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Abstract

Background: Tubules and sheets of endoplasmic reticulum perform different functions and
undergo inter-conversion during different stages of the cell cycle. Tubules are stabilized by
curvature inducing resident proteins, but little is known about the mechanisms of endoplasmic
reticulum sheet stabilization. Tethering of endoplasmic reticulum membranes to the cytoskeleton
or to each other has been proposed as a plausible way of sheet stabilization.

Results: Here, using fluorescence microscopy we show that the previously proposed mechanisms,
such as membrane tethering via GFP-dimerization or coiled coil protein aggregation do not explain
the formation of the calnexin-induced organized smooth endoplasmic reticulum membrane stacks.
We also show that the LINC complex proteins known to serve a tethering function in the nuclear
envelope are excluded from endoplasmic reticulum stacks. Finally, using cryo-electron microscopy
of vitreous sections methodology that preserves cellular architecture in a hydrated, native-like
state, we show that the sheet stacks are highly regular and may contain ordered arrays of
macromolecular complexes. Some of these complexes decorate the cytosolic surface of the
membranes, whereas others appear to span the width of the cytosolic or luminal space between
the stacked sheets.

Conclusion: Our results provide evidence in favour of the hypothesis of endoplasmic reticulum
sheet stabilization by intermembrane tethering.

Background

A key function of most cellular membranes is to form
organelles enclosing biochemically distinct subcompart-
ments in the cell essential for a multitude of cellular proc-
esses. The endoplasmic reticulum (ER) comprises the
most abundant and highly versatile component of the
endomembrane system. The specialized sub-compart-
ments of the ER include: (i) the nuclear envelope (NE),

composed of two adjacent membrane sheets surrounding
the nucleus, and (ii) the peripheral ER, including mem-
brane sheets and a complex network of tubules [1,2]. ER
has traditionally been classified into rough and smooth,
based on early electron microscopy observations, where
the rough ER was distinguished by the presence of ribos-
omes on its surface, and the smooth one by their absence
[3].
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The overall architecture of the ER is highly evolutionarily
conserved from yeast to mammals, with luminal inter-
membrane distances ranging between 50 and 100 nm [4].
Inter-conversion between tubes and sheets of ER has been
proposed based on their varying abundance during vari-
ous stages of cell cycle [5]. This clearly indicated that
active components are involved in shaping the ER. In line
with this suggestion, proteins such as the reticulons and
DP1, that induce high membrane curvature and thus sta-
bilize ER tubes, have recently been identified [6,7].

In contrast, the mechanism of ER sheet stabilization has
been elusive and the identities of the proteins involved are
unknown. Several protein complexes have been proposed
to stabilize and sustain the extended flat double sheet
morphology of the nuclear envelope, such as the SUN
proteins that span the whole width of the NE lumen, con-
necting the nucleus to the cytoskeleton via Nesprin family
proteins [8]. The peripheral ER sheets may be stabilized by
tethering to the cytoskeleton by, for example, Climp63,
which is a microtubule-binding protein [1,4,9]. Weak
interactions between fluorescent protein tags engineered
onto ER-resident proteins, such as cytochrome b(5) or
Sec61, have been proposed to stabilize ER sheet morphol-
ogy and to induce formation of organized smooth ER,
OSER [10,11]. A range of morphologies, including cubic
[10,12], tubular [13] and stacked sheet OSER have been
identified, based on electron microscopy. Because of the
highly ordered arrangement of these large membranous
assemblies, it has been suggested that OSER may serve as
a paradigm for membrane and organelle biogenesis at
molecular level [14].

While working on interactions of ER chaperones with
neurotransmitter transporters, we found that overexpres-
sion of calnexin, an ER-resident lectin chaperone with a
single transmembrane-spanning domain, induces forma-
tion of stacked OSER membranes, detected by fluores-
cence and cryo-electron microscopy [15]. We have also
detected OSER membranes in untransfected mammalian
cells, by immunocytochemical labelling of endogenous
calnexin [15]. These structures are highly dynamic and
contain mobile, non-aggregated membrane protein pools
[10,11,15]. OSER-like membrane structures have been
observed previously in certain pathological conditions in
vivo, e.g., in Emery-Dreifuss disease, torsion dystonia and
Hodgkin's lymphoma [16-18]. Thus, OSER membrane
expansion in eukaryotic cells may represent a physiologi-
cally relevant response of cells to stress, i.e., excessive pro-
duction of misfolded or misassembled proteins. Such
response mechanistically resembles the ER stress-induced
ER expansion in yeast, where sequestration of the ER
membranes into autophagosome-like multilamellar
structures, but not their autophagic degradation, is essen-
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tial for survival [19]. This suggestion is corroborated by
the observation that OSER structures induced in mamma-
lian cells are not subject to bulk degradation via lyso-
somes/autophagosomes [20].

Here, we revisit the mechanisms of ER sheet stabilization
and stacking and present a detailed investigation into the
organization of the stacked smooth ER sheets. Our results
indicate that the OSER membrane stacks are highly regu-
lar structures that may be maintained through the ordered
tethering of membranes by a large native complex, rather
than through interactions between heterologously overex-
pressed proteins.

Methods

Reagents, and cell lines and DNA constructs

DMEM and standard cell-culture reagents were from
GIBCO (Paisley, UK). SUN1 and SUN2 antibodies were a
generous gift from Sue Shackleton (Leicester, UK);
Nesprin-1 antibody was from Abcam (Cambridge, UK).
Anti-rabbit antibody conjugated with Texas Red was from
Invitrogen (Paisley, UK). Climp63-GFP construct was
generously provided by Hans-Peter Hauri (Basel, Switzer-
land). Calnexin constructs were described previously [15].

Cell culture

HEK293 cells were cultured at 37°C, supplemented with
5% CO,. Transfections were performed using Lipo-
fectamine-2000 (Invitrogen), according to supplier's
instructions. A total of 24 pg of plasmid DNA were used
in an individual transfection reaction per 3 cm plate; 10
pg of plasmid DNA were used to transfect cells growing in
10 cm dishes.

Confocal microscopy

For confocal microscopy cells were grown on poly-L-
glutamine-coated (Sigma) glass cover-slips until 5080%
confluence, followed by transfection and/or fixation.
Cells were fixed with 4% paraformaldehyde (Sigma) in
phosphate-buffered saline (PBS), permeabilized for 30
min at room temperature using PBS with 1% BSA and
0.01% Triton-X100 and stained for 1 h with primary and
secondary antibodies (in PBS, 1% BSA) where appropri-
ate. Coverslips with stained cells were washed four times
in PBS and mounted onto glass slides in Vectashield
medium (Vector Laboratories) for microscopy. Images
were acquired using Zeiss LSM 510 confocal microscope
with a 63x objective lens.

Cryo-electron microscopy of vitreous sections

The procedure of cell preparation for cryo-electron micro-
scopy of vitreous sections (CEMOVIS) was described pre-
viously [15]. Briefly, cells were centrifuged for 5 min at
1400 rpm and resuspended in 30% dextran-PBS (average
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mass of dextran 40 kDA; Sigma-Aldrich, Buchs, Switzer-
land). The cells were introduced into the 200-um deep
cavity of a copper membrane carrier (Leica, Vienna, Aus-
tria) and vitrified by high pressure freezing with a Leica
EMPACT?2 apparatus. Membrane carriers were clamped in
the specimen holder of an FC6/UC6 cryo-ultramicrotome
(Leica) and trimmed in pyramidal shape. Copper was
trimmed away with a diamond knife (Diatome, Bienne,
Switzerland) on part of the specimen holder and the spec-
imen was trimmed to pyramidal shape with the same
knife. 50-nm feed cryosections were cut with 35° dia-
mond knife (Diatome) under standard cutting condi-
tions, at -140°C. The cryosections were collected on 1000-
mesh grids (Agar Scientific, Essex, United Kingdom)
coated with carbon and stored in liquid nitrogen or trans-
ferred immediately to the microscope. The images were
acquired with Tecnai T12 microscope (FEI Company,
Eindhoven, Netherlands) on film, under standard low-
dose imaging conditions, using 26,00030,000x magnifi-
cation, at -1.5 to -2.5 pm defocus and 120 kV.

Images were scanned and digitised using an MRC KZA
scanner at pixel size of 2 or 2.3 A, dependent on magnifi-
cation during cryo-EM experiments. All image analysis
selection of the regions of interest, distance measure-
ments, Fourier transformation, identification of strong
reflections was performed using Ximdisp [21]. For meas-
urement of the intermembrane distances, the micro-
graphs showing OSER membrane stacked parallel (13
micrographs) and perpendicular (4 micrographs) to the
cutting direction, respectively. The distances between the
middle points of the juxtaposed membrane sheets were
measured in the areas of interest where the stacked mem-
branes were parallel to each other. The distance measure-
ments in stacks perpendicular to the cutting direction
were unaffected by specimen compression during the cut-
ting procedure; the comparisons of the parallel vs perpen-
dicular cytosolic distances, which showed relatively small
S.D. values, revealed an approximately 30% compression
of the specimen due to cutting. MRC Image2000 software
programs TRMASK and FFTRANS [22] were used for
masking and Fourier transformation/filtered image calcu-
lation, respectively. Briefly, well-preserved regions of
interest were boxed and rotated to align the membranes
vertically. Fourier transforms were calculated and strong
reflections, including the equatorial data, were masked.
To visualize the features of interest, the filtered images
were calculated using the masked Fourier transforms.

Inspection of the images confirmed that appearance of
strong reflections in the selected regions of interest does
not correlate with the direction of the knife marks (data
not shown). The artefacts caused by the diamond knife
knife marks and crevasses (normally perpendicular to
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each other) in most cases result in appearance of very low
resolution reflections (250350 A), outside the range
where we observed ordered features (40100 A). Image
analysis was performed on images devoid of crevasses.

Results

Fluorescent protein tag oligomerization does not cause ER
stacking

We have previously shown that calnexin-YFP or calnexin-
CFP overexpression causes OSER expansion, based on
immunofluorescence and low-magnification CEMOVIS
images [15]; we also observed OSER-like inclusion in
non-transfected mammalian cells by staining for endog-
enous calnexin [15]. In contrast, the findings of Snapp et
al. (2003) suggested that GFP-tagged membrane proteins
residing in the proximal ER membranes could weakly
interact with each other, causing the membranes to stack
[10]. This stacking was proposed to be mediated either via
interactions between the intrinsic extramembranous
domains of the ER proteins, or by self-association of the
fluorescent protein tags. OSER induction in the case of
GFP-tagged proteins was abolished when non-oligomer-
izing GFP mutants were used [10].

We therefore tested whether calnexin tagged with a mon-
omeric fluorescent protein would be capable of inducing
multilamellar ER stacks. If fluorescent protein dimeriza-
tion were a prerequisite for OSER formation, one would
expect that calnexin tagged with a monomeric fluorescent
protein should not induce multilamellar bodies. As
shown in Figure 1A, this was not the case calnexin tagged
with monomeric Cherry fluorescent protein [23] was as
potent in OSER induction as calnexin tagged with
enhanced YFP or CFP [15]. This suggested that fluorescent
protein moiety of the calnexin-mCherry fusion protein is
unlikely to induce OSER formation in cells that overex-
press it.

Climpé63 is excluded from OSER

Another hypothesis of ER sheet stabilization and stacking
involved Climp63, a microtubule-binding ER protein [9].
Climp63 contains an extended luminal coiled-coil
domain, and upon purification forms large rod-shaped
aggregates. These structures appear sufficiently long to
span ER lumen, and thus could be the prime candidates
for ER sheet stabilization and stacking.

We co-expressed calnexin-CFP with Climp63-GFP in
HEK293 cells. No colocalization of the two proteins in the
OSER could be observed (Figure 1B); Climp63-GFP was
completely excluded from the calnexin-positive multila-
mellar bodies. This suggested that Climp63-GFP does not
participate in stabilization of the OSER stacks.
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OSER membrane biogenesis is sustained by mono-
meric fluorescent protein fusion expression and does
not involve Climpé63 and SUN proteins. A. HEK293 cells
grown on coverslips were transfected with calnexin-
mCherry (CNX-mCherry) construct and observed by confo-
cal microscopy 24 hours later, as described under "Materials
and methods". OSER membrane expansion was observed in
almost every expressing cell (n = 14). B. HEK293 cells were
co-transfected with calnexin-CFP (CNX-CFP) and Climp63-
GFP constructs and processed as in A. OSER structures posi-
tive for calnexin and negative for Climp63-GFP are indicated
by an arrow (number of cells showing Climp63-GFP
excluded from the OSER membranes, n = 23). C-E. HEK293
cells grown on glass coverslips transfected with calnexin-CFP
were cultured for 24 h and labelled with an antibody for
endogenous SUNI (C), SUN2 (D) or Nesprin-1 (E), stained
with a Texas Red-conjugated secondary antibody and
mounted on glass slides for confocal microscopy. All but one
cell stained for SUNI (n = 56) or SUN2 (n = 35), showed
exclusion of the co-stained SUN proteins from the OSER;
the calnexin/SUN colocalization observed in a single cell of
each set was presumably due to fortuitous targeting of SUN
proteins into the OSER structures (some of which may origi-
nate from the NE [10]). All Nesprin-|-stained cells cells
showed its exclusion from the OSER (n = 34). Multilamellar
OSER structures positive for calnexin-CFP but negative for
the co-stained proteins are indicated by open arrows; solid
arrows indicate SUNI-, SUN2- or Nesprin-|-stained NE
(SUNI and Nesprin-I labelling produced intra-nuclear stain-
ing, in addition to the NE staining, under various experimen-
tal conditions). Scale bar in each image is 10 um.
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LINC complex proteins are not involved in OSER stacking
Some of the OSER compartments were previously sug-
gested to be derived from NE membranes [10,12], making
the involvement of the NE-stabilizing proteins in OSER
plausible. Proteins of the NE that participate in the so-
called LINC complex, SUN1 and SUN2, span the entire
width of the NE connecting NE inner membrane with NE
outer membrane [8]. High levels of over-expressed ER
proteins essential for production, folding and assembly of
membrane proteins could perturb the normal biogenesis
of SUN proteins leading to their 'leakage' into the periph-
eral ER instead of the NE, inducing ER membrane stack-
ing. Thus, a possible explanation for OSER induction by
ER protein overexpression could be their effect on target-
ing of SUN proteins.

To test this hypothesis, we used immuno-fluorescence to
visualize the endogenous SUN proteins in cells overex-
pressing calnexin. Antibody staining of SUN1 and SUN2
revealed the presence of SUN proteins in the NE, partially
colocalizing with calnexin-CFP (Figure 1C and 1D). How-
ever, similarly to Climp63-GFP, endogenous SUN pro-
teins were excluded from the calnexin-induced OSER
structures.

We have also tested whether endogenous Nesprin-1 enters
the multilamellar bodies. Proteins of the Nesprin family
include several giant isoforms (M.W. up to 1 MDa) with
large cytosolic regions. The classical function of Nesprins
is to link the nuclear envelope to actin cytoskeleton
[8,24]. Cytosolic regions of Nesprins contain spectrin
repeats that may undergo oligomerization. Thus,
Nesprins could fulfil the criteria for tethering of ER mem-
branes and inducing the OSER stacks. However, similarly
to SUN proteins, we found Nesprin-1 to be excluded from
calnexin-CFP stained OSER structures (Figure 1E). Based
on these experiments, involvement of LINC complex-par-
ticipating proteins (SUN1-2 and Nesprin-1) in OSER bio-
genesis was ruled out.

Cryo-electron microscopy of vitreous sections reveals
periodicity of OSER membrane packing

To obtain a more detailed view of the ER membrane stack
organization, we performed a CEMOVIS analysis of
HEK293 cells over-expressing YFP-tagged calnexin.
CEMOVIS is a method that preserves the native structure
of the cell and allows imaging of the cellular architecture
at the molecular level [25]. We have used this method pre-
viously to show that calnexin-induced OSER structures are
indeed multilamellar [15].

Here, we analysed a total of 55 good-quality vitreous sec-
tion micrographs. The high magnification CEMOVIS
imaging revealed the absence of a delimiting membrane
(Figure 2A shows a peripheral OSER membrane sheet
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fold, marked with an asterisk), consistent with the OSER
structures being continuous with the rest of ER [11]. The
most striking feature of the OSER structures was the uni-
form intermembrane spacing of the cytosolic and luminal
compartments (Figure 2A; cytosolic space within OSER
structure indicated by black arrowheads). Measurements
in the OSER stacks aligned along the cutting direction
revealed the average distances of 25.3 nm between the
cytosolic, and 38.6 nm between the luminal OSER mem-
brane faces (Figure 2B). The same measurements per-
formed on membranes aligned perpendicular to the knife-
marks, with the intermembrane distances measured per-
pendicular to the cutting direction and thus unaffected by
sample compression, revealed the average distances of
36.5 nm and 49.8 nm for cytosolic and luminal sides,
respectively (Figure 2C). Based on the comparisons
between the cytosolic distances measured parallel and
perpendicular to the cutting direction, we estimated a
compression rate of about 30%, as typically observed in
CEMOVIS experiments. The highly significant difference
between the distances in the two compartments, consist-
ent in both the compressed and the non-compressed
dimension, provided the first indication of an active com-
ponent pertaining to the stacking of OSER membranes.

cytosol

ttttttttttttt

Figure 2
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The long distances between cytosolic and luminal faces of
the membranes clearly indicated that overexpressed pro-
teins on their own would not be able to stabilize the
OSER. Calnexin, even tagged with a fluorescent protein
(the length of the YFP barrel is ~4 nm) on its cytosolic C-
terminus (90 amino acid residues), would not be able to
reach out and connect two ER membranes. Likewise, the
length of the luminal domain of calnexin, based on its X-
ray structure [26], is insufficient to bridge the juxtaposed
OSER membranes.

CEMOVIS reveals macromolecular arrays within OSER

The ectopically expressed membrane proteins inducing
and/or populating the OSER membranes have previously
been shown to be mobile, rapidly diffusing in the bilayer
plane [10,15]. FRET experiments using calnexin-CFP/cal-
nexin-YFP constructs suggested that proteins are packed
tighter in the OSER membranes than in the rest of periph-
eral ER [15]. Consistent with these findings, some of the
CEMOVIS micrographs showed closely spaced arrays of
globular complexes at the cytosolic face of the OSER
membranes, either at the outmost membrane of the mul-
tilamellar body (Figure 3A), or trapped within it (Figure
3B). The lengths of observed areas displaying such arrays
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CEMOVIS reveals regular cytosolic intermembrane distances within OSER stacks. A. A typical projection view of a
50 nm-thick vitreous section of the OSER shows a regular spacing between OSER membranes on their cytosolic side (indicated
by black arrowheads). HEK293 cells transfected with calnexin-YFP construct were processed for CEMOVIS analysis, as
described in detail under "Materials and methods". Standard low-dose imaging conditions with 26,00030,000% magnification
were used to perform cryo-EM experiments; images were acquired on film. Open arrow indicates the cutting direction; aster-
isk indicates the fold of the peripheral OSER membrane. Scale bar corresponds to 100 nm. B. Intermembrane distances on
cytosolic and luminal sides of OSER membranes were sampled from |3 micrographs in which membrane stacks were aligned
along the cutting direction, as described in "Materials and Methods"; n values are 86 and 81 for cytosolic and luminal intermem-
brane distances, respectively; asterisks indicate P < 0.0001. C. As in B, but the distances were measured from 4 micrographs in
which the membrane stacks were aligned perpendicular to the cutting direction; n = |7 for cytosolic and luminal distances.
Asterisks indicate P < 0.05. Data in C-D are shown as mean + S.D.
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were in the range of 100200 nm. The diameter of individ-
ual particles was about 1012 nm, about half the size of a
ribosome. The identity of the complexes is therefore not
known. However, this observation is the first direct obser-
vation of arrayed macromolecular complexes in the OSER
membranes of the mammalian cells preserved in a
hydrated native-like state. Because of the nature of the
technique and the limited thickness of the specimen (50
nm) it was only possible to obtain a 1-dimensional pro-
jection view of these arrays, perpendicular to the mem-
brane plane. It is possible that these arrays extend in two
dimensions on the cytosolic surface of OSER membrane.

Figure 3

CEMOVIS reveals the presence of molecular arrays
at the OSER membranes. A-B. OSER membranes from
HEK293 cells transfected with calnexin-YFP were imaged by
CEMOVIS as described in the legend for Figure 2. Large glob-
ular proteins/protein complexes were found arrayed at the
surface of the delimiting membrane (A) and in the cytosolic
space between the OSER membranes (B; arrays are indicated
by arrowheads). Scale bar is 100 nm. C. Regions of interest
within an OSER stack, encompassing two membranes.
Arrowhead indicates presence of large complexes, as in A
and B; scale bar is 100 nm. D. The boxed areas were rotated
to align the membranes vertically, their Fourier transforms
were calculated. The Fourier transforms were inspected for
presence of strong reflections that would be indicative of
ordered arrangement of the densities within the micrograph;
the reflection in D corresponds to striations with a period of
56 A-!. The masked transforms were used to produce a fil-
tered image, visualizing the ordered features (D, rightmost
panel). E. Ordered densities are confined to the individual
intermembrane regions of interest. The indicated regions of
interest were processed as described under "Materials and
methods". Of the three adjacent regions, only region "2"
shows a reflection in the Fourier transform. Open arrow
indicates the cutting direction; white lines in the boxed area
indicate the orientation of the ordered density between the
membranes within region "2".
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Molecular arrays tethering stacked ER sheets

The high regularity of the ER membrane stacks suggested
that tethering complexes could exist. A mechanism similar
to that by which coiled-coil proteins organize Golgi mem-
brane stacks [4] could account for ER sheet stabilization
and stacking. We set out to perform a more in-depth anal-
ysis of our CEMOVIS images to detect the presence of
molecular tethers between adjacent stacked membranes.

The images obtained by CEMOVIS are very noisy, allow-
ing only the gross features, such as membranes or large
protein complexes (e.g., ribosomes and microtubules), to
be observed directly. Visualization of smaller objects
directly is, in most instances, not possible. However, if the
molecules are arranged in an orderly fashion, this can be
detected in Fourier space and, if the order is sufficiently
good, the structures of the arrayed molecules can be deter-
mined to near atomic resolution in favourable cases, e.g.,
from 2D crystals of membrane proteins [22]. We therefore
analyzed the images in Fourier space, as described below.

The image analysis routine included digitization of the
micrographs and selection of well-preserved regions of
interest (as shown in Figure 3C). We excluded micrograph
areas in which the tilt angle of the membranes relative to
the section plane was strongly deviating from 90°, as well
as the areas where the specimen was severely damaged by
freezing and cryo-sectioning procedures (e.g. where crys-
talline ice and/or crevasses were observed). Selected
regions of interest included two membranes and an inter-
membrane space (either luminal or cytosolic). Fourier
transforms of the boxed regions were calculated and
inspected for the presence of strong reflections along or at
an angle to the meridian (as in Figure 3D), which would
be indicative of an ordered density pattern within the ana-
lysed area.

To exclude the possibility of an artefact caused by sample
preparation or imaging, 3 adjacent areas of the same
image were analysed as described above (Figure 3E). Only
the middle region of interest (region "2") showed a reflec-
tion at 56 A1, whereas the regions on either side of region
"2" showed no ordered densities above the noise level.
This indicated that the features detected in region "2" are
not extending over a large area of the micrograph, but are
confined to the region of interest between the mem-
branes. The same image also illustrates a distinction
between orientation of the striations between the mem-
branes (indicated by white lines within the boxed region
"2") and the cutting direction (indicated by an open
arrow). We found no correlation between the cutting
direction and the observed ordered densities in the best
images, suggesting that these features are not created dur-
ing sample preparation (data not shown).
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Analysis of the selected regions of interest revealed the
presence of periodic densities, indicative of the ordered
arrangement of molecules between the OSER membranes.
Unfortunately, several factors forbid analysis of the vitre-
ous sections of OSER membranes as 2D crystals: (a) the
vitreous sections of OSER membranes represent only
slices across the tentative 2D crystalline areas; (b) as a soft
biological material, the OSER membranes are prone to
distortions, bending and folding; (c) even if the specimen
is crystalline, minute changes in the specimen thickness
may lead to data corruption due to inclusion of disor-
dered regions or extraneous ordered regions in the final
projection. Together, these factors prohibit indexing of
the observed diffraction patterns. Therefore, for illustra-
tion purposes, using only the strong reflections we
masked the Fourier transforms imposing a simple 1-
dimensional lattice and calculated filtered images of the
regions of interest by back-transformation, visualizing the
density features between the stacked ER membranes (Fig-
ure 4).

Based on our selection criteria, in a total of 55 micro-
graphs, we found 17 reasonably well-ordered regions on
the cytosolic side (Figure 4AD) and 4 reasonably well-
ordered regions of interest on the luminal side (Figure 4E)
connecting two adjacent OSER membranes. The densities
that were visualized between the OSER membranes were
represented by the sets of parallel striations, at an angle to
the two ER membranes. The period and angle of striations
in the luminal and cytosolic regions were similar:
although in some cases the striations were at an approxi-
mately 90° angle to the plane of the membrane (Figure
4A), in others the angle was sharper (Figures 4BE; the
angles observed in all images are plotted in Figure 4F). In
several cases discontinuities in the ordered regions were
observed, as in Figure 4C, where such feature coincides
with an apparent broadening of the intermembrane dis-
tance. Although the sampling of the luminal regions of
interest was limited (n = 4), the average observed luminal
inter-striation spacing appeared similar to the cytosolic
one (Figure EA). We found no correlation between the
intermembrane distances and the striation/membrane
incident angles (Figure 4F).

The observation of densely packed, periodic structures
connecting two ER membranes suggests that these struc-
tures may act as molecular tethers. An absence of correla-
tion between the parameters of these tethers, namely the
spacing, the angle and the distance between the mem-
branes, is indicative of high flexibility of these tethering
complexes, which in turn is in line with the previously
suggested dynamic nature of the proteinaceous matrix
that shapes the ER [27].
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Comparison of the ordered densities within the
OSER. A-D. The images were generated using the informa-
tion in the masked Fourier transforms of the ROls in the dig-
itized micrographs, as described in "Materials and methods"
(panels A-D show the cytosolic regions, whereas E shows the
luminal regions); scale bar in E corresponds to 20 nm; all
regions in A-E are scaled equally. The images with striation
angles close to 90° are shown in A, whereas the regions with
sharper striation angles are shown in B. An area in which two
separate sets of striation overall producing a composite pat-
tern is shown in C. An extended cytosolic region shows
broadening of the spacing between the memrbanes, flanked
by ordered densities (D). F-G. Geometric parameters of the
ordered densities between OSER membranes indicate high
degree of flexibility. F. The spacings between the striations
(corresponding to the position of the strong reflection in the
Fourier transform) were plotted for the identified cytosolic
(black circles) and luminal (white circles) regions of interest;
mean * S.D. are shown in the graph. G. The distances
between OSER membranes (d) were plotted against the
angles between striations and membranes (a); an inset
sketch indicates depicts the meaning of "d" and "a". Data
points corresponding to the cytosolic and luminal regions of
interest are indicated by solid and open circles, respectively.

Discussion

To the best of our knowledge, this is the first report detail-
ing ER membrane sheet organization in a native environ-
ment, i.e. unfixed, hydrated cells. To date, the reports of
attempts to visualize the ultrastructure of the ER mem-
branes included freeze fracture electron microscopy of the
crystalloid ER (tubular OSER) in the UT-1 cells, which
showed macromolecular complexes of approximately 10
nm in diameter [28], and a freeze fracture/deep etch elec-
tron microscopy analysis of endomembranes of various
cells, which revealed existence of 'bridges' connecting the
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membranes of different organelles [29]. However, both
reports had common problems inherent to the employed
methodology: the electron microscopy was performed on
the dehydrated and/or fixed specimen, after shadowing
with platinum and carbon the replicas were subjected to
imaging. This implies that the observed structures could
be artefacts, e.g. due to aggregation of material during the
etching process, demeaning the value of those observa-
tions.

We used CEMOVIS methodology to preserve the native
ultrastructure and to image the intracellular membranes
of the HEK293 cells by cryo-EM at unprecedented level of
detail. A sub-compartment of ER, OSER, was used as a
model system, which allowed us to sample a sufficient
amount of stacked ER sheet micrographs for analysis.
Using projection images of the OSER membranes we have
identified ordered cytosolic and luminal macromolecular
arrays supporting ER membrane stacking. The imaging of
the OSER membranes may not allow us to measure
directly the interaction between OSER membranes and
thus we may not unequivocally rule out the possibility
that the ordering of the molecules is secondary to ER stack
formation. However, we propose that the OSER mem-
branes may be stabilized by these arrays.

We have shown that induction of ER sheet stacks by YFP-
tagged calnexin overexpression is not driven by fluores-
cent protein dimerization. Monomeric fluorescent pro-
tein-tagged calnexin induces OSER formation; the stacked
membranes are too far apart for direct in trans interaction
between overexpessed proteins. It is unlikely that the dis-
crepancy between our results and those published previ-
ously [10] resulted from usage of different cell types, cell
culture conditions, reagents and DNA constructs. Mam-
malian cells were used throughout and similar vectors
were used for transfections in both studies; the proteins
employed to induce OSER (cytochrome b(5), Sec61[10]
and calnexin [15]) are known to exist in a complex with
each other [30], and are therefore likely to reside in the
same compartments. In addition, OSER-like structures
have been observed in mammalian cells in the absence of
any protein overexpression, with or without GFP involved
[15]. It is possible that under certain circumstances,
depending on the structure of a particular fusion con-
struct, the presence of GFP may indeed be conducive to
trans-interaction between the ER membranes leading to
membrane tethering. It is worth noting that a broad range
of ER-localized proteins have been known to induce
OSER formation, including: cytochrome b5 [31], HMG-
CoA reductase [28], inositol 1,4,5-trisphosphate receptor
[32], cytochrome P-450 [33], microsomal aldehyde dehy-
drogenase [34], torsinA [17] and others. Therefore, it can
be anticipated that more than one element in the structure
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of these very different proteins should affect their ability
to cause rearrangements in the ER ultrastructure.

Several intracellular compartments, both in prokaryotes
and eukaryotes, have been studied by CEMOVIS previ-
ously with a comparable level of detail [35-41]. Ordered
arrangement of trans-cleft molecular complexes in the
neuronal synapses has been visualized using this tech-
nique [42]. Recently published tomographic reconstruc-
tion of desmosomal vitreous sections revealed quasi-
crystalline arrays of cadherin molecules connecting the
skin cells [25,43]. We propose a model whereby OSER
membranes are stabilized in a similar way, i.e., adjacent
ER membranes are connected by extended arrays of intra-
cellular 'adhesion' molecules, although our results indi-
cate that the OSER-stabilizing structures are more
disordered, compared to the highly organized arrays of
the desmosomes [25].

A number of questions remain open, the most important
being the identity of the proteins involved in OSER stabi-
lization. We have ruled out the obvious candidates, repre-
sented by the coiled-coil domain-containing Climp63,
and the LINC complex proteins that have been proposed
to perform a similar role in the NE. This shows that,
although the OSER membranes may originate from the
NE at least in some cases [10,12], the molecular machin-
ery involved in OSER stabilization is likely different from
that specialized in NE maintenance. Because the ordered
areas could be observed between both luminal and
cytosolic ER membrane faces, it is possible that more than
one protein component may be involved in ER stacking
interactions. It is possible that proteins involved are not
integral membrane proteins, as is the case with the mem-
bers of GRASP family (e.g., GRASP65), which are periph-
erally inserted into the Golgi membranes and stack the
Golgi cisterns upon oligomerization [44-47]. Also, it
remains to be determined whether the formation of the
OSER stacks is primed by the interactions between adja-
cent ER membranes via the ordered macromolecular com-
plexes, or whether the protein crowding and array
formation is preceded by the formation of a membrane
stack, which is in turn brought about by an independent
mechanism.

Conclusion

Our results support a hypothesis according to which
active maintenance of organized smooth ER (and, by
extension, the regular ER sheets) may be achieved in part
by molecular tethering complexes. The potential signifi-
cance of our findings is underscored by the recently
shown cell cycle dependent 'tug of war' between sheet and
tubular ER morphologies [5]. It is obvious that the mole-
cules involved in ER sheet stabilization and stacking,
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together with structural proteins that act to stabilize the
tubular ER morphology, e.g. reticulons and DP1 [7], must
play key roles in the ER remodelling. Identification of the
ER sheet stabilizing and tethering proteins, called for by
the findings presented here, would help us understand the
relationship between the ER morphologies, the cell cycle
and the various pathologies that affect them.
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