sufficiently high qual-
ity for subsequent tilt series data acquisition. Secondly, in the
acquired cryo-ET data, identification of features of interest
remains a problem. While large protein complexes, such as ribo-
somes or proteasomes, can be readily localized within the tomo-
graphic cell volume using template-matching algorithms (Asano
et al., 2015; Pfeffer et al., 2015), smaller protein assemblies that
lack such large characteristic shapes remain elusive.

In this study, we have addressed both these limitations by
implementing a high-precision correlative microscopy workflow
that combines cryo-fluorescence microscopy (cryo-FM) with
cryo-ET of vitreous sections. Our approach provides certainty
that the area to be imaged in the electron microscope (EM)
contains the structure of interest and is of sufficient quality for
cryo-ET data acquisition. Moreover, our procedure facilitates
localization of elusive protein assemblies within the acquired
cryo-ET volume.

We have applied this workflow to answer a long-standing
question on the assembly of BAR (Bin/amphiphysin/Rvs)
domain-containing proteins by visualizing them directly on
cellular membranes. BAR domains are alpha-helical bundles
that bind to membranes and can induce or sense various mem-
brane curvatures according to their shape (McMahon and
Gallop, 2005). For instance, BAR proteins assist in membrane re-
modeling during vesicle formation (Gallop et al., 2006; Kukulski
et al., 2012; Peter et al., 2004). In vitro, these proteins efficiently
tubulate liposomes (Peter et al., 2004; Youn et al., 2010), and can
assemble into regular lattices that have been characterized
structurally, revealing the arrangement of BAR domains on lipid
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tubules (Daum et al., 2016; Frost et al., 2008; Mim et al., 2012).
The yeast BAR proteins Lsp1 and Pil1 are highly similar to human
amphiphysin and endophilin (Zidtkowska et al., 2011), and are
the main constituents of plasma membrane compartments
called eisosomes (Olivera-Couto et al., 2015; Walther et al.,
2006). Eisosomes form stable membrane furrows (Stradalova
et al., 2009), involved in sphingolipid metabolism mediated by
TOR Complex 2, maintenance of the cellular phosphoinositide
pool and cell polarity (Berchtold et al., 2012; Frohlich et al.,
2014; Seger et al., 2011). The regular lattice formed by Lsp1
and Pil1 in vitro suggests a model for scaffolding of the furrows
(Karotki et al., 2011), supported by the high density of mem-
brane-bound Pil1 observed in live cells (Lacy et al., 2017).
Interestingly, flattening of eisosomes has been proposed as a
mechanism for membrane expansion (Kabeche et al., 2015),
indicating that protein assemblies on eisosome membranes
may undergo changes depending on subcellular conditions.

Thus, how the BAR-domain organizations observed in minimal
reconstituted systems relate to the more complex and varying
environment of cellular membranes remains to be seen. Presum-
ably, local membrane tension, the density of BAR domains, and
the presence of other curvature-generating proteins can impact
scaffold formation by BAR proteins, as well as their ability to
induce curvature (Simunovic et al., 2015).

We found our correlative microscopy workflow ideal to study
how membrane curvature generation and BAR protein assembly
relate to each other in cells. Our in situ cryo-ET data reveals that
the organization of proteins on eisosomal membranes varies
with membrane curvature. These results demonstrate how our
correlative workflow can be used to obtain targeted, high-reso-
lution cryo-ET data on elusive protein assemblies within thick
regions of cells, supporting in situ structural and cell biology
studies.

RESULTS

Cryo-FM Facilitates Efficient Cryo-ET Acquisition on
Vitreous Sections

Our first goal was to unambiguously identify and visualize a set of
eisosomes representative of their ultrastructural diversity using
cryo-ET. Therefore, we prepared thinned yeast cells expressing
Pil1-GFP by vitreous sectioning (CEMOVIS) of high-pressure
frozen yeast pellets (Al-Amoudi et al., 2004). Serial vitreous sec-
tions form ribbons that comprise very large areas of thinned
specimen. Given the small size of yeast cells, and their density
in the cell pellet, each EM grid can contain thousands of cell pro-
files and, thus, the number of eisosomes accessible for cryo-ET
imaging is large. Moreover, fiducial-based correlation using
cryo-FM (Schorb et al., 2016) can be adapted to vitreous sec-
tions to unambiguously locate eisosomes with high spatial
precision.

We used a recently developed cryo-FM system that combines
an upright wide-field microscope with a liquid nitrogen-cooled
stage (Schorb et al., 2016). First we acquired a tile scan of the
whole grid in the green channel (Figure 1A). This allowed us to
evaluate the overall quality of the grid and locate 5-10 grid
squares that contained intact carbon film covered with vitreous
sections. We manually moved to each of these grid squares
and acquired focal stacks in green and red channels (Figures
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1B and 1C). The red channel images were acquired to distinguish
fiducial markers, which fluoresce in both channels, from the Pil1-
GFP signal.

We found that the cryo-FM focal stacks were essential down-
stream for efficient acquisition of cryo-ET data from vitreous
sections. Cryo-ET studies on vitreous sections have been
considered difficult because of unevenness and incomplete
attachment of the sections to the carbon support film (Bou-
chet-Marquis and Hoenger, 2011; Hsieh et al., 2006). These im-
perfections cause specimen movement during data acquisition,
resulting in blurred images and tilt series that are difficult or
impossible to align (Al-Amoudi and Frangakis, 2013; Pierson
et al., 2010; Sartori Blanc et al., 1998). In our focal stacks, we
inspected whether the Pil1-GFP signals appeared in the same
focal plane as the signals of fiducial markers or the background
fluorescence of the carbon film. Areas in which all signals were in
focus in the same focal plane were likely to be flat and well
attached (Figures 1B and 1E). In areas where this was not the
case, the section was located several micrometers away from
the plane of the carbon film, indicating that it was not well
attached (Figures 1C and 1G). Within the areas of flat, attached
sections, we further preselected carbon film holes that contained
Pil1-GFP signals for acquisition of tomograms (Figure 1E).

After cryo-FM imaging, the grid was transferred to the EM,
where we acquired montaged images of the preselected grid
squares at an intermediate magnification to find cell profiles con-
taining the preselected Pil1-GFP spots (Figure 1D). Based on
visual correlation between cryo-FM images and the intermedi-
ate-magnification EM maps, we marked the positions for cryo-
ET data collection where we expected eisosomes. Orientation
was eased by two types of visual cues that were readily recog-
nizable in the maps: the plasma membrane at which eisosomes
are located, and the TetraSpeck fiducial markers adhered to the
carbon film, which we could assign to signals in the fluorescence
image (Figures 1D and 1E and STAR Methods).

Notably, in the intermediate-magnification EM maps, the
areas that were identified by cryo-FM as not being well attached,
appeared indistinguishable from those identified as well
attached (Figures 1D and 1F). In comparison with FM, the depth
of field in EM is large, which is why differences in height between
section and carbon film are easier to assess by FM. We found
that in all cases the areas we preselected were stable and
allowed us to collect cryo-ET data using a dose-symmetric tilt
acquisition scheme (Figure S1) (Hagen et al., 2017), indicating
that our assessment and preselection by cryo-FM was efficient.

BAR-Domain Protein Pil1 Localizes to Membrane
Furrows and to Flat Membranes

To unambiguously localize Pil1-GFP within the cell segments
imaged using cryo-ET, we computed precise transformations
of the GFP spot coordinates into the intermediate-magnification
maps using the TetraSpeck fiducial markers, visible both in the
cryo-FM images (Figures 2A and S2A) and in the EM maps (Fig-
ures 2B and S2B) (Kukulski et al., 2011; Schorb et al., 2016). At
the corresponding positions in the electron tomograms, the
majority of locations (9 out of 12 localized Pil1-GFP signals)
showed invaginations of the plasma membrane (Figures 2C,
2D, 3A, 3B, and S2). One of the Pil1-GFP localizations revealed
two invaginations (Figure S2lll). The appearance of the total of
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Figure 1. Cryo-FM Allows Selection of Vitreous Section Areas that Are Suitable for Cryo-ET and Contain Fluorescent Signals of Interest
(A) Grid overview in the green channel shows the distribution of vitreous sections appended to each other as ribbons.

(B and C) Two planes from the same focal stack, separated by about 3.6 um in z (direction of the light path), merge of red (shown in magenta) and green channels.
Area of acquisition corresponds to the yellow dashed box in (A). The white box in (B) indicates a section area where the holey carbon film and the GFP signals in
the section are in focus in the same plane. The magenta box indicates a section area where the carbon film is in focus in the plane shown in (B), whereas the GFP

signals are in focus in a different plane shown in (C).

(D) Intermediate-magnification EM image of the area indicated by the white dashed square in (B), magnified in (E).

(E) The white circle marks a Pil1-GFP signal suitable for cryo-ET acquisition. The orange circles in (D and E) mark examples of fiducial markers.
(F) Intermediate-magnification EM image of the area indicated by the magenta dashed square in (B and C), magnified in (G).

(G) The white circle indicates a Pil1-GFP spot not suitable for cryo-ET acquisition.

Scale bars represent 100 um in (A), 10 um in (B and C), 500 nm in (D and F).

ten invaginations varied in cross-section, which we attributed to
differences in their orientation relative to the section plane, as
well as to differences in depth, width, and overall shape. Eight
of the invaginations appeared furrow-like, similar to those
described before (Karotki et al., 2011; Stradalova et al., 2009).
Two of the furrows were highly tilted relative to the plasma
membrane (Figures S2DIIl and S2DVII). In 3 of the 12 identified
Pil1-GFP positions, there was no furrow in the plasma mem-
brane. Instead, the plasma membrane displayed shallow inden-
tations, indicating that Pil1 was bound to a flat or weakly
deformed plasma membrane (Figures 3Bl, 3BIl, S2I, S2II, and
S2VIII). To verify that the orientation of the tilted furrows was
not due to artifacts of vitreous sectioning, we imaged eisosomes
using correlative microscopy of resin-embedded cells (Kukulski
etal., 2011). In the resulting electron tomograms, Pil1-GFP local-
ized to furrows tilted relative to the plasma membrane at various
angles, as well as to shallow indentations of the plasma mem-
brane, confirming that these eisosome shapes occur in yeast
cells independent of the preparation method (Figure S3). In sum-

mary, applying a fiducial-based correlation procedure to vitreous
sections allowed us to localize Pil1-GFP to membrane furrows of
variable depth and shape, including very shallow indentations or
flat regions of the plasma membrane.

The Protein Coat on Eisosomal Membranes Depends on
Membrane Curvature

Many of the eisosomes, but not all, displayed a thicker layer of
density as compared with the surrounding plasma membrane,
which we attributed to the presence of a protein coat on the
eisosome membrane. In particular, the highly curved ridges of
furrows appeared to be coated (Figures 3BIII-3BVI). Regardless
of whether or not the coat was discernable in the raw tomo-
grams, we extracted overlapping subvolumes, centered along
the eisosomal membrane, for sub-tomogram analysis (Fig-
ure 3B). Each subvolume (sub-tomogram) was collapsed into a
2D image (Bharat and Scheres, 2016), and the sets of 2D images
from each eisosome were aligned, classified, and averaged
using a regularized likelihood algorithm (Bharat et al., 2015). In
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this way, we obtained 2D class averages of each eisosomal
membrane, which allowed us to better assess the coating on
every individual eisosome (Figure 3C). To ensure that our inter-
pretation of the class averages would reflect the eisosome-spe-
cific structure, rather than be biased by cryo-ET imaging effects,
such as defocus, for comparison we also generated class aver-
ages from patches of plasma membrane (Figure 3D), which were
~200 nm away from the eisosome (Figure 3B). For some eiso-
somes and plasma membrane patches, the sub-tomogram
alignment did not yield meaningful 2D class averages. This
was not surprising, as in many cases, the membrane was not
positioned perpendicular to the section plane and thus its visibil-
ity was affected by the anisotropic resolution of electron tomo-
grams. We further analyzed only pairs of eisosome and plasma
membrane that both yielded interpretable averages (Figures
3C and 3D). We confirmed the three-dimensional shapes of
these eisosomes by manual segmentation of the membrane
(Figure 3E).

We next compared the 2D class averages of the different
eisosomes to those of the corresponding plasma membrane
patches. The averages of eisosomes that were shallow ap-
peared very similar to the averages of the nearby plasma mem-
brane, displaying a single layer of density, likely representing the
lipid bilayer (Figures 3C and 3D, | and ll). The averages of furrow-
shaped, curved eisosomes displayed two layers of density, while
the averages of the corresponding plasma membrane displayed
only one layer of density (Figures 3C and 3D, llI-VI). The diameter
of the outer density layer of the curved eisosomes ranged be-
tween 32 and 58 nm. This range is similar to the diameters re-
ported for in vitro assembled Pil1 and Lsp1 lattices on
liposomes (Karotki et al., 2011). To quantitatively assess the dif-
ference in appearance between shallow and curved eisosomes
(Figure 3F), we measured the thickness of their membrane pro-
files and normalized it by the thickness of the nearby plasma
membrane. The resulting relative membrane thickness of the
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Figure 2. Cryo-ET of Preselected Areas and
Fiducial-Based Correlation to Identify Eiso-
somes by Pil1-GFP Localization

(A) A single focal plane in cryo-FM, merge of green
and red (shown in magenta) channels. White circle
indicates a Pil1-GFP signal selected for cryo-ET.
(B) Intermediate-magnification EM image. White
dashed rectangle indicates the field of view
imaged by cryo-ET (C). Yellow circles in (A and B)
indicate fiducial markers for high-precision locali-
zation of the Pil1-GFP signal (center of green
dashed circle).

(C) Virtual slice through the tomographic volume.
(D) Magnified view of the dashed rectangle shown
in (C). Arrows in (C and D) indicate a furrow-like
invagination.

Scale bars represent 2 um in (A and B), 100 nm in
(C), and 25 nm in (D). See also Figure S2.

shallow eisosomes was close to 1, indi-
cating that they had the same thickness
as the corresponding nearby plasma
membranes (Figure 4A). Curved eiso-
somes were on average 1.6 times thicker
than the corresponding plasma membrane. Furthermore, the
relative membrane thickness of curved eisosomes differed
significantly from that of shallow eisosomes (Figure 4A).

We conclude that curved eisosomal membranes were
covered with a dense coat, which was neither present on the
membrane of shallow eisosomes, nor on regions of the plasma
membrane that did not correspond to eisosomes. Our data
thus suggest that eisosomal proteins, including the BAR proteins
Pil1 and Lsp1, are not arranged into a dense, regular protein coat
when they are bound to low curvature membranes. The forma-
tion of a dense protein coat is associated with high membrane
curvature, and the coat diameter varies between 30 and 60 nm
(Figure 4B).

DISCUSSION

In this study, we implemented a cryo-correlative microscopy
workflow for in situ visualization of elusive protein assemblies
in thick regions of cells, with the goal of performing cellular struc-
tural biology studies. In particular, we surmounted two major
bottlenecks that prevented routine in situ structural studies,
namely efficient cryo-ET data acquisition from thick cellular
samples and the unambiguous identification of structures within
cells.

Imaging vitreous sections by cryo-FM allowed us to assess the
attachment of sections to the EM grid and thereby dramatically
increase the throughput of cryo-ET data acquisition. Although
cryo-FM has been proposed to facilitate correlative microscopy
of vitreous sections (Gruska et al., 2008), its benefits for cryo-ET
have not been explored systematically. Poor attachment of sec-
tions to the EM grid can significantly impair the outcome of a
cryo-ET session. It is possible to assess section attachment by
tilting the grid (Al-Amoudi and Frangakis, 2013; Bouchet-
Marquis and Hoenger, 2011). However, reloading grids, map-
ping them, tilting, and acquiring test images at multiple areas
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Figure 3. Sub-tomogram Averaging Analysis Reveals that Eisosomes with High Membrane Curvature Display a Dense Coat

(A) Cryo-FM (green channel) of section areas over carbon film holes containing Pil1-GFP signals of interest (white circles). Panel V corresponds to Figure 1E.
(B) Virtual slices through electron cryo-tomograms acquired at the corresponding positions.

(C) 2D class averages of eisosome membranes marked by green dashed boxes in (B). In llI-VI, the diameter (d) of the outer density layer is indicated by the red

dashed circle segment.

(D) 2D class averages of plasma membrane marked by yellow dashed boxes in (B).
(E) Corresponding 3D eisosome shape modeled by segmentation of the plasma membrane.
(F) Cartoon interpretation of coating and membrane curvature in presence of Pil1-GFP.

Scale bars represent 500 nm in (A), 25 nm in (B and E), and 10 nm in (C and D).

until good spots for acquisition are found are all time-consuming
steps. This procedure may appear unfeasible on a 24-hr session
as bookable in many national or institutional facilities. Therefore,
we suggest that careful preselection of vitreous section areas by
cryo-FM is an efficient means for assessing suitability for
cryo-ET.

Combining cryo-ET of vitreous sections with a fiducial-based
correlation procedure allowed us to unambiguously identify eiso-
somes in the yeast plasma membrane marked by the presence
of Pil1-GFP. The diversity of eisosome shapes showed that the
BAR protein Pil1 binds to membranes of widely differing curva-
ture, including very shallow indentations. These shallow eiso-
somes would have been completely indiscernible without
precise correlation to fluorescent signals, demonstrating the

unique capability of our workflow to identify elusive cellular
structures in cryo-EM.

The quality of the cryo-ET data allowed us to structurally
analyze the protein assemblies on the cellular membranes iden-
tified as eisosomes. Sub-tomogram averaging revealed differ-
ences in protein organization on shallow and curved eisosome
membranes. On eisosomes with high curvature, we observed a
dense coat. This coat most likely corresponds to the regular
lattice formed by a single layer of BAR proteins, as its thickness
and diameter were remarkably consistent with the regular Pil1
lattice on lipid tubules (Karotki et al., 2011). A regular arrange-
ment of proteins on curved eisosomes has also been suggested
by EM of metal-shadowed cells and by the high Pil1 density
measured in live cells (Karotki et al., 2011; Lacy et al., 2017).
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On shallow eisosome membranes, although labeled by Pil1-GFP
similar to the curved ones, we did not observe such a dense pro-
tein coat. We conclude that while BAR proteins Pil1 and Lsp1
can bind to shallow membranes, they do not form a regular
lattice.

Our finding that BAR proteins with a curved membrane-bind-
ing surface (Ziotkowska et al., 2011) bind to flat cellular mem-
branes is in line with previous studies, which suggested that
membrane binding and curvature induction by BAR domains
can be uncoupled (Blood and Voth, 2006; Frost et al., 2008; Kel-
ley et al., 2015). Furthermore, the propensity of BAR domains to
induce curvature was proposed to depend on membrane ten-
sion and on the protein density on the membrane (Simunovic
et al., 2015; Sorre et al., 2012). This model is supported by
curved BAR protein assemblies that display dense or lattice-
like coating of liposomes (Daum et al., 2016; Frost et al., 2008;
Karotki et al., 2011; Mim et al., 2012). It has, however, been diffi-
cult to confirm this model in vivo because inside cells, flat mem-
branes with low density of BAR proteins are difficult to identify.
Our in situ data demonstrate that protein coating on shallow
eisosomes is less dense than on curved ones, and that the
formation of a dense BAR protein coat, likely in a regular, lat-
tice-like organization, coincides with the formation of highly
curved membrane furrows (Figure 4B).

Our data do not reveal whether the total number of BAR
proteins bound to shallow eisosomes is lower than the number
bound to curved eisosomes. The numbers of BAR protein mole-
cules could be similar, but the molecules could be distributed
over a different surface area, resulting in a different packing den-
sity. Shallow eisosomes could represent intermediates during
their de novo formation in the buds of dividing yeast cells (Mor-
eira et al., 2009). Pil1 patches are absent from small buds and
appear during growth of the daughter cells (Moreira et al.,
2009). Furrow-like invaginations are also absent from buds, but
how Pil1 appearance and the formation of furrows are temporally
coupled is unclear (Stradalova et al., 2009; Takeo, 1984). Alter-
natively, shallow eisosomes could represent an adaptation to
increasing membrane tension (Kabeche et al., 2015).

In summary, we have implemented a workflow that permits
localizing and structurally investigating elusive protein assem-
blies inside thick areas in the cell through efficient cryo-ET
data acquisition. We demonstrate the potential of our approach
by addressing the open question of how BAR-domain protein
localization and arrangement correlates with membrane curva-
ture in cells, difficult to answer by other means. Our workflow
thereby complements the toolbox of cryo-correlative micro-
scopy methods (Arnold et al., 2016; Hampton et al., 2017; Koning
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Figure 4. Eisosomal Protein Coating Corre-
lates with Membrane Curvature

(A) Comparison of the relative membrane thick-
ness of shallow (Figures 3l and 3ll) and curved
eisosomes (Figures 311I-3VI). *p = 0.0211. The red
lines indicate the mean and the standard deviation.
(B) Model for the interdependence of BAR-domain
scaffold formation and membrane curvature.

et al., 2014; Schellenberger et al., 2014; Schorb and Briggs,
2014) and could be applied to many other structural biology
questions in situ.
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STARXMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE

SOURCE

IDENTIFIER

Chemicals, Peptides, and Recombinant Proteins

TetraSpeck Microspheres 100 nm
TetraSpeck Microspheres 50 nm

Dextran from Leuconostoc spp. Mr ~40000
Lowicryl HM20 embedding kit

Invitrogen / Thermo Fisher Scientific
Invitrogen / Thermo Fisher Scientific
Sigma

Polysciences, Inc.

Catalog number T7279
Custom order

Product 68084
Catalog number 15924

Deposited Data

Electron cryo-tomogram of vitreous section
of yeast cell

Electron cryo-tomographic tilt series and
corresponding correlative microscopy data

This paper, deposited at EMDB

This paper, deposited at EMPIAR

EMD-4305

EMPIAR-10161

Experimental Models: Organisms/Strains

S. cerevisiae strain: MAT«, his34200,
leu2-3,112, ura3-52, lys2-801,
PIL1-EGFP::HIS3MX6

This paper

WKY0207

Software and Algorithms

RELION

MATLAB-based correlation scripts

Bharat et al., 2015
Scheres, 2012
Kukulski et al., 2011
Schorb et al., 2016

http://www2.mrc-Imb.cam.ac.uk/relion

NA

SerialEM Mastronarde 2005 http://bio3d.colorado.edu/SerialEM/
IMOD Kremer et al., 1996 http://bio3d.colorado.edu/imod/
CTFFIND Mindell and Grigorieff, 2003 NA

Other

QUANTIFOIL EM grids (copper,
200 mesh, R3.5/1)

Gold-coated copper specimen carrier type A
Aluminium specimen carrier type B
Aluminium specimen carrier type A

Carbon film EM grids (copper, 200 mesh)

www.quantifoil.com

Wohlwend GmbH, Sennwald, Switzerland
Wohlwend GmbH, Sennwald, Switzerland
Wohlwend GmbH, Sennwald, Switzerland
Agar Scientific

No product code

Art. 662
Art. 242
Art. 241
Code AGS160

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Wanda
Kukulski (kukulski@mrc-Imb.cam.ac.uk).

EXPERIMENTAL MODEL DETAILS

Saccharomyces cerevisiae expressing Pil1-GFP (genotype: MATa, his34200, leu2-3,112, ura3-52, lys2-801, PIL1-EGFP::HIS3MX6)
were grown at 30°C in SC-Trp medium to exponential phase (ODggp ~0.8) and pelleted by vacuum filtration (McDonald, 2007) for high
pressure freezing.

METHOD DETAILS
Vitreous Sectioning
Pelleted yeast paste was transferred into the 0.2 mm recess of gold-coated copper carrier type A (Wohlwend GmbH) by pipetting,

mixed to a ratio of ~1:1 with a solution of 10 nm colloidal gold beads (BBI solutions) in 40% Dextran (Molecular mass ~40,000 Da,
Sigma), covered with the flat side of an aluminium carrier type B and high pressure frozen using a Leica HPM100. Vitreous sectioning
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was conducted in an EM UC6/FC6 cryo-microtome (Leica Microsystems), using cryotrim 20 and 35° cryo immuno diamond knives
(Diatome), at 1 mm/s speed and 150 nm feed. 100 nm TetraSpeck beads (Invitrogen), diluted 1:50 in phosphate buffer saline were
adhered to plasma cleaned Quantifoil R 3.5/1 on Cu 200 mesh grids (Quantifoil) by incubation for approximately 5 minutes, blotting
and subsequent washing with three drops of water. Vitreous sections were attached using the Crion antistatic device (Leica Micro-
systems) to grids held in the FC6 cryo-chamber by a micromanipulator. The grids were transferred to cryo-grid boxes and stored in
liquid nitrogen until cryo-FM imaging.

Cryo-FM of Vitreous Sections on EM Grids

Fluorescence imaging of vitreous sections was performed on the Leica EM cryo-CLEM system with a HCX PL APO 50x cryo-objec-
tive with NA = 0.9 (Leica Microsystems), an Orca Flash 4.0 V2 sCMOS camera (Hamamatsu Photonics), a Sola Light Engine (Lumen-
cor) and the following filters: L5 excitation 480/40, dichroic 505, emission 527/30 and N21 excitation 515-560, dichroic 580, emission
LP 590 (Leica Microsystems). During imaging, the humidity of the room was controlled to 20-25% and the microscope stage was
cooled to -195°C. At first, using the Leica LAS X software, a 7x7 overview tile scan around the center of the grid was acquired in bright
field (BF) and green channel with an autofocus range in the z-direction of 80 um (4 um step size) in BF. Short exposure times and low
light intensities (BF channel: 10 ms exposure, intensity 30; green channel: 1 s exposure, intensity 17%) were used to limit potential
radiation damage to the sample. This overview tile scan was used to identify the sections and grid orientation in cryo-EM. Individual
ribbons of vitreous sections on the grid were subsequently imaged in the BF, green and red channel over a focal range of approx-
imately 6 to 10 um, set to obtain focused images of all section areas, with a step size of 0.3 um. The following channel settings were
used: 50 ms exposure, intensity 30 in BF channel; 3 s exposure, 30% intensity in green channel; 1.5 s exposure, 30% intensity in red
channel. Using these conditions, grids were imaged up to 120 minutes each without noticeable increase in contamination or de-vitri-
fication of the sections. Grid squares with attached sections, which displayed GFP signals and auto-fluorescence of the carbon film in
the same focal plane, were preselected using the ImagedJ software. The overview tile scan and the focal stacks of vitreous sections
were then used for visual correlation during cryo-ET data acquisition. Cryo-fluorescence images shown in the figures have been
adjusted for contrast individually, thus absolute intensities from different figure panels are not directly comparable.

Cryo-ET Data Collection

Cryo-ET data collection was performed on a Titan Krios microscope (FEI) fitted with a Quantum energy filter (slit width 20 eV) and a K2
direct electron detector (Gatan) running in counting mode with a dose rate of ~ 8 e”/pixel/second at the detector level during tilt series
acquisition. Montaged images of the entire grid were acquired at low magnification (pixel size 191 nm) to localize grid squares
preselected by cryo-FM. Intermediate magnification maps of these grid squares were acquired at a pixel size of 5.1 nm. Using these
intermediate magnification maps, all those positions that showed a high degree of compression, contamination or a possible rupture
of the plasma membrane at its interface with the cell wall were discarded. In the intermediate magnification maps, we visually
predicted locations of the preselected Pil1-GFP signals. Since the frame size of the electron cryo-tomograms was approximately
1.3 um, the accuracy of the prediction did not need to be very high to ensure that the eisosome would be contained within the tomo-
gram. We therefore found that for positioning cryo-ET data acquisition, performing a computational prediction of the signal based on
transformation algorithms at this stage was not strictly necessary. Tilt series of the cryo-FM correlated eisosome sites were collected
between +60° using a grouped dose-symmetric tilt scheme (Hagen et al., 2017) implemented in SerialEM (Mastronarde, 2005).
Rather than acquiring single images in opposite directions, groups of four tilted images with a 1° tilt increment were collected suc-
cessively before tilting the goniometer to the other side of the 0° tilt angle (Figure S1). A total dose of 110 e/A? was applied over the
entire series, and data was sampled at a calibrated pixel size of 3.5 A

High-Precision Correlation Procedure

Correlation between the cryo-FM and cryo-EM images was conducted using custom MATLAB-based scripts as described previ-
ously (Kukulski et al., 2011; Schorb and Briggs, 2014). For each correlation (see also Figure S2), TetraSpeck beads (fiducial markers)
were localized in a single frame from the montaged intermediate magnification images that contained the cell of interest. In one case
(Figure S2VII), a blended montage of single frames (IMOD) was required to localize enough fiducials around the cell of interest for
correlation. Pil1-GFP signal and TetraSpeck signals were picked in a single green channel image selected from the focal stacks.

Sub-tomogram Analysis and Image Processing

CTF estimation of each image in each tilt series was performed in CTFFIND (Mindell and Grigorieff, 2003). CTF correction of the tilt
series and tomographic reconstructions using patch tracking were performed in IMOD (Kremer et al., 1996). Membrane profiles along
each eisosome were clicked in Z-slices through the eisosomal site periodically at 15 nm intervals. Similarly, profiles of the membrane
roughly 200 nm away from each eisosome were also clicked. A spline was fitted through each set of clicked points (MATLAB) and
sub-tomograms were extracted along the fitted spline in (40%) overlapping boxes in the RELION software (Bharat et al., 2015). The
in-plane rotation angle from the spline fit was also written out and retained for subsequent alignments. Each sub-tomogram was
collapsed onto a 2D image (Bharat and Scheres, 2016), and subjected to two-dimensional averaging using a regularized-likelihood
algorithm (Scheres, 2012). For each membrane site, multiple classifications were performed with different number of output class
averages to control for different curvatures of the eisosomal membrane. Selection of well-aligned classes was performed by careful
visual inspection of results from different runs. Data visualization was performed in IMOD and UCSF Chimera (Pettersen et al., 2004).
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IMOD was also used for segmentation of eisosome membranes, which was performed on tomographic reconstructions binned to a
pixel size of 7 A. Coat curvature in the 2D class averages was estimated by applying the function imodcurvature in IMOD to a set of
points clicked along the densest area of the coat. For better visibility, the virtual slices shown in the figures are also from tomographic
reconstructions binned to a pixel size of 7 ;Z\, and have been subjected to mild Gaussian filtering.

Room Temperature Correlative Microscopy

Room-temperature correlative microscopy was conducted as described in (Kukulski et al., 2011), with minor modifications described
in (Ader and Kukulski, 2017). Briefly, pelleted yeast paste was high-pressure frozen in Aluminium carriers (Wohlwend) using a
HPM100 (Leica Microsystems). Freeze-substitution and Lowicryl HM20 (Polysciences, Inc.) embedding followed the protocol
described in (Kukulski et al., 2011), except that the uranyl acetate concentration during freeze-substitution was 0.03%. 300 nm
sections on 200 mesh carbon-coated copper grids (AGS160, Agar Scientific), incubated with 50 nm TetraSpeck beads (Invitrogen)
were imaged on a TE2000-E microscope (Nikon) using a 100x TIRF objective, a NEO sCMOS DC-152Q-C00-FI camera (Andor), using
filter sets 49002 ET GFP (Chroma), excitation 470/40, dichroic T495LP, emission 525/50 for GFP and 49006 ET CY5 (Chroma),
excitation 520/60, dichroic T660Ipxr, emission 700/75 for far-red signal (Ader and Kukulski, 2017). Scanning transmission EM tomog-
raphy was performed on a TF20 microscope (FEI), equipped with an axial bright-field detector, using a camera length of 200 mm and
a C2 aperture of 50 pm (Ader and Kukulski, 2017; Hohmann-Marriott et al., 2009). Tilt series of +60° tilt range were acquired using
Serial EM (Mastronarde, 2005), at a pixel size of 3.1 nm, 2° increment as single axis (for correlation to FM images), and a pixel size of
1.1 nm, 1° increment, as dual axis. Tomographic reconstructions were performed using IMOD (Kremer et al., 1996). Correlation was
done using MATLAB-based scripts as described in (Kukulski et al., 2011).

QUANTIFICATION AND STATISTICAL ANALYSIS

To estimate the thickness of the membranes including a potential protein coat, average line profiles of the central 7 pixel lines for each
of the class averages shown in Figure 3 were generated. The line profiles showed a major single or double peak, corresponding to the
membrane and coat densities, and a dip on the side of the major peak, corresponding to the extracellular side of the membrane. The
mean gray scale value between the gray scale value of the highest peak and the gray scale value of the extracellular dip was calcu-
lated. At the mean gray scale value, the width of the major peak was measured, which was used together with the calibrated pixel size
as an estimate for thickness of the membrane including a potential protein coat. In this way, membrane thickness values for the
eisosomes as well as the corresponding plasma membrane patches were obtained. To calculate the “relative membrane thickness”
shown in Figure 4A, the thickness of the eisosome membrane was divided by the thickness of the corresponding plasma membrane
patch (less than ~200 nm away from the eisosome). The relative membrane thickness of shallow eisosomes (shown in Figures 3l and
3ll) was compared to that of curved eisosomes (shown in Figures 3I11-3VI) using a two-tailed Welch test, assuming that the data is
normally distributed (significance shown in Figure 4A).

DATA AVAILABILITY
The cryo-ET tilt series and corresponding correlative microscopy data have been deposited in EMPIAR (ludin et al., 2016) under

accession code EMPIAR-10161. A representative cryo-ET reconstruction (corresponding to data shown in Figures 3VI and S2VI)
has been deposited in the EMBD under accession code EMD-4305.
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Supplemental Figure S1
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Supplemental Figure Legends:

Supplemental Figure S1: Tilt scheme. Related to Figure 2. We applied a
grouped dose-symmetric tilt scheme for cryo-ET data acquisition, where the
goniometer is successively tilted in opposite directions (Hagen et al., 2017).
Four images were collected in succession in one direction (relative to the
untilted 0° image), followed by four images in the other direction, while moving
from 0° to +60°. Changing direction after every four images proved to be time-
efficient, as well as dose-efficient, since high cumulated doses were restricted
to high tilt images. This allowed discarding high tilt images without

compromising the lower tilt images.

Supplemental Figure S2: Gallery of cryo-correlative microscopy and
corresponding cryo-ET data. Related to Figures 2 and 3. A: Single focal
plane cryo-FM images, merge of red (shown in magenta) and green channels,
rotated, cropped and scaled to match the corresponding intermediate
magnification cryo-EM images shown in B. The coordinates of the Pil1-GFP
signals indicated by the white circle (A), were transformed using the fiducial
markers highlighted by the yellow circles in A and B. The centres of the green
dashed circles (B) are the predicted positions of Pil1-GFP signals of interest.
Note that the white circles (A) in rows Il, V and VI contain two Pil1-GFP
signals each. The white dashed rectangles correspond to the field of view
imaged by cryo-ET, shown in C as a single virtual slice through the
reconstructed tomogram. Dashed rectangles in C indicate the location of the
eisosomes shown in D and E. The images in D and E are magnifications of
the virtual slice shown in C, except for El and Ell, which are magnifications of
different virtual slices than those shown in C. Green dashed boxes indicate
eisosomes that are also shown in Figure 3 and that have resulted in
interpretable 2D class averages of eisosomal as well as nearby plasma
membrane. Due to a defect of the direct electron detector, the EM images
have a stripe of faulty pixels. They appear as a narrow stripe of repeating

image features apparent in some of the images shown in B. Images shown in



El and Figure 3BI, Ell and Figure 3BIl, DIV and Figure 3BIV, and EV and
Figure 3BV, are details from the same image, respectively. Scale bars: 2 ym
in A and B, 100 nm in C and 25 nm in D and E.

Supplemental Figure S3: Room-temperature correlative light and
electron microscopy of Pil1-GFP. Related to Figure 3. Room-temperature
correlative light and electron microscopy confirms that eisosomes correspond
to furrow-like invaginations that are oriented at various angles relative to the
plane of the plasma membrane, as well as shallow indentations of the plasma
membrane. A: Room-temperature fluorescence microscopy of 300 nm
sections of yeast cells embedded in resin, on EM grids. Overlay of green
(Pin-GFP) and far-red (fiducial markers, shown in magenta) signals. B:
Virtual slices through scanning transmission electron microscopy tomograms
acquired at the predicted positions of the Pil1-GFP spots marked by white

dashed circles in A. Scale bars: 1 ymin A, 50 nm in B.
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