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Abstract

The endoplasmic reticulum (ER) is a highly dynamic organelle that under-
goes significant morphological alterations in response to cellular stress. While
conventional transmission electron microscopy (TEM) has provided valuable
insights into these changes, such as the formation of crystalloid-ER and ER
whorls, obtaining comprehensive three-dimensional (3D) information on these
large structures within their cellular context has remained a challenge. To
overcome these limitations, this study introduces an innovative application of
dual-axis scanning transmission electron microscopy (STEM) tomography to
investigate ER morphology under stress conditions in human embryonic kidney
(HEK) cells overexpressing the cation channel polycystin-2 (PC-2). Benefit-
ting from high-resolution, increased depth-of-focus, and reduced aberrations,
STEM tomography enabled the detailed 3D reconstruction of large cellular sub-
volumes, providing unprecedented views of stress-induced ER structures. Our
findings reveal distinct ultrastructural details of both crystalloid-ER and ER
whorls. Crystalloid-ER exhibited a tubular architecture with potential inter-
connectedness, while ER whorls displayed a lamellar organisation and distinct
membrane curvature. We observed the co-occurrence of these distinct smooth
ER (SER) morphotypes within the same cell, yet they remained spatially sepa-
rated, suggesting potential functional specialisation. Furthermore, we identified
direct membrane contacts in mixed morphotypes, hinting at a shared origin
or dynamic relationship between these structures. The study also elucidated
the interactions of these organised smooth ER (OSER) structures with other
organelles, such as mitochondria (MAM sites) and vesicles. In summary, the pre-
sented ultra-structural insights have a significant impact on our understanding
of stress-related ER morphology changes. The ability to visualise the intricate
3D architecture and spatial relationships of these structures provides novel per-
spectives on the ER’s adaptive responses to stress, including potential roles in
lipid and protein biosynthesis and intracellular communication. These findings
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1 | INTRODUCTION

Eukaryotic cells constantly face a variety of stressors,
both external and internal, and rely on sophisticated
strategies to manage stress, such as the unfolded protein
response (UPR)."? The UPR reduces protein synthesis and
enhances the cell’s ability to fold proteins correctly when
there is a buildup of unfolded or misfolded proteins in
the endoplasmic reticulum (ER).> During the UPR, the
ER increases its luminal volume and membrane surface
area.* These additional membranes can form organised
smooth ER (OSER) structures, which include lamellar
and tubular shapes.”® Tubular ER honeycomb-like arrays,
known as “crystalloid-ER,” have been described in sev-
eral studies.>?"'? OSER structures can also appear in cells
that are not under stress, as seen in highly active ER
phases in differentiated secretory cells, such as plasma
B cells or embryonic adrenal cells.® While the exact
mechanisms behind OSER formation are not fully under-
stood, factors such as changes in membrane lipid and
sterol composition, curvature-forming proteins, and inter-
actions with scaffolding proteins were suggested to play a
role 91416

Detailed 3D information on OSER morphotypes is
still scarce. Scanning Transmission Electron Microscopy
(STEM) tomography has shown promise in offering higher
resolution images of cellular structures.'” ">’ Unlike TEM,
which uses a broad, quasi-parallel electron beam, in STEM,
a finely focused, convergent beam scans the sample. As
the beam interacts with the sample, it scatters electrons,
which are captured by bright field (BF) and dark field
(DF) STEM detectors. The information obtained for each
scanned pixel are subsequently combined to a mosaic
image.!” By operating in the ‘biological’ STEM mode, with
a beam 2-3 nm in diameter, which is 10 times larger
than in ‘standard’ STEM applications, thicker sections of
up to 1 um can be investigated even at high tilt angles
(> + 66°).1°?%22 In comparison to the TEM tomogra-
phy approach, biological STEM benefits from a higher
depth-of-focus,' the possibility of performing dynamic
focusing®® and the lack of chromatic aberration,'®20-24-27
as well as from a better Signal-to-noise-ratio (SNR) and
contrast.”® For biological STEM applications, a correction

underscore the power of dual-axis STEM tomography for elucidating complex
organellar organisation and dynamics in their native cellular context.

crystalloid-ER, endoplasmic reticulum (ER) morphology, ER stress, ER whorls, scanning
transmission electron microscopy (STEM), tomography

of the contrast transfer function is generally not consid-
ered necessary, and sections with a nominal thickness of
up to 1 um can be investigated even at high tilt angles
(> =+ 66°). The preparation of samples through high-
pressure freezing?”" and freeze substitution®** ensures
excellent preservation of cellular ultrastructure, offering
significant advantages over chemical fixation.'*3* Rapid
freezing preserves cells, avoiding artefacts such as struc-
tural deformation that conventional methods may cause.
Meanwhile, freeze substitution allows gentle chemical
fixation that maintains cell integrity, preventing arte-
facts from washing out soluble cytoplasmic elements.**3>
The method thus is ideally suited to investigate the
organellar architecture of different OSER morphotypes
in 3D.

In this study, we focus on the role and impact of
OSER structures that form when the Transient Receptor
Potential (TRP) channel Polycystin-2 (PC-2) is overex-
pressed in HEK293S cells*® mimicking UPR. Previous
research using focused ion beam (FIB) scanning electron
microscopy (SEM) revealed crystalloid-ER formation and
PC-2 enrichment in these membranes.’® Here, we use
STEM tomography to obtain 3D reconstructions and mon-
itor the genesis and dynamic nature of crystalloid-ER. This
method provides better resolution in the Z-dimension and
reduces the missing wedge artefact common in single-axis
tomograms, allowing us to explore a larger cellular volume
in detail.

2 | MATERIAL AND METHODS

2.1 | Cell culture and protein
over-expression

A stable HEK293S GnTI™ cell line*® was used for the
expression of WT PC-2. Cultivation of cells and expression
of PC-2 were performed as described in this publica-
tion. For subsequent HPF/AFS, plasma-cleaned (Plasma
Cleaner PDC-3XG, Harrick Plasma Inc., Ithaca, USA)
TC 60 cell culture dishes were supplemented with 1.4
mm sapphire discs (M. Wohlwend GmbH, Sennwald,
CH) prior to seeding the cells. Cells were grown in
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DMEM/F-12 medium (Sigma-Aldrich®), St. Louis, USA),
supplemented with 10% fetal bovine serum (FBS), 5
pg/mL blasticidin, 350 pg/mL G418, and Pen/Strep (55
pg/mL penicillin, 55 pg/mL streptomycin). At ~40% con-
fluence, protein expression was induced via addition of
tetracycline to a final concentration of 3 pg/mL. The
sapphire discs were transferred into sterile cell culture
medium after 72 h of expression, at ~80%-90% confluence.
Noninduced cells were grown in parallel as a negative
control.

2.2 | High-pressure freezing,
freeze-substitution and sectioning

Subsequently, the samples were prepared by high pressure-
freezing (HPF), freeze-substitution, resin embedding and
ultramicrotomy, in general following the procedures out-
lined by R. Rachel and co-workers.** Cryo-fixation was
performed via HPF at ~2048 bar and -196°C in an EM
PACT2 (Leica Microsystems GmbH, Wetzlar, DE), fol-
lowed by automated freeze-substitution in an AFS2 (Leica
Microsystems GmbH, Wetzlar, DE). Intracellular water
was initially substituted against 0.5% (v/v) OsO,, 0.25%
(w/v) uranyl acetate (UAc), 5% (v/v) H,O in acetone, or
0.5% (v/v) glutardialdehyde (GA), 0.5% (w/v) UAc, 5%
(v/v) H,O in acetone. OsO,-stained samples were used for
screening and tomography, samples stained with only UAc
exclusively for screening. The latter were subjected to lead
citrate (PbCi) staining on the sections later on, following
common procedures. Notably, special care was taken to
obtain the best ultrastructural preservation of the (intra-)
cellular membranes by adding H,O to the freeze substitu-
tion solution.?”*¥ After polymerisation, HPF sample carri-
ers and sapphire discs were removed from the resin blocks,
and the samples were trimmed to a trapezoidal block-face
shape using fresh razor blades. Subsequently, ultrathin sec-
tions (50 nm) were prepared for sample screening and
thick sections (800 nm) were prepared for STEM tomogra-
phy on an EM UC7 (Leica Microsystems GmbH, Wetzlar,
DE) ultramicrotome using a ‘histo’-type diamond knife
(Diatome Ltd, Nidau, CH). The sections were picked up
on pioloform-coated copper slot (1X2 mm) or P-bar grids.
For tomography, 15 nm protein A gold fiducials (University
Medical Center Utrecht, Utrecht, NL) were successively
applied to both sides of the sections at a dilution of
1:40, incubated for 4 min and excess gold particles were
washed away with distilled H,O. Finally, a thin, con-
ductive carbon film of 2-3 nm thickness was evaporated
onto the grid and section surface via thermal evaporation
in a Cressington 208 carbon (Tescan GmbH, Dortmund,
DE).

2.3 | Electron microscopy

Screening of grids for optimal ultrastructural sample
preservation and for the presence of crystalloid ER on sec-
tions with a nominal thickness of 50 nm was performed
by conventional TEM microscopy on a JEM 2100F (JEOL,
Freising, DE) transmission electron microscope equipped
with a field emission gun, operated at 200 kV with a
CMOS camera (TemCam-F416, 4k X 4k pixels, TVIPS
GmbH, Gilching, DE) using the EM MENU (TVIPS - Tietz
Video and Image Processing Systems GmbH, Gilching,
DE) software package. Screening revealed good sample
quality and excellent preservation of intracellular mem-
branes. Sections with a nominal thickness of 800 nm were
consequently analysed via dual-axis STEM tomography,
following the established procedures at the Department
for Molecular and Cellular Anatomy at our university."
Since plastic sections shrink substantially during data
collection,® the samples were preexposed to the electron
beam for several minutes (‘beam showering’). Dual-axis
STEM tomography was performed on the same JEM 2100F
(JEOL, Freising, DE) electron microscope equipped with
both a bright field (BF) and a dark field (DF) STEM
detector, using a Model 2040 dual-axis tomography holder
(Fischione Instruments Inc., Export, USA). The STEM
beam was formed using special settings,'” with a 20 um
condenser aperture in place (diameter: 3-4 nm). Fine-
tuning was accomplished via a ronchigram generated on
the pioloform support film. At a camera length of 20 cm,
both BF and DF images were collected simultaneously;
the signal was optimised for BF imaging. Tilt series were
recorded automatically from +66° to —-66° according to a
modified Saxton tilt scheme*® presented in Table S2 using
the EM-Tools (TVIPS - Tietz Video and Image Processing
Systems GmbH, Gilching, DE) software package. Eucen-
tric height was adjusted once before data acquisition. After
collection of the first tilt series completed, the sample was
manually rotated in the holder by 90°. Subsequently, a sec-
ond tilt series was acquired as described before from the
same region of interest (ROI).

2.4 | Tomogram reconstruction and
visualisation

Finally, tomogram reconstruction was performed in
IMOD, following the inherent processing pipeline*' and
according to common procedures.'®*? Preprocessing
included binning and image stack generation. Fine tuning
of the initial, coarse image alignment requires a fiducial
model. Here, manual fiducial model generation and
optimisation yielded superior results than automatically
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generated models. At least 15 fiducial markers were
selected from each side of the section. Distortions were
accounted for during later iterations of fine alignment.
The volume was cropped, and gold fiducials were removed
using the ‘Bead Eraser’ option. Tomogram reconstruc-
tion was performed by a (weighted) back projection
including a radial filtering, with a SIRT-like filter equiv-
alent to 15 iterations, which in this case yielded the best
results. Both tomograms collected from the same ROI
were reconstructed following the procedure described
above and subsequently merged using the ‘Tomogram
Combination’ option. Alignment of the two tomograms
usually worked best following the ‘automatic patch fitting’
method. Finally, the tomogram edges were trimmed.
For tomogram visualisation, the program SeggeR* in
the UCSF Chimera** framework could be identified as a
threshold-based approach, circumventing manual mem-
brane tracing as commonly applied. The tomograms were
imported into UCSF Chimera, scaled and binned appro-
priately, and the histogram display threshold was adjusted
to optimally visualise the organellar membranes. Subse-
quently, SeggeR was used for automated, threshold-based
segmentation of the volume. Two or three smoothing steps
were performed, very small regions (background noise
< 5 to 30 voxels) were removed, and the segmentation
results were refined manually. The ‘Ungroup’ option was
used to improve the quality of inaccurately segmented
regions, and regions belonging to the same organelle were
subsequently grouped together to obtain one separate
volume per organelle.

3 | RESULTS

3.1 | Detailed 2D characterisation of ER
whorls and putative crystalloid-ER
structures by TEM

The morphology of HEK293S cells after 72 h of overexpres-
sion of full-length WT PC-2 was firstly investigated using
conventional transmission electron microscopy (TEM)
(Figure S1). As a control experiment, noninduced cells
were analysed and exhibited typical morphology with-
out any obvious abnormalities, indicating that the cellular
ultrastructure was preserved during sample preparation.
Under stress conditions, the nuclei showed areas of highly
electron-dense, condensed chromatin. Lamellar endo-
plasmic reticulum (ER) structures composed of stacked
membrane sheets were identified close to the nuclei and
classified as karmellae due to their characteristic mor-
phology and localisation (arrow in Figure Sla).>* We
observed densely packed areas with polymorphic vesi-
cles (Figure S1b), which varied in size and were enclosed

by well resolved membranes. Circular arrays of stacked
lamellar membranes with regular spacing appeared in the
cytoplasm (Figure Slc), mostly located near the nucleus,
with mitochondria frequently nearby. Based on their char-
acteristic morphology and subcellular localisation, these
membrane arrays were identified as ER whorls, another
lamellar OSER morphotype.’ Finally, patches of regular,
putatively tubular membrane arrays could be observed'”
(Figure S1d). However, in 800 nm sections, tubular struc-
tures were difficult to depict, and it was not possible
to discriminate between tubular, sinusoidal or hexago-
nal crystalloid ER. None of these OSER structures were
observed in the control experiment without PC-2 over-
expression. Different types of OSER, mostly whorls and
crystalloid-ER, could be detected in only approximately
10% of cells.

Thinner sections of the sample (50 nm) were inves-
tigated at higher magnifications. A collection of various
whorls is depicted in Figure S2. These whorls are com-
posed of stacked, lamellar membrane sheets arranged in
either open (Figure S2a) or closed (Figure S2b-d) circular
formations reaching diameters of up to 2 um. It is impor-
tant to note that both forms may potentially represent dif-
ferent sections of the same organelle, as indicated in Figure
S2c. The presence of open-circle whorls has been previ-
ously described as loop-like whorls.® The edges of whorl
sheets in open circles are created by membranes wrapping
back by 180°, resulting in extreme curvature (Figure S2a).
The stacked membranes display consistent spacing, more
prominent in closed-circle whorls (Figure S2d). Multiple
whorls can be observed within a single cell, with vesi-
cles often found enclosed by or in the vicinity of the
circular membrane stacks (Figure S2a and c). The direct
fusion or fission of these vesicles with the ER mem-
branes remains uncertain. Additionally, mitochondria are
frequently located near the whorls, aligning with previ-
ous research on the clustering of mitochondria around
OSER structures.® While whorls are commonly found in
close proximity to the nucleus, direct connections between
whorls and the nuclear envelope or whorls and karmel-
lae were not observed. In lead-citrate contrasted sections
of en bloc uranyl acetate-stained samples, electron-dense
spots resembling ribosomes can be seen occasionally lin-
ing the peripheral membrane sheets (arrow in Figure S2d
and e). These spots are more prevalent in less organised
whorl-like structures and exhibit the characteristic appear-
ance of ribosome-decorated rough ER (rER) membranes.
This discovery suggests an organisation of OSER struc-
tures into distinct functional subdomains, in line with
previous reports.*® Figure S3 illustrates two examples of
putative crystalloid ER structures. The observed tubular
patches reached diameters of up to 2.5 ym and were often
located near the nucleus and close to mitochondria, like
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FIGURE 1

STEM tomography of ER whorls. Screening of the reconstructed STEM tomogram of a whorl (light blue) resulted in three

ROIs, marked by boxes i-iii. The selected areas putatively show the integration of vesicles (dark blue) into the organelle (I), fusion or budding
of a terminal vesicle (II), and interactions with a mitochondrion (purple) (IIT). An interaction between the nucleus (orange) and the whorl
was not evident from the tomogram. Arrowheads indicate the viewing direction in the 3D close-ups depicted in Figure 2. Scale bar = 500 nm.

the observed whorls. The membranes displayed a regu-
lar pattern; however, the precise symmetric arrangement
could not be determined from the section planes pro-
vided. Unlike the lamellar whorls, the spaces between the
tubular arrays contained less cytoplasmic material. Like
whorl structures, multiple tubular OSER organelles can
be present in a single cell. A 3D analysis is needed to
determine whether they are separate or interconnected.

3.2 | 3D reconstructions reveal vesicle
entrapment in ER whorls and close
association with mitochondria

To perform a 3D analysis, dual-axis STEM tomogra-
phy was conducted on 800 nm sections. Various types
of OSER (lamellar, tubular, and mixed morphologies)
were examined. In every case, the structures were
found to be located near the nucleus and associated
with mitochondria. A detailed examination of the tomo-
grams revealed additional structural details. Three regions
of interest (ROIs) were identified in a reconstructed
whorl tomogram (Figure 1) highlighting interactions

with multiple vesicles and a mitochondrion. However,
no direct connection to the nucleus was observed in
the imaged subvolume. Segmentation of the subvolumes
(Figure 11-III) provided further insights into whorl inter-
actions. Ordered stacked membrane sheets which make
up a major part of the whorl, envelop multiple vesicles
(Figure 2A).

ER whorl and vesicle membranes are in direct con-
tact and fusion and fission of a vesicle with or from
the terminal point of a whorl membrane were observed
(Figure 2B). Several dozen vesicles were identified in
contact to the whorl membranes. A mitochondrion is
located at the whorl periphery in direct interaction
with it, although no fusion processes were observed
between the organelles (Figure 2C). This contact site
shows the typical features of a mitochondria-associated
membrane (MAM) site, as described by Baumann &
Walz.*’

A comprehensive 3D analysis was conducted to uncover
structural details of the tubular ER morphotype. The intra-
cellular positioning of the crystalloid-ER patch, as shown
and analysed in Figure 3 closely resembles the placement
of the ER whorl previously described. This patch, located
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FIGURE 2 ER whorl morphology in 3D. Subvolumes of a tomogram were segmented and rendered in 3D to visualise details of the ER
whorl morphology. (A) A vesicle (dark blue) embedded into a highly ordered, regular array of stacked whorl membranes (light blue). (B)
Vesicle fusion or fission to/from a whorl membrane. (C) Direct interaction between whorl membrane (blue) and mitochondrion (violet).
Black outlines indicate the subtomogram boundaries.

o

FIGURE 3 Crystalloid-ER morphology. The crystalloid-ER (blue), formed by a regular array of tubular ER membranes, is in close
vicinity to nucleus (dark orange) and nuclear envelope (orange) and surrounded by multiple mitochondria (violet) and vesicular structures
(violet blue, grey). Putative interactions between crystalloid-ER and the nuclear envelope (I) as well as the tubular nature of the
crystalloid-ER itself (II) were analysed further via segmentation and 3D visualisation of the tomogram. Arrowheads indicate the viewing
direction in Figure 4. Scale bar = 500 nm.
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FIGURE 4 Crystalloid-ER morphology in 3D. (A) Segmented and 3D-rendered visualisation of the crystalloid-ER (blue) in its cellular
context, surrounded by multiple mitochondria (violet). (B) Detail of a vesicle (dark blue) mediating contact between the crystalloid-ER (blue)
and the nuclear envelope (brown). (C) Cut-open detail of the crystalloid-ER, highlighting the regular nature of the tubular ER membrane

array.

near the nucleus, is surrounded by several mitochon-
dria and vesicular structures. The reconstructed tomogram
revealed a vesicle situated between the crystalloid-ER and
the nucleus in the area depicted in Figure 31, which is not
apparent in the central tomogram slice. Consequently, seg-
mentation and 3D rendering were employed to provide a
clearer spatial understanding of the crystalloid-ER itself
(Figure 3ii) and its interactions within the cell.

The crystalloid-ER does not make direct contact with
the surrounding mitochondria but closely approaches the
nuclear envelope (Figure 4A). A single vesicle is present in
the contact area, interacting with both the nuclear enve-
lope and the crystalloid-ER (Figure 4B). However, there
is no evidence of fusion or fission involving this vesi-
cle and either organelle. Unlike the previously described
ER whorl, there are no vesicles embedded within the
crystalloid-ER patch.

The tubular structure and orderly arrangement of the
crystalloid-ER membranes are most clearly observed in
the cut-open view (Figure 4C). According to the recon-

structed tomogram (Figure 3) and 3D visualisation, each
crystalloid-ER tube is enclosed by its membrane. These
tubes are organised in rows with a consistent offset of half
a tube’s diameter, maximising space efficiency. In sections,
the interior of the tubes, corresponding to the ER lumen,
appears electron lucent. Consistently, the reconstructed
tomogram shows minimal density blobs. In contrast, the
spaces between the tubes are often filled with electron-
dense cytoplasmic material and are always bounded by the
membranes of three neighbouring tubes.

In a single cell, both whorls and crystalloid-ER are
present simultaneously (Figure 5). Interestingly, within
this mixed morphotype, only the crystalloid-ER directly
interacts with the nuclear envelope, whereas the whorl
is positioned farther from the nucleus. Notably, the
crystalloid-ER and whorl are positioned adjacent to each
other in the mixed morphotype observed here (Figure 51).
Additionally, numerous vesicles and vesicular structures
are located near the ER, with some contacting the
crystalloid-ER (Figure 5II).
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FIGURE 5

Mixed crystalloid-ER and whorl morphology. Central slice through a STEM tomogram showing a patch of crystalloid-ER

(dark blue) located in close proximity to a putative ER whorl (light blue) in its intracellular environment. Closer inspection of the

reconstructed tomogram reveals a direct connection between the two ER morphotypes (I), as well as the presence of multiple vesicles (not

present in the central tomogram section), located near the nucleus (orange) and contacting the crystalloid ER (II). Arrowheads indicate the

viewing direction in Figure 6. Scale bar = 500 nm.

Further insights into the complex organisation of the
ER membranes in the mixed morphotype are revealed
through segmentation and 3D visualisation (Figure 6A).
The tubular crystalloid-ER membranes and the lamel-
lar whorl membrane sheets can be clearly distinguished
and traced throughout the tomogram’s volume. Remark-
ably, the crystalloid-ER and whorl exhibit a pronounced
interaction site with noticeable direct membrane contacts
(Figure 6B) highlighting the shared origin of these mor-
phologically distinct organelles. While some crystalloid-
ER tubes extend through the entire tomogram volume,
others only reach about halfway and are partially capped
by slightly domed membranes at their endpoints, sug-
gesting a completely enclosed crystalloid-ER lumen. This
observation is further supported by the electron-lucent
appearance of the crystalloid-ER tubes’ interior in sec-
tions (Figure S3). As previously described for individual

organelles, in the mixed morphotype, ER patches are sur-
rounded by and closely interact with multiple vesicles and
vesicular structures. In the subvolume of the cell examined
here, a prominent vesicle cluster is identified near both
the crystalloid-ER and the nucleus, potentially serving
as an interaction platform between these two organelles
(Figure 6C).

3.3 | Comparative 3D STEM
morphometry of crystalloid-ER tubes and
ER whorl lamellae

ER whorls and crystalloid-ER patches are noticeably
larger compared to the ER of noninduced HEK293S cells
(Figure 7). These ER patches extend throughout the entire
height (Z-axis) of the tomogram, exceeding the section
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FIGURE 6 Mixed ER morphology in 3D. (A) Segmentation and 3D rendering of a mixed ER morphotype consisting of a patch of
crystalloid-ER (dark blue) and an adjacent ER whorl (light blue). Both are located in proximity to the nucleus (orange) and nuclear envelope
(brown) and surrounded by multiple vesicles (violet). (B) The direct contact between the two ER morphotypes becomes evident from the 3D
visualisation. (C) The tight association of crystalloid-ER (transparent), nucleus and vesicles.

FIGURE 7 Crystalloid-ER and whorl dimensions in HEK cells upon over-expression of PC-2 ER whorl (light blue) and crystalloid-ER
(dark blue) volumes are displayed for the three STEM tomograms (A-C) in 3D. The tomogram dimensions are indicated by black boxes, the
bottom tomogram slices are depicted for a better spatial orientation. The depictions consistently highlight the overwhelming abundance of
the ER morphotypes in the respective cell subvolumes.
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thickness of 800 nm. Conversely, the maximum planar
dimensions of these organelles range from approximately
1.4 to 2.2 um for each morphotype. As the entire dimen-
sions of the organelles cannot be captured in a single
section, their exact volumes cannot be determined through
STEM tomography. Additionally, it should be noted that
multiple whorls or crystalloid-ER patches can exist within
a single cell, thereby increasing the total organelle vol-
ume. While the ER volume and ER membrane surface
area increase significantly during the overexpression of
WT PC-2 in HEK?293S cells, the overall cellular volume
remains constant. ER whorls and crystalloid-ER consis-
tently remain separate and do not intersect or alternate;
no intermediate forms were observed in the imaged sub-
volumes. The distinct separation of sheets and tubes, along
with the consistency of their disparate shapes, suggests an
underlying shaping mechanism. Detailed examination of
the tomograms shows that the crystalloid-ER tubes have
a nearly perfect circular cross-section in the X-Y plane
with a uniform diameter of about 160 nm (average of ten
tubes) (Figure S4a). Each individual tube is encircled by
six additional tubes, creating an approximately triangu-
lar cross-section in the space between them. Hypothetical
linkages among these interspaces produce an apparent
hexagonal symmetry in the arrangement of the crystalloid-
ER membranes (Figure S4b). This results in a uniform
array of tubes, dictated by the moderate curvature of the
membrane in the X-Y plane. In the Z-direction, curva-
ture is confined to the terminal caps of the crystalloid-ER
tubes.

In stark contrast to the crystalloid-ER, whorls consist
of stacked membrane sheets arranged in a regular, lamel-
lar configuration (Figure S4c). At their terminal points,
these membrane sheets loop back in a 180° turn, enclos-
ing a very narrow ER lumen. This structure results in two
distinct types of membrane curvature within the whorls
(Figure S4d). While most of the whorl membranes display
only slight curvature, the terminal turns exhibit extreme
curvature, which is oriented oppositely to that of the rest
of the membrane. According to prior classifications, these
regions exhibit high positive membrane curvature relative
to the cytoplasm.” Unlike the crystalloid-ER, the low cur-
vature in the whorl membrane stack is not confined to the
X-Y plane but also extends into the Z dimension, likely
giving the entire organelle an almost globular shape in
3D.

It is important to note, however, that not all whorls
examined in this study present the same degree of order
(see also Figure S2). The ER lumen is often described
as a continuous space, offering the ER an environment
specifically suited for its biochemical needs. Vesicles have
been observed only near the crystalloid-ER but are not
integrated into the organelle itself. Therefore, direct con-

nections between adjacent crystalloid-ER tube membranes
appear to be the most straightforward way to maintain
a continuous ER lumen. Indeed, a potential connection
site was identified in a tomogram slice (Figure S5a). By
applying a threshold-based isosurface representation to
the relevant tomogram subvolume, an unbiased depiction
of the crystalloid-ER membranes was achieved (Figure
S5b). A tilted view (Figure S5c) reveals the narrow con-
nection between the two tubes, approximately 20 nm high,
suggesting that direct connections between crystalloid-ER
tubes result in a continuous ER lumen. Although such a
connection was not seen in a whorl, it should be noted
that whorl membranes are often found in close proximity,
which likely facilitates some sort of contact. It seems plau-
sible that the whorl also maintains a continuous ER lumen.
Additionally, multiple vesicles were identified within the
whorls, indicating further potential for cargo exchange
between the whorl lamellae.

4 | DISCUSSION

4.1 | Dual-axis STEM tomography to
investigate organellar architecture in 3D

The application of dual-axis STEM tomography at 200 kV
has been previously established as an effective method for
visualising cellular structures in 3D at high resolution.'*-*?
In our study, we further demonstrate its capability to
resolve the intricate membrane architecture of organized
smooth endoplasmic reticulum (OSER) structures, sur-
passing the resolution achieved in our earlier FIB-SEM
analysis of the same samples,*® as well as recent FIB-
SEM analyses and 3D reconstructions of ER whorls in
mammalian cells.*® Historically, freeze-fracture studies
suggested a tubular nature of the crystalloid-ER in UT-1
cells, providing a broad 3D impression without the abil-
ity to discern individual membranes.” In contrast, our
current investigation, involving reconstructed cellular vol-
umes of 800 nm, clearly identifies membrane-enclosed
tubes within the crystalloid-ER and lamellar membrane
sheets within ER whorls. This is achieved by tracing indi-
vidual ER membranes with precision (Figures 1, 3 and 5).
The dual-axis STEM tomography of plastic-embedded
samples effectively bridges the gap between cryo-TEM
tomography of isolated organelles and FIB-SEM analysis of
organelles in the cellular context, all at nanometer resolu-
tion. This method provides a middle ground between these
techniques and super-resolution light microscopy. In sum-
mary, the method has yielded significant insights into the
complex intracellular interaction networks of OSER struc-
tures, allowing us to visualise their membrane architecture
with extraordinary detail.
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4.2 | Whorls as integral parts of the ER ing increased levels of 3-hydroxy-3-methylglutaryl coen-

network

ER whorls and crystalloid-ER appear in similar size and
quantity when PC-2 is overexpressed in HEK293S cells.
Additionally, a mixed crystalloid-ER and whorl morphol-
ogy has been observed (Figures 5 and 6). ER whorls are
directly associated to mitochondria (Figure 2C), identify-
ing the whorl membrane interface as a MAM site — an
ER domain closely involved in lipid biosynthesis.*’ This
suggests that ER whorls may play a role in lipid biosyn-
thesis to satisfy the increased demand for lipids required
to assemble the substantial amount of bulk ER found
in both crystalloid-ER and whorls (Figure 7). Ribosomes
were identified at peripheral ER whorl membrane sheets
(Figure S2). These findings indicate that ER whorls may
function as sites of active protein and lipid biosynthesis,
with the lamellar whorl membrane sheets resulting from
ongoing ER membrane expansion. It has been reported
that a global increase in the yeast ER membrane is
stimulated by UPR signalling and achieved through the
expansion of lamellar membrane sheets to mitigate ER
stress.* This raises the question of whether the pronounced
OSER morphotypes seen with PC-2 overexpression repre-
sent an acute, dangerous stress condition for the cell or
a routine cellular response to alleviate and manage such
stress. Recent studies have shown that PC-2 upregulation
occurs under pathological conditions across various tis-
sue types, including the kidney, liver, brain and heart,
in both human and animal models. Conversely, cells
with PC-2 knockdown or knockout showed increased vul-
nerability to stress-induced cell death.*” Therefore, the
pronounced OSER morphotypes may serve as a universal
stress response to increase cell survival.

4.3 | Protein interactions driving
crystalloid-ER assembly

Crystalloid-ER formation has been widely observed both
in vivo and under conditions of protein inhibition or over-
expression across multiple systems.*’ Our tomographic
analysis has now, for the first time, revealed the tubu-
lar nature of crystalloid-ER with a resolution that allows
us to trace ER membranes and distinguish individual
crystalloid-ER tubes. These tubes are shown to be inter-
connected (Figures 3, 4, and S5), supporting the concept of
a continuous crystalloid-ER lumen. There is currently no
ultrastructural evidence indicating active protein biosyn-
thesis within the crystalloid-ER; instead, it appears that
mature PC-2 accumulates in crystalloid-ER patches.>°
Crystalloid-ER proliferation from lamellar ER mem-
brane sheets has been observed in UT-1 cells when express-

zyme A (HMG-CoA) reductase, the enzyme that serves
as the rate-limiting step in cholesterol biosynthesis.*
Similarly, in COS cells, over-expression of mouse micro-
somal aldehyde dehydrogenase (msALDH) led to crys-
talloid formation. Notably, truncated versions of the
msALDH protein did not result in crystalloid formation,
much like PC-2 C-terminal truncations.'>*' It appears
that crystalloid-ER formation is mediated through homo-
typic soluble domain interactions.®*’ Supporting this
hypothesis, membrane-protein-induced ER membrane
curvature has been demonstrated both in vitro and in
vivo.'*

4.4 | Functional implications of
crystalloid-ER and whorls in the cell

Both crystalloid-ER and whorls occupy a considerable
portion of the cells’ volume, raising questions about the
functional status of the expanded ER. At the time of inves-
tigation, the cultivated cells exhibited no significant dif-
ferences in overall fitness compared to the control group,
as assessed by indicators such as the presence of dead
cells and detachment of adherent cells from the culture
dish. The ER is consistently described as the largest cellu-
lar membrane system,’” with ample evidence supporting
the concept of an entirely continuous ER lumen.®*” Our
ultrastructural STEM analyses consistently revealed the
presence of an intact interaction network for all ER mor-
photypes, including the nuclear envelope, vesicles, and
mitochondria, facilitating multiple possibilities for intra-
cellular communication and interaction. This aligns with
observations of a distinct co-localisation of ER subdo-
mains with their intracellular interaction partners.> These
observations suggest that both ER whorls and crystalloid-
ER function as active organelles. However, crystalloid-ER
and whorls are two very distinct morphotypes. Despite
the existence of a mixed morphotype, no intermediate
forms, intersections between the two types, or altered
tube-lamella arrays were detected in the sample. Thus,
crystalloid-ER tubes and lamellar whorl membrane sheets
are separated from each other. These findings suggest a
specifically, orchestrated formation process, implying that
these morphotypes represent subdomains performing dif-
ferent tasks within the ER. Furthermore, the ER itself
is divided into the nuclear envelope and peripheral ER,
consisting of rER and sER. In this study, ribosome-like
structures were identified on some peripheral membrane
sheets in less well-ordered whorls (Figure S2) but were
not detected in crystalloid-ER patches. Moreover, a con-
tact to a mitochondrion and the formation of the MAM
site could be observed exclusively for whorls (Figure 3C).
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Taken together, these findings point towards distinct and
different functions of crystalloid-ER and whorls.

4.5 | Functional roles of vesicle and
mitochondria interactions with
stress-induced ER structures

The close association of vesicles with both ER whorls
and crystalloid-ER suggests important roles in cellular
processes. In the case of ER whorls, the observation of
multiple vesicles in direct contact with the whorl mem-
branes and the potential for vesicle fusion or budding
indicate that ER whorls are actively involved in vesicle traf-
ficking. Furthermore, the presence of vesicles enveloped
by the whorl membranes hints at a potential role in intra-
whorl cargo exchange or storage. Given that ER stress
often involves an increased load of unfolded proteins, the
interaction with vesicles could reflect the ER’s attempts to
manage this load through enhanced protein folding, degra-
dation pathways, or transport of stress-related molecules.

The observation of a prominent vesicle cluster located
near both the crystalloid-ER and the nucleus in mixed
morphotype cells suggests a role for vesicles in medi-
ating communication or transport between these two
organelles, presumably involved in signalling related to
the stress response or the regulation of crystalloid-ER
formation and function.

A consistent finding was the close association of both
ER whorls and crystalloid-ER with mitochondria. Notably,
the direct contact between ER whorls and mitochon-
dria, exhibiting features characteristic of mitochondria-
associated membranes (MAMs), suggests that these struc-
tures may be particularly important for local lipid syn-
thesis, potentially to meet the increased demand for
membrane lipids required for the formation and main-
tenance of the extensive ER networks seen in both
whorls and crystalloid-ER under stress conditions. While
our study did not directly investigate calcium signalling
at these sites, the established role of MAMSs in this
process™ suggests a potential involvement of ER whorls
in regulating mitochondrial function and cellular cal-
cium homeostasis during stress. The lack of observed
fusion events between whorls and mitochondria indi-
cates that the interaction is presumably focused on
exchange of molecules and signals rather than structural
integration.

In conclusion, the intricate interactions of vesicles
and mitochondria with stress-induced ER structures like
crystalloid-ER and ER whorls highlight the dynamic and
interconnected nature of cellular organelles in response to
stress. The spatial organisation and interactions observed
underscore the ER’s remarkable plasticity and its capac-
ity to form specialised subdomains that cooperate with

other organelles to maintain cellular homeostasis under
challenging conditions.

5 | CONCLUSION

In conclusion, our study has successfully employed dual-
axis STEM tomography to investigate the intricate three-
dimensional morphology of endoplasmic reticulum (ER)
whorls and crystalloid-ER structures formed in HEK cells
under stress conditions induced by PC-2 overexpression.
Our work has provided unprecedented 3-dimensional
ultrastructural insights into these organised smooth ER
(OSER) morphotypes, revealing key features such as the
tubular nature and interconnectedness of crystalloid-ER,
the lamellar organisation and membrane curvature of
ER whorls, and the spatial relationship and interactions
between these structures, as well as with other organelles
like mitochondria and vesicles. Notably, the ability to visu-
alise the co-occurrence yet spatial separation of these
distinct ER morphologies within the same cell, along with
the direct membrane contacts observed in mixed morpho-
types, offers innovative insights into the dynamic organ-
isation and potential functional specialisation of the ER
under stress. These detailed morphological findings and
the resulting insights into the ER’s adaptive responses were
made possible by the technical advantages of dual-axis
STEM tomography. Specifically, the technique’s capacity
for high-resolution 3D imaging of relatively thick cellular
sections, coupled with the benefits of increased depth-of-
focus, minimal spherical and chromatic aberration, and
improved signal-to-noise ratio compared to conventional
TEM tomography, allowed for the comprehensive anal-
ysis of larger cellular subvolumes. Therefore, our study
underscores the power of STEM tomography as a vital tool
for elucidating complex organellar architecture within its
native cellular context.
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