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ABSTRACT

The endoplasmic reticulum (ER) is a large, single-copy, membrane-bound organelle that comprises an elaborate
3D network of diverse structural subdomains, including highly curved tubules, flat sheets, and parts that form
contacts with nearly every other organelle. The dynamic and complex organization of the ER poses a major
challenge on understanding how its functioning — maintenance of the structure, distribution of its functions and
communication with other organelles — is orchestrated. In this study, we resolved a unique localization profile
within the ER network for several resident ER proteins representing a broad range of functions associated with
the ER using immuno-electron microscopy and calculation of a relative labeling index (RLI). Our results
demonstrated the effect of changing cellular environment on protein localization and highlighted the importance
of correct protein expression level when analyzing its localization at subdomain resolution. We present new
software tools for anonymization of images for blind analysis and for quantitative assessment of membrane
contact sites (MCSs) from thin section transmission electron microscopy micrographs. The analysis of ER-
mitochondria contacts suggested the presence of at least three different types of MCSs that responded differ-

ently to changes in cellular lipid loading status.

1. Introduction

The endoplasmic reticulum (ER) consists of an elaborate network of
flat cisternae (aka sheets) and tubules that extends throughout the cell
and occupies a large fraction of the cytoplasmic volume. The ER is
classically divided into two interconnected compartments, rough ER
(RER) and smooth ER (SER), depending on the presence or absence of
ribosomes on the cytosolic face of the membrane (Baumann and Walz,
2001). Upon the identification of proteins that drive the formation of
membrane domains of low or high curvature — sheets and tubules - a
new view of the ER emerged, which is based on the structure itself rather
than the appearance of ribosomes (Shibata et al., 2006). This view ac-
knowledges the highly dynamic nature of ER structures, where sheets
and tubules constantly transform into each other, and suggests that the
curvature itself may dictate the partitioning of other proteins to create
distinct functional domains (Puhka et al., 2012; Westrate et al., 2015).

The ER contributes to the production and folding of approximately

one third of cellular proteins, has a key role in coordinating lipid
metabolism, and constitutes a reservoir of calcium ions that act as
signaling molecules to regulate essential cellular processes. The ER has a
central role in organelle communication, as it forms membrane contacts
with most other organelles such as mitochondria, endo/lysosomes,
peroxisomes, lipid droplets (LDs), and plasma membrane (PM) (Wu
et al., 2018). Peroxisome, LD, and autophagosome membrane contact
sites (MCSs) have additional complexities because the biogenesis of
these organelles begins in the ER as well. The dynamic and complex
organization of the ER poses a major challenge on understanding how its
functioning — maintenance of the structure, distribution of its functions
and communication with other organelles — is orchestrated.

In this study, we characterized specific subdomain localizations of
several resident ER proteins and ER-mitochondria contact sites during
various lipid-loading states using transmission electron microscopy
(TEM). We developed new software tools for anonymization of images
for blind analysis and for quantitative assessment of membrane contact
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sites from thin section TEM micrographs. We analyzed localization of
five ER resident proteins, Sec61f, reticulon 4B (RTN4B), receptor
expression-enhancing protein 5 (REEP5), seipin and sterol O-acyl-
transferase (SOAT1, aka acyl-CoA: cholesterol acyltransferase, ACAT1),
representing a broad range of functions associated with the ER. Sec61p is
an essential part of the polypeptide translocation channel (Greenfield
and High, 1999); RTN4B and REEP5 are structural proteins involved in
ER remodeling, membrane shaping and maintenance (Bjork et al., 2013;
Voeltz et al., 2006); seipin regulates ER-LD contacts and cargo delivery
(Salo et al., 2016); and SOAT1 is a cholesterol esterifying enzyme
(Tkonen, 2008).

Using seipin as an example, we first showed the importance of cor-
rect protein expression level to its localization at subdomain resolution.
We then resolved a unique localization profile within the ER network for
each of the five proteins expressed at endogenous levels by calculating a
relative labeling index (RLI) from immuno-EM images (Mayhew, 2011;
Mayhew et al., 2002). The analysis of ER-mitochondria contacts sug-
gested the presence of at least three different types of MCSs that
responded differently to changes in cellular lipid loading status. More-
over, during lipid starvation, we observed relocalization of SOAT1 to the
nuclear envelope (NE).

2. Materials and methods
2.1. Cell culture and treatments

Human epithelial carcinoma cells (A431) were cultured in DMEM
(BioWhittaker, Lonza, Verviers, Belgium) containing 10% fetal bovine
serum (Gibco, Invitrogen, Thermo Fisher Scientific, Waltham, MA),
Ultra glutamine, penicillin and streptomycin (Lonza). For lipid starva-
tion, cells were delipidated by culturing in serum-free medium supple-
mented with 5% lipoprotein-deficient serum for 3 days [LPDS was
prepared as earlier described (Goldstein et al., 1983)]. When indicated,
cells were loaded with cholesterol using the final concentration of 50 pM
methyl-p-cyclodextrin (randomly methylated, Sigma C4555) complexes.
DNA transfections and mild overexpression of seipin-sfGFP were done
using Fugene HD (NGF; Promega, Madison, WI) according to manufac-
turer’s instructions.

2.2. Antibodies

Antibody against GFP (ab290; abcam, Cambridge, the UK), RTN4B
(AB-163; Kinasource Ltd, Dundee, UK), and REEP5 (sc-393508, Santa
Cruz Biotechnology, Inc) were used as primary antibodies. When indi-
cated, rabbit anti-sheep bridging antibody (313-001-003; Jackson
ImmunoResearch Labs Inc., West Grove, PA) was used. Secondary anti-
mouse and anti-rabbit antibodies were conjugated with 1.4 nm nano-
gold particles (Nanoprobes, Stony Brook, NY), or with Alexa 488 (A-
11008; Life Technologies).

2.3. Generation of endogenously tagged seipin-sfGFP, SOAT1-sfGFP and
SfGFP-Sec61B cell lines

Endogenously tagged seipin-sfGFP cell line as well as the seipin KO
cell line overexpressing seipin-mEGFP were generated and validated as
described (Salo et al., 2016). SOAT1-sfGFP and sfGFP-Sec61B cell lines
were generated in a similar way. Briefly, to generate endogenously
tagged SOAT1-sfGFP and sfGFP-Sec61p cell lines, CRISPR/Cas9 tech-
nology was used (Ran et al., 2013). Superfolder-GFP (Pedelacq et al.,
2006) and a 3XGGGGS linker were inserted at the C-terminus of
endogenous SOAT1 (validation below) or at the N-terminus of Sec61f
(commonly used, in e.g. Addgene plasmids). A homology-directed repair
template was generated by overlap PCR and transfected into A431 cells
together with a vector encoding Cas9, sgRNA targeting the C-terminus of
SOAT1 locus (target site, CGTTACGTGTTTTAGAA-GCT tgg) or N-ter-
minus of Sec61p (target site, GGGCCGCCATACCATAT tgg) and a
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puromycin selection marker. Clones were isolated after transient selec-
tion with puromycin. Homozygously tagged cell lines were validated by
genomic PCR and/or Western blot with an antibody against the
endogenous protein (Mouse anti-SOAT1 (D-1), Santa Cruz sc-137013) or
anti-GFP (Fig. S1).

2.4. Light microscopy

Cells were grown on coverslips and fixed with 4% formaldehyde
(Electron Microscopy Sciences, Hatfield, PA) supplemented with 0.1 mM
MgCl2, and 0.1 mM CaCl2 in phosphate-buffered saline (PBS), quenched
with 50 mM NHA4Cl, permeabilized with 0.1% Triton X-100, and then
blocked with 0.2% bovine serum albumin (BSA) in Dulbecco PBS
(Lonza). When appropriate, the cells were incubated consecutively with
primary and secondary antibodies diluted in blocking solution. Samples
were mounted in Mowiol (Hoechst, Frankfurt, Germany) supplemented
with Dabco (Sigma-Aldrich). Wide-field images of fixed cells were taken
with Zeiss Axiolmager M2 482 epifluorescence micro-scope equipped
with 63X/Plan-Apochromat/1.40 0il/M27 and 483 AxioCam HRm
camera (Zeiss, Oberkochen, Germany) or with Leica DM6000B upright
fluorescence wide field microscope equipped with 63X/1.25-0.75 HCX
PL APO CS oil objective, Hamamatsu Or-ca-Flash 4.0 V2 sCMOS camera
(Wetzlar, Germany). Images were acquired using Axio-Vision4 (Zeiss) or
LAS X software (Leica).

2.5. Transmission electron microscopy

Cells grown on glass coverslips (thickness #1) were fixed with 2%
glutaraldehyde in 0.1 M sodium cacodylate buffer, pH 7.4, for 30 min at
RT, post-fixed with 1% reduced osmium tetroxide (OsO4) in same
buffer, for 1 h on ice, dehydrated through series of ethanol and acetone,
and flat embedded into Epon (TAAB 812) as described previously
(Jokitalo et al., 2001). For immuno-EM, prior embedding as described
above, cells were fixed with paraformaldehyde-lysine-periodate fixative
for 2 h at RT (McLean and Nakane, 1974), permeabilized with 0.01%
saponin, and immunolabelled sequentially with primary antibody and
1.4 nm nanogold-conjugated secondary antibody prior silver enhance-
ment with HQ Silver kit (Nanoprobes, Stony Brook, NY). Silver precip-
itate was stabilized by incubations with 2% sodium acetate (NaOAc),
0.05% auric chloride (HAuCl4; 10 min on ice), and 0.3% sodium thio-
sulphate (Na2S203-5H20).

65-nm thin sections were cut using Leica UCT6 microtome and post-
stained with 0.5% uranyl acetate (SPI-Chem, USA) and 3% lead citrate
(Leica Microsystems, Vienna, Aus-tria). TEM imaging was done with
Jeol JEM-1400 (Jeol Ltd., Tokyo, Japan) operated at 80 kV, equipped
with Gatan Orius SC 1000B bottom mounted CCD-camera (Gatan Inc.,
USA).

2.6. Quantitative analysis of TEM images

The distribution of the gold labeling was quantified as described
(Mayhew, 2011; Mayhew et al., 2002), using Microscopy Image Browser
(MIB; http://mib.helsinki.fi/) segmenting software (Belevich et al.,
2016). 17 cells per condition were randomly selected at low magnifi-
cation. Higher magnification images were acquired at 8000x at north
and south positions relative to the nucleus in these randomly selected
cells. Images were calibrated, contrast normalized and converted to
8-bit using MIB. For analysis, the images from different conditions were
pooled together, shuffled, and anonymized using Rename and shuffle,
and Restore tools of MIB (Fig. S2; In MIB: Menu —File — Rename and
shuffle). Tutorials guiding for the use are available at http://mib.hel-
sinki.fi/help/main2/ug_gui_menu_file_ rename_and_shuffle.html.  Seg-
mentation of the cellular compartments was done in MIB. To assign the
gold particles to the respective organelle, following categories of cellular
compartments were defined as appropriate: ER sheet, ER tubule, nuclear
envelope, ER-mitochondria contact site, ER-lipid droplet contact site,
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Fig. 1. Seipin localization in the ER depends on the expression level. TEM micrographs of A431 cells expressing seipin under three different expression levels: (a) transient overexpression, (b) stable retroviral
overexpression on seipin knockout background and (c) endogenous protein tagging and expression. Cells were subjected to pre-embedding immunolabeling using anti-GFP antibody. (d) For quantitative analysis of the
gold labeling, RLI was calculated based on the area of the respective cellular compartment and the attribution of the observed and expected number of the gold particles per organelle. Values under the plot show the
compartmental chi-squared (y?) values. Total x values are 11625.7 for transient over-expression, 7017.5 for stable over-expression in seipin knockout background and 3675.0 for endogenously tagged cell line. The
compartment is preferentially labelled, when RLI has a value > 1 and its y> makes an important contribution to total y. See also Fig. S2 for definition of cellular compartments and gold particle clusters and estimation of
areas using point hit method. ER sheets are indicated with yellow, ER tubules with red, NE with blue and LD with cyan color. See Fig. S4 for original grayscale micrographs. Scale bars: 1 um. (For interpretation of the

references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. Quantitative immuno-EM reveals individual localization profiles for resident ER proteins Sec61f, RTN4B, and REEP5. (a) Confocal light microscopy and (b)
pre-embedding immunolabeling of A431 cells expressing endogenously tagged Sec61p-sfGFP, or endogenous RTN4B and REEP5. In RTN4B micrograph, black
arrowhead indicates the presence of RTN4B in ER tubules, while black arrow shows the ER sheet devoid of labeling for RTN4B. In REEP5 micrograph, black
arrowhead indicates the labeling of REEP5 at an ER-mitochondria contact site. (c) The preferred localization of each protein can be compared from the RLIs. Values
under the plot show the compartmental chi-squared (y2) values. Total ¥ values are 1941.9 for Sec61p, 44858.3 for RTN4B and 2801.1 for REEP5. The compartment
is preferentially labelled, when RLI has a value > 1 and its x? makes an important contribution to total y. ER sheets are indicated with yellow, ER tubules with red,
NE with blue and mitochondria with green color. See Fig. S4 for original grayscale micrographs. Scale bars: 10 ym in (a) and 500 nm in (b). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. ER-mitochondria contact site distribution changes pending on the lipid loading status. (a) TEM micrograph with segmented ER and mitochondria depicted in
yellow and green, respectively. The rectangle box indicates the area magnified in the panel (b). (b) Examples of detected contacts using 30- (upper image) and 70-nm
(lower image) cut-offs. The mitochondria and the ER are shown as red outline and white area, respectively. The colored lines represent the sampling rays originating
from mitochondria’s perimeter; the green points show positions where the generated rays hit the ER; the yellow points highlight the detected contact. (c) On left,
averaged distribution of distances between ER and mitochondria in control (N = 93 mitochondrial profiles), cholesterol loading (N = 161), and lipid starvation
(LPDS treatment; N = 146) conditions. Lighter lines are averaged data from all profiles, and darker lines are smoothened with the running averaged filter (window 7).
On right, boxplots show the distribution of the average values per cell at 7-22, 23-38 and 49-65 nm distance groups. Values under the plot show the standard
deviation (SD) for each group. (d) On left, relative distribution of contacts under 70 nm distance in 5 length categories in control, cholesterol loading, and lipid
starvation. On right, violin plots show the distribution of lengths of these contacts. Values under the plot show the standard deviation (SD) for each condition. (e)
Close-up view from (a) depicting tight ER-mitochondria contacts (red line) and wider ribosome-containing ER-mitochondria contacts (blue line). Scale bar: 500 nm.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

mitochondria, lipid droplet, and others (Fig. S3a). Others category in-
cludes labeling on all other organelles not having own category and
cytosolic labeling. ER sheet and tubule profiles were distinguished based
on the presence or lack of membrane bound ribosomes, respectively
(Puhka et al., 2007, 2012). To estimate the area of the cellular com-
partments, the Stereology tool of MIB (In MIB: Menu — Tools — Stere-
ology) was used, where a grid with 230-nm spacing was placed on each
image. Whenever a branch point fell on top of a cellular compartment, it

was assigned to its respective category (Fig. S3c). Nuclear and extra-
cellular area were excluded from calculations. Branch points per cellular
compartment were calculated and the clusters of immuno-gold were
annotated and assigned to corresponding cellular compartment (For the
definition of immuno-gold clusters, see Fig. S2b). RLI was calculated
based on the area of the respective cellular compartment and the attri-
bution of the observed number (N,) and expected number (N.) of the
gold particles per organelle (Mayhew, 2011; Mayhew et al., 2002). For
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statistical analysis we used the chi-squared (Xz) test (Sokal and Rohlf,
1981) using the formula XZ = (No—Ne)z/Ne. The compartment is prefer-
entially labelled, when RLI has a value > 1 and its ? makes an important
contribution to total 2.

The numerical morphometric analysis of mitochondria-ER MCSs, 15
cells per condition were randomly selected at low magnification and
then images at 5000 x at north and south positions relative to the nu-
cleus were taken. Images were calibrated, contrast normalized and
converted to 8-bit using MIB. Mitochondria and ER were segmented
using MIB, and MCSs analyzed using a dedicated plug-in called MCcalc
in MIB software platform (in MIB: Menu — Plug-ins — Organelle anal-
ysis - MCcalc) using probing distance 150 nm and accepting 5 pixel
gaps. The rationale behind the MCcalc software is given in Appendix B
and the graphical user interface and configuration features are described
in Supplementary Data file. A video tutorial for the full workflow is
available at http://mib.helsinki.fi/tutorials_tools.html — MCcalc plug-
in.

3. Results

3.1. Protein overexpression results in the loss of specific ER subdomain
localization

The concept of pre-embedding immuno-EM is that cells are mildly
fixed by chemical crosslinking to preserve the morphology while
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maintaining the antigenicity; mildly permeabilized with glycosides (e.g.
saponin) that perforate the membranes without dissolving them;
immunolabelled with primary and nano-gold conjugated secondary
antibodies; silver-enhanced to make nanoparticles visible prior to plastic
embedding and preparation of thin sections for TEM analysis. Unfortu-
nately, only a small fraction of primary antibodies work in immuno-EM,
most likely because epitopes are either sensitive to fixatives or not
accessible to antibodies when buried inside protein complexes or
masked by lipids. Moreover, the process of generating specific primary
antibodies for each protein of interest is time-consuming and nowadays
often overcome by cloning of expression constructs where a tag is
attached to the protein of interest and recognized by specific commercial
antibodies. However, overexpressing the tagged version of a protein
may cause misleading results.

To elaborate this, we analyzed the localization of seipin, which is a
resident ER protein involved in lipid droplet (LD) formation (Salo et al.,
2016), under three different expression levels: transient overexpression,
stable retroviral overexpression on seipin knockout background and
endogenous protein tagging and expression. The relative mRNA level
under stable over-expression was four times higher compared to the wild
type (Salo et al., 2016), whereas in transiently overexpressing cells the
level is around 10-20 times higher. Interestingly, upon transient over-
expression of seipin-sfGFP for 16 h, the protein was found to spread
throughout the ER network (Fig. 1a). Similar results were obtained in
seipin-KO cell line overexpressing seipin-GFP (Fig. 1b). However, in the

Fig. 4. Lipid starvation induces changes in the
distribution of the cholesterol metabolic
i enzyme SOAT1 within the ER network.
Confocal light microscopy and pre-embedding
immunolabeling of A431 cells expressing
endogenously tagged SOAT1-sfGFP (a) under
normal growth conditions and (b) upon lipid
starvation (LPDS treatment for 3 days). (c) The
preferred localization under both conditions
can be compared from the RLIs. Values under
e the plot show the compartmental chi-squared
(xz) values. Total X2 values are 7351.4 for
normal growth conditions (DMEM) and 2776.4
b for lipid starvation (LPDS). The compartment is
: preferentially labelled, when RLI has a value
> 1 and its y* makes an important contribution
to total y2. ER sheets are indicated with yellow,
T ER tubules with red, NE with blue and mito-
S 7 chondria with green color. See Fig. S4 for
original grayscale micrographs. Scale bars:
‘ 10 ym in confocal images and 500 nm in TEM
e o 3 micrographs. (For interpretation of the refer-
i ences to colour in this figure legend, the reader

: is referred to the web version of this article.)
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seipin-sfGFP stable cell line generated using CRISPR-Cas9 system to
express seipin at the endogenous levels, we found a clear enrichment of
seipin at ER-LD contact sites, which was not apparent in the two other
samples (Fig. 1¢). For quantitative analysis, we designed a new software
tool that can be used to temporarily rename images, and then pool and
shuffle images from different conditions for unbiased analysis (Fig. S2).
Using this tool, the RLI was calculated for an anonymized pool of im-
ages. The results showed that in the endogenously sfGFP-tagged seipin
cell line, seipin was enriched in ER-LD contact sites while in the over-
expression systems, the protein was essentially evenly spread in the ER
so that the specific subdomain localization at ER-LD contact sites was
not evident (Fig. 1d). Thus, it is of utmost importance to maintain the
protein at endogenous levels in cells when performing localization
studies at organelle subdomain resolution.

3.2. Distinct distribution of ER resident proteins is resolved by electron
microscopy

Light microscopy observations of Sec61p, RTN4B, and REEP5
revealed their general localization in the ER network of A431 cells
(Fig. 2a). The distribution patterns of the proteins looked rather similar,
making it difficult to conclude on their sub-organellar localization.
Immuno-EM, on the other hand, allows analysis of protein localization
in the context of surrounding organelles and organelle structure, e.g. on
ER sheets, tubules, and specific organelle contact sites. Unlike light
microscopy, immuno-EM and quantitative analysis of the gold labeling
pinpointed unique localizations within the ER network for each protein
investigated. Cells expressing endogenously tagged Sec61p-sfGFP
showed exclusive localization of Sec61f on ER sheets and the NE, while
immuno-EM against the endogenous RTN4B revealed clear preference
for the curved regions of the ER: tubules and sheet edges. Inmuno-EM
against the endogenous REEP5 showed a preference over tubules and
ER-mitochondria contact sites (Fig. 2b, c).

3.3. ER-mitochondria contact site distribution changes pending on lipid
loading status

An important aspect of membrane contacts is that they do not lead to
the fusion of membranes and mixing of luminal contents but allow
crosstalk between adjacent membrane bilayers. Many tethering proteins
have been identified and they can be used to analyze and manipulate the
distribution, frequency and lifetime of the corresponding contacts
(Paillusson et al., 2016). However, many native contacts await charac-
terization and their typical width of a few tens of nanometers between
juxtaposed membranes makes their morphological analysis at the EM
level an attractive approach. Morphologically two types of
ER-mitochondria contacts have been characterized. In the tight contacts,
the two organelles are juxtaposed at a constant distance between 10 and
30 nm, and densities from specialized tethering complexes are typically
seen (Csordas et al., 2006; Friedman et al., 2011; Wu et al., 2018). In the
second type, mitochondria form contact with the ribosome-containing
ER sheet, and the cleft between the membranes is wider, typically be-
tween 50 and 80 nm (Giacomello and Pellegrini, 2016). The number,
length, and distance between the membranes in these contacts are
regulated parameters of the cell; they contribute to define its biological
function and provide the elements on which the cell can regulate the
activity of this subcellular compartment (Giacomello and Pellegrini,
2016). For numerical morphometric analysis of organelle contacts, we
developed a dedicated software to analyze them from TEM micrographs
(Fig. 3a; plug-in called MCcalc in MIB software platform). MCcalc allows
mapping of preferred distances between organelles, and more careful
analysis of contacts within certain distance groups (Fig. 3b).

Here, we mapped the distribution of ER and mitochondria membrane
distances under three different metabolic cues: normal culture condi-
tions, lipid starvation (3 days cultivation in lipoprotein-deficient serum
containing medium, LPDS) or after 30 min of acute cholesterol loading
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from a cyclodextrin complex (Chol). Our results point out several
membrane distance areas, where changes occur upon changing the lipid
loading status. Under normal growth condition, the number of contact
sites peaked sharply at 15 and 30 nm, and more broadly around 60 nm
distance between the ER and mitochondrial membranes, suggesting the
presence of at least three different types of contact sites (Fig. 3c and e):
two tight contact types between mitochondria and smooth ER mem-
brane, and one wider contact type between mitochondria and ribosome-
containing ER sheet. In the tight contact zone, ER membrane facing the
mitochondria is ribosome-free, whereas ribosomes can be found from
the opposing membrane of the sheet in this zone and on the
mitochondria-facing membrane surrounding the tight contact zone
(Fig. 3e). Upon cholesterol loading, contacts at 60 nm distance increased
slightly while 30 nm ones were reduced. However, under lipid starva-
tion (LPDS treatment), relatively fewer contact sites around 15-30 nm
distances were observed and a clear increase in the number of 50-70 nm
contacts occurred. Moreover, in LPDS, the contacts at distances under
70 nm were longer along the mitochondrial perimeter, as indicated by
the increasing fraction of contacts above 250 nm, 500 nm or 1 ym in
length (Fig. 3d).

3.4. Lipid loading status affects localization of endogenous cholesterol
metabolic enzyme

To investigate if lipid starvation affects the subdomain localization of
SOAT1 in the ER, we used immuno-EM and quantitative analysis of the
gold labeling in cells expressing endogenously tagged SOAT1-sfGFP.
Electron micrographs showed the distribution of the SOAT1 in the
sheets, tubules, the NE, and ER-mitochondria contact sites (Fig. 4a).
Under normal growth conditions, RLI revealed the highest preference of
SOAT1 for sheets followed by ER-mitochondria contact sites, and
slightly lower values in tubules and NE (Fig. 4c). However, the locali-
zation changed substantially once the cells were grown for 3 days in
LPDS. This resulted in the accumulation of SOAT1 in the NE at the
expense of ER sheets and ER-mitochondria contact sites (Fig. 4b, c).

4. Discussion

The dynamic nature of the ER includes transitions between ER sheets
and tubules that can occur quite rapidly in response to changing cellular
environment. We have shown that sheets are stabilized by ER-bound
polyribosomes (Puhka et al., 2007) and that they form the persistent
part of the ER network and mainly fluctuate at one locus without clear
directionality (Joensuu et al., 2014). During cell division, protein
translation and secretion halts, and concomitantly, the ER undergoes
both spatial reorganization and structural transformation of sheets to-
ward more fenestrated and tubular forms (Kumar et al., 2019; Puhka
et al., 2007 and 2012). ER tubules are in direct connection to sheets and
other tubules and form the dynamic part of the ER network.

The relative ratio of different ER structural domains (sheets, tubules
and ER MCSs) is sensitive to changes in the ER proteome. We and others
have reported that overexpression of ER structural proteins NOGO-A/
RTN4A, RTN4B, FAM134C or the yeast reticulon orthologue Rtnlp
generate long unbranched tubules, and overexpression of CLIMP63
leads to a dramatic proliferation of ER sheets (Kumar et al., 2021; Ramo
et al., 2016; Shibata et al., 2010; Voeltz et al., 2006). Weak interactions
between fluorescent protein tags engineered onto ER-resident proteins
cytochrome b (5) and Sec61, or overexpression of calnexin induced the
formation of organized smooth ER, OSER, by stabilizing ER sheets and
expanding their amount (Korkhov and Zuber, 2009; Okiyoneda et al.,
2004; Snapp et al., 2003). Overexpression of Xenopus or human Lamin B
receptor in HeLa cells led to either NE invagination or large perinuclear
aggregates of layered membrane stacks originating from the NE,
depending on the expression level (Ellenberg et al., 1997; Ma et al.,
2007).

Using seipin as an example, we show that overexpression of proteins
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with low abundance might not induce morphological changes, but can
lead to loss of its sub-organelle localization. At endogenous expression
levels, seipin is enriched in ER-LD contact sites where it performs its
function (Salo et al., 2019), while when overexpressed, the protein
spreads evenly across ER sheets and tubules. Therefore, it is important to
bear in mind that protein localization should be determined at endog-
enous protein levels. Moreover, when characterizing a novel ER protein,
we recommend against studying their sub-organelle localization by
co-expressing Reticulons and CLIMP63 as ER tubule and sheet markers,
as their expression easily induces changes to the normal sheet-tubule
organization. In our mind, expression of soluble luminal marker pro-
teins with C-terminal KDEL to study the ER is the safest option, as in case
of the overload, the marker protein saturates the ER retention system
and can be detected in the cis-Golgi.

Here, we characterized specific subdomain localization of several
resident ER proteins and demonstrated the effect of changing cellular
environment on protein localization using immuno-EM and calculation
of RLL. Had we used the tripartite classification of sheets, tubules and
NE, we would not have been able to show clear differences in subdomain
localization for each protein. However, immuno-EM allows determina-
tion of localization not only with respect to organelle structure but also
to the surrounding environment. When organelle contact sites were
included as separate categories, we were able to reveal individual
localization profiles for the proteins.

Quantification of immunolabeling on TEM images usually involves
estimating the labeling density (LD), i.e. relative number of gold parti-
cles falling on different compartments. The main disadvantage of this
approach is that the observed labeling frequencies are biased against
more voluminous or extensive compartments, as they appear more
frequently in the micrographs. This means that even if two compart-
ments contain the same concentration of the same antigen, more la-
beling is counted on the larger compartment. Therefore, estimation of
RLI offers a reliable way for quantification as RLI is irrespective of the
size or the amount of target object (Mayhew et al., 2002). This is espe-
cially critical when determining the subdomain localization within the
ER, where the abundance of various structures in different categories is
different and changes upon altering conditions. The basis of RLI is to
compare the expected distribution in case of random (non-specific) la-
beling with the actual observed distribution of gold particles. Here we
showed that lipid starvation induced both dramatic changes in the
amount and distribution of ER-mitochondria contacts and to the
sub-organelle relocalization of the cholesterol metabolic enzyme SOAT1
from ER-mitochondria contact sites to the NE. As RLI is irrespective of
the occurrence of the contact sites, the loss of SOAT1 labeling in
ER-mitochondria contacts cannot be explained by a technical fault.
What this intriguing SOAT1 localization and its changes upon altering
lipid loading status biologically signifies, awaits further studies.

ER-mitochondria contacts comprise functionally specialized com-
partments whose activity and regulation is directed by the width of the
cleft that separates the cytosolic faces of these organelles (Wang et al.,
2015). Thin sectioning allows organelles and their contact sites to be
visualized under the TEM at optimal lateral resolution. However, ul-
trathin sections represent an extremely small fraction of the total spec-
imen and, consequently, very limited number of contacts are visualized.
To compensate this, random sampling is a prerequisite, as it will give
every part of the specimen exactly the same chance of being selected. We
developed dedicated software tools for qualitative and quantitative
analysis of membrane contracts from thin-section TEM images. MCcalc
software enables simultaneous analysis of multiple parameters such as
surface of the organelles of interest, extent of the contact, intermem-
brane distance at the contact as well as their occurrence and changes in
the extent. Furthermore, Rename and shuffle, and Restore software tools
enable anonymization of images for segmentation and analysis. Here,
we mapped the distribution of ER and mitochondria membrane dis-
tances under three different metabolic cues, and showed that under lipid
starvation the tight contacts around 15 and 30 nm distance decrease and
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wider ribosome-containing ER-mitochondria contacts increase in
occurrence and in length. The tight ribosome-free ER and wider
ribosome-containing ER —mitochondria contacts are often found to be in
continuity with each other (see Fig. 3a and e). The tight
ER-mitochondria contacts have a role in maintaining lipid and Ca2+
homeostasis and have been implicated in the etiology of metabolic and
degenerative disorders (Giorgi et al., 2015; Naon and Scorrano, 2014;
Raturi and Simmen, 2013; Rieusset, 2017; Vance, 2014; Vallese et al.,
2020). The local Ca2+ coupling can be weakened and strengthened by
destruction and enforcement of the inter-organellar protein linkage,
respectively (Csordas et al., 2006). ER stress doubles the number of tight
ER-mitochondria contacts and increases the Ca2+ flux, leading to higher
oxygen con-sumption within mitochondria (Bravo et al., 2011; Csordas
et al., 2006). Glycoprotein 78 E3 ubiquitin ligase protein, an ER
membrane-anchored ubiquitin ligase (E3), has been implicated in the
formation of the ribosome-containing ER-mitochondria contacts, but
much less is known about the function of these wider contacts (Wang
et al., 2015). Recently ribosome-containing ER-mitochondria contacts
were implicated for very-low-density lipoprotein (VLDL) secretion from
the liver, thereby connecting intracellular and systemic control mecha-
nisms for lipid metabolism and homeostasis (Anastasia et al., 2021).
However, much remains unknown about these structures and their
correlation to specific functions.

In conclusion, quantitative immuno-EM and thin section TEM pro-
vide attractive tools for characterization of specific subdomain locali-
zations of resident ER proteins and ER-organelle contact sites. Our
results suggest that functional subdomain distribution extends beyond
classical sheet, tubule and nuclear envelope sub-compartment division,
and that organelle contact sites play important role in defining func-
tional subdomains within the ER network. As the ER network is highly
dynamic, ultimately we will need correlative light and EM techniques
combining ultrafast sub-diffraction limited live cell imaging of proteins
expressed at endogenous levels with the resolving power of the EM to
give better insights into functional ER subdomains.
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