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25  Synopsis: Suborganelle compartmentalization cannot be resolved by diffraction limited light

26 microscopy and not interpreted without knowledge of the underlying ultrastructure. This work

27  shows a novel superCLEM workflow that combines multi-colour single-molecule localization-

28  microscopy with electron tomography to map several functional domains on early endosomes.
29  superCLEM reveals that the small GTPase Rab5 is organized in nano-domains largely devoid
30 from cargo molecules Transferrin and EGF and opens new possibilities to perform structure-

31 function analysis of organelles at the nanoscale.
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Abstract

Many cellular organelles, including endosomes, show compartmentalization into distinct
functional domains, which however cannot be resolved by diffraction-limited light
microscopy. Single molecule localization microscopy (SMLM) offers nanoscale
resolution but data interpretation is often inconclusive when the ultrastructural context is
missing. Correlative light electron microscopy (CLEM) combining SMLM with electron
microscopy (EM) enables correlation of functional sub-domains of organelles in relation
to their underlying ultrastructure at nanometer resolution. However, the specific
demands for EM sample preparation and the requirements for fluorescent single-
molecule photo-switching are opposed. Here, we developed a novel superCLEM
workflow that combines triple-colour SMLM (dSTORM & PALM) and electron
tomography using semi-thin Tokuyasu thawed cryosections. We applied the
superCLEM approach to directly visualize nanoscale compartmentalization of
endosomes in Hela cells. Internalized, fluorescently labelled Transferrin and EGF were
resolved into morphologically distinct domains within the same endosome. We found
that the small GTPase Rab5 is organized in nano-domains on the globular part of early
endosomes. The simultaneous visualization of several proteins in functionally distinct
endosomal sub-compartments demonstrates the potential of superCLEM to link the

ultrastructure of organelles with their molecular organization at nanoscale resolution.
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Introduction

Cellular organelles have a characteristic size, shape and a morphologically
distinguishable sub-domain organization™. Such sub-domains are distinct in protein
and lipid composition and provide the microenvironment necessary for coordinated
biochemical reactions. For example, early endosomes partition cargo molecules with
different intracellular fates into distinct sub-domains. Recycling cargo such as
Transferrin (Tfn) is sorted into tubules, which pinch off from the endosome and fuse with
the plasma membrane. Cargo to be degraded, such as the epidermal growth factor
(EGF) and the low-density-lipoprotein (LDL), accumulates in the globular portion of the
endosomes’®. EGF remains bound to its receptor and is sorted into intraluminal
vesicles (ILVs), whereas LDL is released from its receptor into the lumen of the
endosome. The past thirty years have seen growing progress towards the identification
of the molecules underlying the structural and functional properties of membrane
organelles and their communication®™*2. Their position in relation to the ultrastructure of
the organelle is less understood but of particular significance in order to relate molecular
machineries to their nano-environment. For example, confocal microscopy has provided
some evidence that Rab GTPases, key regulators of organelle biogenesis and

14-16

trafficking , are compartmentalized into morphologically-distinct domains within early

17,18

and late endosomes "". Specifically, the function of Rab5 in regulation of early

endosome tethering and fusion®®?°

is thought to depend on its concentration within sub-
endosomal domains™. However, a conclusive proof of the existence of such Rab-
domains, especially in relation to other functional domains (e.g. cargo sorting), within
the same endosome is lacking, mainly because of the diffraction-limited resolution of

confocal microscopy.

Electron microscopy (EM) offers nanoscale resolution, but only a few methods are
available for localizing specific molecules by EM, and even these are limited by
significant constraints. Immuno-gold based protocols generally yield low labelling

efficiency because only antigens exposed on the surface of a section are accessible to
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antibodies and the binding of gold-conjugated probes is hampered by steric hindrance
and electron repulsion*??, Some cargo, such as Tfn, may be coupled to colloidal gold
particles, which can then be internalized by cells prior to fixation. However, association
of a ligand with a gold particle may reduce its internalization efficiency due to steric
hindrance. Moreover, coupling to gold may alter the normal intracellular pathway of
ligands, as in the case of the Tfn-gold probe, which was observed not to recycle®.
Therefore, colloidal gold-conjugated probes often results in sparse signal in EM, making
it difficult to draw definite conclusions on the sub-compartmental organization of
organelles. Alternatively, protein tags that can be visualized by EM are available, but
can be applied to only one protein at a time and lead to a diffuse signal with low

signal/noise ratio (HRP-tagging®* ; MiniSOG-tagging®®; Apex-tagging®>°)

On the other hand, fluorescence labelling approaches are versatile and range from
standard immuno-labelling, tagging proteins with fluorescent tags, to small organic dye-
conjugated probes. Despite the generally high labelling efficiency, the diffraction limited
resolution of classical light microscopy (2200 nm) does not allow the visualization of
structural features at the nanoscale. Fluorescence based single-molecule localization-
microscopy (SMLM) methods, such as photo-activation localization microscopy
(PALM)*® and direct stochastic optical reconstruction microscopy (dSTORM)*, provide
spatial resolutions well below the diffraction barrier and attain structural insight towards

the molecular range®.

However, despite the improved resolution of SMLM over conventional light microscopy,
it is often necessary to visualize the organelle ultrastructure to draw conclusions.
Correlative light electron microscopy (CLEM) approaches deploying SMLM can be used
to investigate the localization of proteins at the nanoscale in the context of the
ultrastructural reference space®®. Yet, single-molecule based CLEM approaches have
mostly been limited to one high-resolved colour, either a fluorescent protein or an
organic dye. This is largely due to the difficulty of combining multiple photo-switchable
markers in a single CLEM workflow with SMLM imaging constraints®**°3"~_ Although

40,41
d

some dual-colour SMLM based CLEM approaches have been reporte , they have
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never been applied to structurally frail structures like endosomes, which are susceptible

to ultrastructural damage.

Here, we addressed this challenge by developing a correlative triple-colour SMLM and
electron tomography superCLEM workflow that relies on the combination of PALM and
dSTORM with electron tomography for high-resolution three-dimensional ultrastructural
analysis, on semi-thin Tokuyasu thawed cryosections. Our results show for the first time
the compartmentalization of EGF, Tfn and Rab5 (or LDL) simultaneously in relation to
the three-dimensional organelle ultrastructure with nanometer resolution in both imaging
modes, demonstrating the applicability of our superCLEM workflow to complex

biological questions at the sub-organelle level.
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Results

Characterization of the experimental cell model

Previous studies provided evidence that Rab5 and other Rab proteins, are
compartmentalized on endosomal membranes®>*8. We therefore aimed to apply triple-
colour SMLM to further investigate its sub-endosomal localization relative to Tfn and
EGF, as cargo markers of the recycling and degrading routes, respectively. Because
membrane permeabilization required for immuno-labelling adversely affects the
endosomal ultrastructure, we used Tfn and EGF conjugated to Alexa dyes (Tfn-AF568,
EGF-AF647) and genetically tagged Rab5c with the monomeric, reversibly photo-
switchable fluorescent protein Dronpa. In comparison to more commonly used photo-
switchable fluorescent proteins, Dronpa occupies only one spectral channel, thus
facilitating triple colour detection on our setup (see methods). To express Dronpa-
Rab5c close to endogenous levels, we generated a HeLa BAC cell line*?. Three distinct
populations of cells were sorted based on their levels of expression, i.e. “low”, “mid” and
“high”. The percentage of tagged-to-endogenous Rab5c protein was assessed by
Western blotting (Figure 1 A), and Dronpa-Rab5c was approximately 15, 27 and 38% of

the total amount of Rab5c protein, respectively.

Tagging of proteins with fluorescent labels often causes alterations in endosomal
function®. To exclude them, we first quantified the trafficking kinetics of Tfn and EGF
during a pulse-chase experiment. The uptake of these cargo molecules was measured
based on the number and fluorescence intensity of vesicles using quantitative multi-
parametric image analysis (QMPIA), as previously reported****. The “high” population of
Dronpa-Rab5c BAC cells showed no substantial alterations in Tfn and EGF trafficking
when compared to control HelLa cells and was chosen as a reasonable approximation
of endogenous Rab5c levels (Figure 1 C-H). Dronpa-Rab5c was similarly distributed

throughout the cell as endogenous Rab5.

In cells incubated with Tfn-AF568 and EGF-AF647 for 15 min, we observed triple-
positive EGF, Tfn and Dronpa-Rab5c early endosomes, particularly in the perinuclear
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region. Confocal microscopy analysis of these regions suggests a differential
distribution of Dronpa-Rab5c and the cargo molecules on individual endosomes, which
is consistent with the previously reported spatial segregation of different Rab proteins
relative to cargo (*', Figure 1 B). In addition to the Dronpa-Rab5c cell line, we used a
GFP-Rab5c cell line as control throughout our experiments. The endosomal distribution
of GFP-Rab5c and the uptake of cargo in the GFP-Rab5c cell line were similar to the
Dronpa-Rab5c cells (Suppl. Figure S1).

Triple colour SMLM resolves endosomal compartmentalization of EGF, Tfn &
Rab5

In order to elucidate the compartmentalization of Rab5c in relation to Tfn and EGF, we
performed triple colour SMLM on HelLa cells grown on cover slips, after EGF and Tfn
uptake for 15 min (Figure 2, Suppl. Figure 2). Similar to confocal imaging, we observed
endosomes where all three markers appeared within a certain degree of overlap. EGF
was mainly concentrated to a small part of the apparent endosomal area often
exhibiting a granular structure. Further, small EGF hotspots were visible at the centre of
the structures. On these endosomes, Tfn covered a larger area than EGF but was
mainly segregated from it in prominent elongated structures, ranging from short stubs

(Figure 2 A) to several 100 nm in length (Figure 2 C,D).

Most strikingly, Dronpa-Rab5c was enriched in domains on the central part of the Tfn
and EGF-positive structures. The Dronpa-Rab5c signals were found to line the apparent
endosomal membrane in a circular geometry (Figure 2 A, Suppl. Figure S2A),
separated from EGF and/or Tfn (Figure 2 B, Suppl. Figure S2B-G) or as small,
distributed spots (Figure 2 C, Suppl. Figure S2B). Interestingly, Dronpa-Rab5c domains
could also be found close to, or at the base of, elongated Tfn structures (Figure 2 C,D,
Suppl. Figure S2C,E). To exclude misinterpretations due to possible photo-switching
artefacts, we validated the SMLM imaging with multi-colour three-dimensional
structured illumination microscopy (SIM), as distinct super-resolution method. We
observed Dronpa-Rab5c and cargo geometries consistent with the SMLM images

considering typical SIM resolution (Suppl. Figure S3).
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We quantified the distributions of number and size of Rab5-domains in Tfn, EGF and
Dronpa-Rab5c triple positive structures with a morphological particle analysis based on
the SMLM images (see methods, Suppl. Figure S4). We determined on average 4.9 +
3.1 (mean % std) Dronpa-Rab5c domains with a diameter of 55.1 + 37.8 nm (mean *
std) within the presumed endosomal area (Suppl. Figure S4A-C). In approximately 20
percent of these endosomes, we found only one, pronounced Dronpa-Rab5c domain
with significantly enlarged diameter of 130.4 = 46.3 nm (Suppl. Figure S4A).
Interestingly, the total endosomal area covered by Dronpa- Rab5c follows a linear
increase, dependent on the number of endosomal domains (Suppl. Figure S4D).
Furthermore, while the coverage of endosomal area by Rab5c is virtually independent
of the approximated overall size of endosomes (see methods, Suppl. Figure S4F),
larger endosomes seem to exhibit more Rab5c domains (Suppl. Figure S4E). These
results suggest that early endosomes have multiple Rab5-domains that may vary in

number and size dependent on their size progression.

A workflow for correlative multi-colour SMLM and electron tomoqgraphy

We could resolve the two cargo molecules and Dronpa-Rab5c simultaneously with
SMLM. However, since SMLM projects the three-dimensional endosomal structure to a
two-dimensional image plain, it is not possible to unambiguously assign the fluorescent
signals to the same or distinct endosomes (e.g. Figure 2 C, Suppl. Figure S2C-E). To
address this limitation, we set to map the localization of molecules to the endosomal
ultrastructure (e.g. limiting membrane of the central vesicle, ILVs, tubules). We
established a correlative multi-colour SMLM and electron microscopy workflow
(superCLEM) schematically represented in Figure 3. Hereby, the challenge was to take
into account the structural specifics of endosomes as well as constraints of the sample
preparation imposed by SMLM. Given the complex, vesiculo-tubular morphology of
early endosomes, we used semi-thin (300-600 nm) sections to ensure that a major
portion of the endosomal volume is contained within a section. In turn, to resolve the
ultrastructure within semi-thin sections we had to apply electron tomography. Because
heavy metal staining, dehydration and resin embedding are known to interfere with
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photo-switching of organic dyes and fluorescent proteins*, we chose to perform SMLM
on thawed cryosections using the Tokuyasu method*. In contrast to standard resin
embedding, this method enables sectioning of frozen hydrated samples and allows the
staining with heavy metals after completion of SMLM imaging. Thereby, the Tokuyasu
method vyields better preservation of antigens, as well as fluorescence and photo-

switching properties for SMLM®.

For the final registration of the SMLM and EM data sets, we tested different types of
fiducial markers visible in both imaging modes. Because beads that were adsorbed to
the back side of the formvar film could obscure the region of interest (latex-beads) or
cause strong out-of-focus background (tetraspecks) (data not shown), we ultimately
chose glutaraldehyde (GA)-fixed bacteria as fiducials. These exhibit a strong
broadband, photo-switching auto-fluorescence signal, and provide a stably immobilized

marker within the actual imaging plain and restricted to the space between cells.

Our optimized superCLEM workflow is schematically represented in Figure 3. Briefly,
after a 15-min pulsed uptake of cargo, cells were fixed, scraped, mixed with GA-fixed
bacteria, pelleted and embedded in porcine gelatin. Subsequently, the pellet was cut
into small blocks, which were infiltrated with sucrose to protect them from ice crystal
formation when subsequently hardened by snap freezing in LN,*’. Semi-thin sections
were cut using a cryo-ultramicrotome and transferred either to glass cover-slips for
SMLM imaging only, or to formvar-coated EM finder grids for the superCLEM approach.
In the latter case, after SMLM imaging, the grids were washed, incubated with colloidal
gold particles as EM-markers, contrasted with uranyl acetate, embedded in methyl
cellulose and air-dried. Tilt-series of selected areas were acquired in a transmission
electron microscope, followed by tomogram reconstruction and endosome
segmentation. Finally, the SMLM image was aligned to the ultrastructural model to

assign the super-resolved fluorescence information to the ultrastructural features.

superCLEM - multicolour SMLM in the context of three-dimensional ultrastructure

Before applying the superCLEM protocol, we first ascertained that semi-thin sections of

cells cut at random orientation retain the majority of endosomal structures by performing
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triple colour SMLM on sections deposited directly on glass coverslips (Figure 4, Suppl.
Figure S5). We observed the same compartmentalization of the three markers in the
sections as in whole cell SMLM, thus excluding significant distortions of observable
structures. Moreover, because of the significantly reduced sample thickness,
background and out of focus signals were virtually absent compared to whole cell
imaging. Combined with the possibility to apply a full TIRF illumination, the detection
probability and localization quality, especially with dimmer localization events were
significantly improved, revealing fine-structures like thin Tfn extensions (Figure 4 A,C)
and small EGF rings (Figure 4 A,D, Suppl. Figure S6). These results indicate that
SMLM can be performed reliably on Tokuyasu sections.

Next, we applied the superCLEM workflow to Tokuyasu sections deposited on EM
finder grids. The SMLM data set in Figure 5 A shows the EGF and Tfn signals
concentrated in distinct domains. After registration of the SMLM and the EM overview
images (Suppl. Figure S7; exemplary), the tilt series of the selected region of interest
(ROI) was acquired. The ultrastructural model was built by segmentation of membranes
on virtual tomogram slices (Suppl. Figure S8, exemplary). The SMLM image of the ROI
and the ultrastructural model were aligned (Suppl. Figure S9; exemplary) for a side-by-
side comparison (Figure 5 A,B) to assign the fluorescent markers to distinct
ultrastructural features of a single endosome. Whereas the EGF signal localized to the
central vesicle, which is outlined by the limiting membrane, the Tfn signal mostly
coincided with the tubular structures. A more in-depth analysis revealed that the spotty,
sometimes ring-like SMLM EGF signal could be assigned to ILVs within the central
vesicle. Two of these vesicles were not yet completely internalized, as their membranes
were continuous with the limiting membrane of the central vesicle (Figure 5 C; magenta
arrows). Most Tfn signal could be assigned to tubular structures, presumably recycling
tubules, at one end of the central vesicle. Notably, the Tfn SMLM signal alone did not
show a conspicuous tubular pattern due to the axial superposition of tubules, as shown
by the EM analysis. Interestingly, some disperse Tfn signal was also apparent at the
limiting membrane of the central vesicle, probably representing Tfn yet to be sorted into

recycling tubules. One spot of Tfn signal appeared laterally close to tubules, but may

10
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correspond to a Clathrin-coated pit on the plasma membrane, axially distant from the

endosome, as indicated by the side view of the ultrastructural model (Figure 5 B,C).

Figure 6 provides examples that illustrate why the SMLM signals must be mapped to
the ultrastructure of the organelle. When comparing the distribution of SMLM signals
and ultrastructural models, EGF and Tfn are largely sorted to separate domains within
the same endosome, e.g. in Figure 6 A. However, in the cases when their SMLM
signals overlap, one could interpret that both are mingled and localized to the central
vesicle (Figure 6 B,D). Yet, in such cases the EM analysis revealed the presence of
tubular structures above or below the central vesicle, which can most likely be assigned
to the Tfn signal (Figure 6 B,D). Furthermore, we identified many single Tfn positive
structures, which when compared with the corresponding EM image did not appear to
have a central vesicle (Figure 6 E). We assume these structures to represent
neighbouring early or recycling endosomes. Particularly in the case where only a minor
portion of an endosome was contained in a section the interpretation of the resulting
sparse SMLM signal is challenging without ultrastructural context (Figure 6 C).
Furthermore, although the EGF signal was generally localized to the central vesicle, it
had an uneven distribution and, therefore, could not be considered a reliable marker to
trace the outline of the central vesicle. In some reconstructed tomograms, we observed
electron dense coats at the cytoplasmic side of the central vesicle (Suppl. Figure S8).
Similar structures were previously described as sorting micro-domains, where EGF
accumulates before internalization into ILVs**“*°. We found many instances where, in
addition to ILVs, the EGF SMLM signal could be assigned to sorting micro-domains,

thus capturing different stages of EGF sorting (Figure 6 B, C, orange arrows).

The superCLEM workflow we developed can be applied to simultaneously assess the
intra-endosomal distribution of multiple cargo molecules labelled with spectrally distinct
organic dyes. We analysed the spatial distribution of EGF-Alexa647, Tfn-Alexa568 and
LDL-Alexa488 internalized simultaneously by HelLa cells for 15 min. Whereas most Tfn
SMLM signal could be assigned to complex tubular structures (Suppl. Figure S10), LDL

11
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and EGF signals could be mapped to the lumen of the central vesicle by EM analysis.
However, in contrast to EGF that was concentrated in domains as described above,
LDL exhibited a rather disperse pattern, which is consistent with the release from its
receptor into the lumen®. We identified a number of ILVs within the globular part of the
endosome, but only a fraction could be associated to the EGF SMLM signal (Suppl.
Figure S6). Those ILVs most likely contain a distinct set of endocytosed membrane
proteins that are destined for degradation. Furthermore, we performed SMLM on
Tokuyasu sections with consistent localization patterns of all three cargo molecules

compared to the superCLEM data set (Suppl. Figure S11)

Finally, we applied triple colour superCLEM to determine the localization of Rab5c
(Dronpa- and GPF-Rab5c, see methods) in relation to the endocytic cargo. The results
of representative superCLEM experiments are presented in Figures 7 and Suppl. Figure
S12. Consistent with SMLM images acquired either on whole cells or on Tokuyasu
sections deposited on cover slips, the Rab5c signal was localized in either multiple
small (Figures 7 A, Suppl. Figure S12) or a singular larger domain (Figures 7 D, Suppl.
Figure S12D). Expectedly Rab5c domains did not exhibit particular ultrastructural
features. When the Rab5¢c SMLM signal was overlaid with the ultrastructural model, it
largely coincided with the limiting membrane of the central vesicle (Figure 7 B,E; Suppl.
Figure S12B,E). The analysis also showed that multiple Dronpa-Rab5c domains can be
mapped to the same early endosome. In our superCLEM data sets we could also find
instances, where Dronpa-Rab5c domains were located close to Tfn tubular bundles
(Figure 7 B, Suppl. Figure S12B).

12


https://doi.org/10.1101/629147

O 0 N o u B~ w N

10
11
12
13
14
15
16

17
18
19
20
21
22
23
24
25
26
27
28
29

bioRxiv preprint doi: https://doi.org/10.1101/629147; this version posted May 6, 2019. The copyright holder for this preprint (which was not

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Discussion

In this study, we have addressed a so far unmet technical need to map several different
proteins simultaneously to the ultrastructure of an early endosome with nanoscale
resolution. For this, we developed a correlative triple-colour SMLM and electron
tomography superCLEM workflow, combining dSTORM and PALM on semi-thin
sections, with three-dimensional ultrastructure imaging. To preserve the fluorescence
properties of organic dyes and fluorescent protein after sectioning, we used a sample
preparation protocol based on the Tokuyasu method. This way, it was possible to apply

the heavy metal staining mandatory for EM after the completion of SMLM imaging.

We showed that semi-thin Tokuyasu sections mounted on glass cover slips are an
optimal sample preparation for SMLM on organelles, due to the virtual absence of
background and out of focus signal. Yet, the resolved fluorescence signal alone is not
sufficient to make conclusive deductions about the overall endosomal structure or
compartmentalization of cargo, even with SMLM resolution. This is mainly due to the
difficulty to obtain reliably axially aligned three-dimensional SMLM >*~>% in a triple colour

setup.

Our superCLEM workflow proved reliable with respect to previous notions of cargo
sorting in the early endosomes. We could visualize different stages of EGF sorting
within the globular part of early endosomes, such as micro-domains on the endosomal
limiting membrane and formation of ILVs. In contrast, LDL was diffuse within the lumen
of the central vesicle. Tfn was primarily located in recycling tubules with often complex,
interwoven geometries, which are not resolvable by SMLM alone. These observations
are in accordance with previously reported findings based on EM analyses®®®*>°,
However, neither EGF nor Tfn were exclusively confined to one particular compartment
since we also found disperse Tfn signal on the limiting membrane of endosomes, and
EGF signal neither associated with ILVs nor distinct micro-domains. This suggests that
upon continuous internalization, we could detect cargo molecules transiently spread on
the limiting membrane of a central vesicle prior to accumulation in endosomal domains.

Thus, the SMLM protocol appears to be sufficiently sensitive to detect also sparse

13
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molecules on the membrane at various stages of cargo uptake and sorting in early

endosomes.

Not every bit of the SMLM signal could be assigned to an ultrastructural counterpart.
We conclude that during drying the fine ultrastructure at the very top and bottom of a
section is less likely to be sufficiently preserved to allow segmentation. Furthermore,
due to the missing wedge in electron tomography there is an inherent loss of structural
information in certain regions of the tomogram. We compiled a detailed discussion of
the limitations of our superCLEM approach and troubleshooting in the Supplementary
Note.

In addition to resolving Tfn, EGF and LDL cargo, we found Dronpa-Rab5c localized to
nano-domains within early endosomes. To our knowledge, this is the first report of a
single-molecule based CLEM approach to precisely map different fluorescently-labelled
proteins simultaneously to distinct domains within intracellular membrane compartments
with a three-dimensional ultrastructural context. Based on the SMLM statistics
performed on Tokuyasu sections deposited on glass coverslips, EGF and Tfn-positive
endosomes have an average of five Dronpa-Rab5c domains with a diameter of ~55 nm,
dependent on the overall size of the endosome. In all likelihood, these increase in
number and size as they progress over time and ultimately undergo Rab5 to Rab7
conversion®. The oligomeric complexes of Rab5, its effectors and SNAREs previously
detected by cross-linking and subcellular fractionation may underlie the formation of
these domains®. Dronpa-Rab5c domains were also found associated with Tfn-positive

recycling tubules. These results suggest that the biochemical cascades functionally

61-63 64,65

linking Rab proteins in mammalian cells and yeast may also be spatially
compartmentalized. Our superCLEM workflow will be instrumental to further dissect the
molecular mechanisms underlying the structure, remodelling and function of

endosomes.

Our method is generally applicable to the study of the sub-organelle organization at the
nanoscale in other membrane compartments, like the Golgi apparatus, where the
precise trafficking routes for cargo and resident enzymes are still debated®. The wide

compatibility of our superCLEM workflow with photo-switchable proteins and organic
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dyes also enables other labelling approaches for SMLM. For example, expressing
photo-switchable fluorescent proteins and self-labelling tags such as the SNAP- and/or
Halo-tag®” utilizing the CRISPR/Cas9 system will allow the visualization of multiple
proteins with superCLEM at endogenous expression levels. In addition, other cell
permeable dyes that have been shown to be suitable for SMLM such as Mitotracker,
ER-tracker, Lysotracker®®; DAPI, Hoechst 33342% could be used for superCLEM to
label various organelles simultaneously. Further, the incorporation of fluorescence
immunolabeling protocols on gently fixed whole cells before they are prepared for
Tokuyasu sectioning, would significantly expand the potential of our approach, if
sufficient ultrastructure preservation is maintained. Finally, adding a reliable approach
for triple-colour three-dimensional SMLM to the current workflow will allow even better

correlation between the two imaging modalities.
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Figures

Figure 1: Validation of the Dronpa-Rab5c BAC HelLa cells.

(A) Western blot of Dronpa-Rab5c expressing cells sorted by FACS into low, middle and
high expression populations. The molecular weights of Dronpa-Rab5c and endogenous
Rab5c were confirmed to ~49 kDa and 23 kDa respectively. The percentage of each
population was determined to 15 (low), 27 (middle) and 38% (high) relative to the total
Rab5c amount. GAPDH was used as a loading control.

(B) Representative confocal images of high-expression Dronpa-Rab5c cells labelled
with a Rab5c antibody. Cells were fed with Tfn and EGF continuously for 15 min prior to
fixation. The inlay highlights the indicated boxed area with higher magnification,
suggesting a differential spatial distribution of the three proteins. Scale bars: 20 um,
Inlay: 1 pum

(C-H) Trafficking kinetics of Tfn (C, E and G) and EGF (D, F and H) for the high
expressing Dronpa-Rab5c BAC cell line (MeantSEM)

(C-D) Number of Tfn- (C) and EGF-positive (D) endosomes per masked area.

(E-F) Mean integral intensity of Tfn- (E) and EGF-positive (F) endosomes per masked
area.

(G-H) Sum integral (overall) intensity of Tfn- (G) and EGF-positive endosomes (H) per
masked area.

Figure 2: Triple-Colour Single-Molecule Localization Microscopy of endosomes in
HelLa cells.

Triple-Colour Single-Molecule Localization Microscopy of endosomes in HelLa cells
reveals the compartmentalisation of early endosomes. A-D Representative examples of
triple-positive endosomal structures displaying various types of compartmentalization of
EGF (AF647, red), Transferrin (AF568, green) and Rab5c (Dronpa, cyan). EGF is
predominantly present on a small part of the endosome, exhibiting a granular
substructure. Transferrin signal spreads over the largest area of a presumed endosome
and extends outwards in the form of elongated structures spanning several 100 nm. Its
highest concentration are often exclusive of EGF hotspots. Rab5c is concentrated in
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nano- (A,C) and microdomains (B) on the endosomal membrane or in larger hotspots
on the periphery (D). Scalebar: 250 nm (A,B), 500 nm (C,D).

Figure 3: Schematic representation of the superCLEM workflow.

Schematic representation of the workflow leading to an SMLM analysis with or without a
subsequent electron microscopic analysis. Sample preparation and analysis are
described in more details in the Results and in the Materials and Methods sections.
Double arrowheads indicate that the workflow continues in a row below. Orange

arrowheads indicate steps specific to the superCLEM approach.

Figure 4: Triple-Colour SMLM of endosomes on Tokuyasu sections.

Triple-Colour Single-Molecule Localization Microscopy of endosomes on Tokuyasu
sections shows compartmentalization of early endosomes consistent with the analysis
on Hela cells. A-D Representative examples of endosomal structures displaying
various types of compartmentalization of EGF (AF647, red), Transferrin (AF568, green)
and Rab5c (Dronpa, cyan). Due to significantly reduced background and out of focus
signal, the detection efficiency and quality is improved compared to whole cell SMLM.
Thus, finer features like subtle Tfn tubules (A) and small EGF rings (A,D) can be
resolved. Scalebar: 500 nm.

Figure 5: Visualization of EGF and Tfn cargo compartmentalization by superCLEM
(A) SMLM data for EGF-Alexa647 (red) and TFn-Alexa568 (green). (B) Ultrastructural
model of the endosome based on a tomogram reconstructed from double-axis tilt series.
(C) Virtual tomographic slices along four z-axis positions. Colour lines indicate
segmented structures. Raw images are shown in Supple. Figure S8. Colours in B and C
represent: (grey) limiting membrane, (red) ILV, (magenta) ILV continuous with the
limiting membrane, (green) recycling tubules, (white) plasma membrane, (purple)
clathrin coat. Pink arrows point to ILVs that are continuous with the limiting membranes

and coloured magenta in the ultrastructural model. Scalebar: 250 nm.
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Figure 6: superCLEM reveals ultrastructural complexity behind SMLM projection
images.

Panels representing one particular endosome are arranged horizontally (A-E). SMLM
data sets are presented in the first three columns: red colour is used to depict EGF-
Alexa647 signal, green to depict Tfn-Alexa568 signal. Ultrastructural models are based
on tomograms reconstructed from double-axis tilt series. Colours used in models
represent: (grey) endosome limiting membrane, (green) tubular structures,(red) ILVs,
(magenta) ILV continuous with the limiting membrane, (orange) sorting microdomains
(SuD) on the limiting membrane. In panels D and E, in addition, plasma membrane
(PM) was segmented and outlined in (white), clathrin-coated pits/vesicles are indicated
with (purple) and the internalized cargo in (green) as it may coincide with the SMLM Tfn
signal. Horizontal grey lines in the last column indicate top and bottom sides of a
reconstructed tomogram. The third and fourth columns (framed with red to guide the
eye) offer the optimal comparison between SMLM projection images and corresponding
ultrastructural models. Scalebar: 250 nm.

Figure 7: Mapping of Rab5c on endosomes visualized by triple-colour superCLEM
(A,D) SMLM data for EGF-Alexa647 (red), TFn-Alexa568 (green) and GFP/Dronpa-
Rab5c (blue). (B,C,E,F) Ultrastructural models of endosomes based on tomograms
reconstructed from double-axis tilt series. Colours used in models represent: (grey)
limiting membrane, (red) ILV, (green) recycling tubules, (orange) sorting microdomains
(SuD), (blue) Rab5c. Horizontal grey lines in the bottom images (C,F) indicate top and
bottom sides of reconstructed tomograms. Scalebar: 250 nm.
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Material and Methods

Cell culture

HeLa Kyoto cells were grown in DMEM supplemented with Penicillin (100 units/ml),
Streptomycin (100 pg/ml) and Fetal Bovine Serum (10%). To generate a cell line
expressing Dronpa-hRAB5C at near endogenous expression levels, the bacterial
artificial chromosome (BAC) CTD-2005A24 was used to tag RAB5C with Dronpa or
GFP (as described previously’) using BAC-TransGeneOmics.

A Dronpa::GGGGSGGGGS::Rab5¢c coding BAC was generated by Red/ET
recombination from a Rab5c-containing BAC and a Dronpa-GS-linker PCR cassette.
Homologous  recombination  yielded DNA containing tagged Dronpa-
GGGGSGGGGShRABSC, which was isolated and transfected into HeLa Kyoto cells
using Effectene (Qiagen). We additionally transfected a Rab4a-BAC RP11-158E11 with
a SNAP tag and generated it as mentioned above. Stably integrated transgenes were
selected and maintained using media containing 400 pg/mL G418 (Invitrogen) and 90
Mg/mL Nourseothricin sulfate. Three populations showing different levels of expression

were sorted using a FACS Aria sorter.

Western blotting
HeLa Kyoto were lysed using ice-cold lysis buffer (50 mM Tris, pH 7.5, 1% NP-40, 0.1%
Na-deoxycholate, 150 mM NaCl, 1 mM EDTA + 1X Phosphatase Inhibitor Cocktail). For

Western blotting equal amounts of HeLa cell extracts (10 pg) were subjected to SDS-

PAGE and resolved, then wet-blotted on X Cell 2 Mini Cell apparatus (Invitrogen GmbH)
onto nitrocellulose membranes, and subsequently incubated with primary antibodies.
Rab5c was detected using a a rabbit primary antibody directed against Rab5c (Sigma
HPA003426-100UL, 1/1000) was incubated with the membrane overnight at 4°C and,
after washing with PBS-Tween buffer, incubated with an anti-rabbit HRP-conjugated
secondary antibody (1/10,000, 30 min). Bands were detected with enhanced
chemiluminescence Western blotting detection reagents (GE-Healthcare RPN 2106V1,
1:1, 1 min exposure time). Following the same procedure as for the Rab5c antibody, a
mouse primary antibody directed against GAPDH (Sigma T6557-5ML, 1/1,000) was
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used on the same membrane to reveal GAPDH as a loading control. Densitometric

guantification of Western blots was performed by using ImageJ software.

Pulse-chase experiments

HelLa Kyoto cells and Dronpa-Rab5c or GFP-Rab5c cells from sorted populations were
grown in 96-well microplates (GBO, #655866) for 24 h to reach 80-90% confluency.
FBS-free media was added to the wells for one hour. CO,-independent medium was
added to the wells for one more hour. Then at given time-points, the pulse solution (Tfn-
Alexa568 [20 ug/ml], EGF-Alexa647 [1 ug/ml] in CO,-independent medium) was given
to the cells. After one minute of pulse, the cells were washed in CO,-independent
medium and then exposed to the chase solution (unlabelled Tfn [200 pug/ml] in CO,-
independent medium). After the required time of chase, the cells were washed once in
PBS and fixed in PFA 3% for 20 min and washed three times for 5 min in PBS. Then 50
pl of DAPI (1/5000) / Cell Mask Blue (CMB, 1/10000) in PBS were added to each well
for 30 min. Finally, without removing the PBS/DAPI/CMB mixture, 90 ul of 0,04%
sodium azide was added to each well. Imaging was carried out on a Cell Voyager
CV7000 automated spinning disk microscope (Yokogawa) using a 40X/0.95NA
objective. 8 fields of view (416 ym x 351 um, 0.1625 um/pixel) per well were acquired
and conditions were tested in triplicates to yield 24 images per condition.

Image analysis was carried out using the lab custom built software Motion Tracking.

Sample preparation for superresolution on glass

Coverslips were washed overnight with Hellmanex and then at least 3 times rinsed with
water before they were stored in absolute ethanol. Before use, the ultra-clean coverslips
(#1.5) (11 or 24 mm in diameter) were again intensively washed with water, dried and
then coated with 50 pg/ml poly-L-lysine for 30 mins and then dried overnight and stored
at 4°C. Before immediate use coverslips were washed 3x with PBS HelLa cells were
seeded onto the coverslips at a desired density.

Depending on the application cells were exposed to a 15 min uptake of the ligand
solution (Tfn-Alexa 568 [10 ng/ml, EGF-Alexa647 [100 ng/ml], Atto or Alexa 488-LDL
[1:30 from home-made stock solution] in FBS-free DMEM). Cells were washed with 3x
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PBS and then fixed in 3% PFA for 15 min at 37°C and washed with PBS before SMLM

imaging and for SIM imaging mounted with ProlongDiamond (Invitrogen).

LDL purification and labelling

Low density lipoprotein (LDL) was purified from human plasma. The plasma was mixed
with 0.22g of KBr/mL of plasma and subsequently centrifuged for 5 hours at 15°C. Then
the mixture was overlaid with LDL-P (25 mM NazPO4, 110 mM NaCl, 1 mM EDTA). The
LDL fraction was then dialyzed twice against LDL-P + 5mM ascorbic acid. The protein
yield was measured with the Pierce 660 assay and then the LDL solution was adjusted
to pH=8.0 with phosphate buffer to then be coupled with the NHS-conjugated Atto or
Alexa-488 dye for 1 hour at 25°C. To stop the reaction glycine was added for 10 min at
RT and the labelled LDL was dialyzed then overnight against 5 L of PBS+50 mM
ascorbic acid. After repurification through the same gradient as above the LDL-

Atto/Alexa 488 was twice dialyzed ON as before.

Structural illumination microscopy

For SIM, cells were imaged with a 60x, NA 1.42 oil objective on a Deltavision OMX v4
BLAZE (GE) equipped with 405, 488, 568, 642 nm lasers and four independent sSCMOS
cameras. Spherical aberration was minimized by choosing an immersion oil with a
refractive index giving symmetrical point spread functions. Image stacks were acquired
with 95 MHz, 0.125 pm z-steps and 15 images (three angles and five phases per angle)
per z-section and a 3D structured illumination with stripe separation of 213 nm and 238
nm at 488 nm and 594 nm respectively. Image reconstruction was done using the
Deltavision softWoRx 7.0.0 software with a Wiener filter of 0.0005-0.001 and

wavelength specific OTFs specific for the mounting media.

Single-Molecule Localization-Micoscopy

Image stack acquisition was performed with a Nikon Eclipse Ti microscope equipped
with 640 nm, 561 nm, 488 nm and 405 nm laser lines. A 100X/1.49NA oil immersion
objective together with a 1.5X post-magnification lens was used to achieve an optical

pixel size of 104 nm. All measurements were performed with an active perfect focus
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control. In case of whole cell imaging a HILO illumination scheme was applied, whereas
TIRF was utilized when imaging Tokuyasu sections. Typical acquisition parameters
were 15-30 ms integration time per frame and 10000-30000 (647 nm), 20000-60000
(561 nm) and 5000-25000 (488 nm) acquisition frames total.

Although plain GFP is not widely used in SMLM it has been reported to exhibit intrinsic
photo-switching upon 488 nm excitation and was applied to resolve nuclear patterns
(Dickson et al., 1997; Gunkel et al., 2009). We therefore used it as a control reference
for SMLM in case of superCLEM.

Localization analysis

All raw image stacks were processed with rapidSTORM 3.2. For Tokuyasu sections the
FWHM was restricted to typically 250 — 450 nm since no out of focus signal is expected,
whereas for whole cell experiments the FWHM was typically restricted to 250 — 650 nm.
Standard amplitude thresholds were set to 3000 (AF647), 1500 (AF568) and 450
(Dronpa, GFP) photons respectively. A framewise linear lateral drift correction was
applied to localization sets and images were rendered in rapidSTORM to 10 nm lateral
pixel size. In case of Rab5c, a post-localization median filter with 0-1 pixel radius was
applied to reduce monomeric cytosolic signal.

The colour-channel overlay was performed either based on the bacterial fiducial
markers or, in case of whole cell imaging, unambiguous endosomal structures (e.g.

densely labelled, ring like features).

Morphological analysis of endosomal domains

We selected the combined signals from cargo and Rab5 to approximate the total
endosomal area without ultrastructural confirmation. We therefore performed a simple
post-processing workflow in ImageJ based on the high-resolved images. A Gaussian-
blurr with a radius of two pixel was applied to the multi-colour image before standard
auto-thresholding (IsoData). The overall area was derived from the standard particle
analysis including missing holes in the structure with a lower area threshold of 4 square-
pixel. To quantify number and size of Rab5 domains, the Rab5 channel was analysed

separately from the overall signal with a consistent workflow. Domain diameters were
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derived from the elliptical particle approximation. Histogramming, fitting and statistical

analysis of domain data was performed with OriginPro 2017.

Sample preparation for super-resolution CLEM

HelLa cells were exposed to 15 min uptake of the ligand solution (Tfn-Alexa 568 [10
ng/ml, EGF-Alexa647 [100 ng/ml], Atto or Alexa 488-LDL [1:30 from home-made stock
solution] in FBS-free DMEM) at 37°C. Cells were washed with PBS 3x and then fixed
with 4% PFA in 200 mM HEPES for 24 h at room temperature, protected from light. The
fixative was removed, cells were washed with PBS and incubated with 0.1% glycine in
PBS for 10 min to quench residual aldehyde fixative. Next, cells were scraped using
0.1% BSA in PBS and pelleted at 400 x g for 1 min. The cell pellet was resuspended in
12% porcine gelatin prepared in dH>O and mixed with GA-fixed bacteria resuspended in
12% porcine gelatin. Like HelLa cells, bacteria were extensively washed and incubated
with 0.1% glycine after fixation. The mixture of HelLa cells and bacteria was pelleted at
4,500 x g, for 2 min. The tube was incubated on ice for 15 min to let gelatin solidify, then
the pellet was removed and cut into small cubes of about 1-2 mm?. These were
transferred to 2.3 M sucrose prepared in dH,O and incubated on a rotation wheel at
room temperature at least overnight. For cryo-sectioning, a cube was mounted on an
aluminium pin and snap frozen in LN2. A trim 45° and a cryo immunodiamond knives
(Diatome, Switzerland) were used to trim a block and make 300-600 nm semi-thin
sections at -80 °C, in an Ultracut EM UC6 ultramicrotome equipped with a cryo-chamber
and a built-in EM CRION antistatic device (all Leica Microsystems). Using a mixture of
1.1 M sucrose and 1% methyl cellulose as a pick-up solution, sections were transferred
onto cleaned 22-mm glass cover slips or onto H6 hexagonal pattern finder EM copper
grids, coated with a formvar film on the pale side. Sections were stored at 4°C until

imaged.

Sample preparation for Single Molecule Localization Microscopy

For imaging a section deposited on a cover slip, the cover slip was clamped into an
imaging chamber, which was then filled with water to dissolve a drop of
methylcellulose/sucrose protecting the section from dehydration during storage. Next,
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the imaging chamber was filled with SMLM switching buffer and sealed with a second
coverslip.

For imaging a section on an EM grid, a layer of methylcellulose/sucrose was dissolved
by floating the grid on drops of cold dH,O. The grid was then soaked in a drop of 1%
glycine in dH,O for 10 min to make the formvar film more hydrophilic and thereby
prevent formation of a thin film of air, which would reflect light. Then an empty cover slip
was clamped into an imaging chamber and the chamber was filled with SMLM buffer.
The EM grid was transferred onto a cover slip in such a way that a side with a section
was facing the cover slip. Only gentle force was used to push the grid against the cover
slip, since during subsequent retrieval of an EM grid, we experienced difficulties with
preservation of a formvar film when grids were tightly attached to a cover slip.

Preparation of grids for electron tomoqgraphy

Right after SMLM acquisition, the imaging chamber was disassembled. The coverslip
mounted with the EM grid was transferred to dH,O. Carefully, the grid was removed
from the cover slip and washed in several drops of dH,O. Next, the grid was incubated
in a drop of 15-nm colloidal gold (Aurion, the Netherlands) for 2 min, to allow adsorption
of gold fiducials onto both sides of the grid. After two more washes in dH,O, the back of
the grid was carefully dried from the side using a small piece of filter paper and then the
grid was floated on a drop of 0.2% uranyl acetate and 1.8% methyl cellulose for 5 min,

on ice. The grid was looped out and air-dried.

Electron tomography, reconstruction and registration

Double-axis tilt-series (-60 / +60 degrees) were acquired at 9,400x magnification on a
Tecnai F30 transmission electron microscope operated at 300kV, using an
UltraScan1000 CDD (2k x 2k) camera (Gatan, CA, USA) and the SerialEM software
(Mastronarde, 2005). 3DMOD software (v. 4.9.8, University of Colorado, CO, USA) was
used for tomogram reconstruction (using the weighted back-projection algorithm) and
endosome segmentation. For segmentation the z-axis increment of 3 was applied to
compensate for the collapse along a z-axis during a step of methyl cellulose embedding
and drying of sections.
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SMLM images were oriented with respect to low mag (2,300x-3,900x) montage EM
overview images in the ICY software (v. 1.9.10.0, the Pasteur Institute, France) using
bacteria embedded in the section as fiducials visible in both imaging modalities. The
non-rigid transformation was applied for alignment. Tomograms were roughly aligned to
the low mag overview EM image using distinct ultrastructural features (nuclear
envelope, plasma membrane). In order to assign SMLM signals to an endosome model,
the two datasets were compared when aligned side by side. To indicate endosomal
compartmentalization, ultrastructural models were colour-coded. Green, representing
Tfn, was used for tubules. Red, magenta, and orange, all representing EGF, indicated
ILV, ILV continuous with the limiting membrane, and sorting microdomains, respectively.
Selected examples of reconstructed tomograms and ultrastructural models are included

as .mov files in the supplementary information.

25


https://doi.org/10.1101/629147

10

11
12

13
14

15
16

17
18

19
20

21
22

23
24

25
26

27
28
29

30
31

32
33

bioRxiv preprint doi: https://doi.org/10.1101/629147; this version posted May 6, 2019. The copyright holder for this preprint (which was not

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

References

10.

11.

12.

13.

14.

15.

Zerial M, McBride H. Rab proteins as membrane organizers. Nat Rev Mol Cell Biol. 2001;2(2):107-
117. doi:10.1038/35052055

Parton RG, Hancock JF. Lipid rafts and plasma membrane microorganization: insights from Ras.
Trends Cell Biol. 2004;14(3):141-147. doi:10.1016/j.tcb.2004.02.001

Blacque OE, Sanders AAWM. Compartments within a compartment: what C. elegans can tell us
about ciliary subdomain composition, biogenesis, function, and disease. Organogenesis.
2014;10(1):126-137. doi:10.4161/0rg.28830

Klumperman J, Raposo G. The complex ultrastructure of the endolysosomal system. Cold Spring
Harb Perspect Biol. 2014;6(10):a016857. doi:10.1101/cshperspect.a016857

Cogliati S, Enriquez JA, Scorrano L. Mitochondrial Cristae: Where Beauty Meets Functionality.
Trends Biochem Sci. 2016;41(3):261-273. doi:10.1016/j.tibs.2016.01.001

Raiborg C, Wenzel EM, Pedersen NM, Stenmark H. Phosphoinositides in membrane contact sites.
Biochem Soc Trans. 2016;44(2):425-430. d0i:10.1042/BST20150190

Huotari J, Helenius A. Endosome maturation: Endosome maturation. The EMBO Journal.
2011;30(17):3481-3500. doi:10.1038/emb0j.2011.286

Maxfield FR, McGraw TE. Endocytic recycling. Nature Reviews Molecular Cell Biology.
2004;5(2):121-132. d0i:10.1038/nrm1315

Wandinger-Ness A, Zerial M. Rab proteins and the compartmentalization of the endosomal
system. Cold Spring Harb Perspect Biol. 2014;6(11):a022616. d0i:10.1101/cshperspect.a022616

Sudhof TC, Rothman JE. Membrane Fusion: Grappling with SNARE and SM Proteins. Science.
2009;323(5913):474-477. d0i:10.1126/science.1161748

Brocker C, Engelbrecht-Vandré S, Ungermann C. Multisubunit Tethering Complexes and Their Role
in Membrane Fusion. Current Biology. 2010;20(21):R943-R952. doi:10.1016/j.cub.2010.09.015

Faini M, Beck R, Wieland FT, Briggs JAG. Vesicle coats: structure, function, and general principles of
assembly. Trends in Cell Biology. 2013;23(6):279-288. d0i:10.1016/j.tcb.2013.01.005

Cullen PJ, Steinberg F. To degrade or not to degrade: mechanisms and significance of endocytic
recycling. Nature Reviews Molecular Cell Biology. 2018;19(11):679-696. doi:10.1038/s41580-018-
0053-7

Stenmark H. Rab GTPases as coordinators of vesicle traffic. Nat Rev Mol Cell Biol. 2009;10(8):513-
525. doi:10.1038/nrm2728

Zerial M, McBride H. Rab proteins as membrane organizers. Nature Reviews Molecular Cell Biology.
2001;2(2):107-117. doi:10.1038/35052055

26


https://doi.org/10.1101/629147

10

11
12
13

14
15
16

17
18
19

20
21
22

23
24
25
26

27
28
29

30
31

32
33
34

35
36

bioRxiv preprint doi: https://doi.org/10.1101/629147; this version posted May 6, 2019. The copyright holder for this preprint (which was not

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Wandinger-Ness A, Zerial M. Rab Proteins and the Compartmentalization of the Endosomal
System. Cold Spring Harbor Perspectives in Biology. 2014;6(11):a022616-a022616.
doi:10.1101/cshperspect.a022616

Sonnichsen B, De Renzis S, Nielsen E, Rietdorf J, Zerial M. Distinct membrane domains on
endosomes in the recycling pathway visualized by multicolor imaging of Rab4, Rab5, and Rab11. J
Cell Biol. 2000;149(4):901-914.

Pfeffer SR. Rab GTPase regulation of membrane identity. Current Opinion in Cell Biology.
2013;25(4):414-419. doi:10.1016/j.ceb.2013.04.002

Christoforidis S, McBride HM, Burgoyne RD, Zerial M. The Rab5 effector EEAL is a core component
of endosome docking. Nature. 1999;397(6720):621-625. doi:10.1038/17618

McBride HM, Rybin V, Murphy C, Giner A, Teasdale R, Zerial M. Oligomeric complexes link Rab5
effectors with NSF and drive membrane fusion via interactions between EEA1 and syntaxin 13.
Cell. 1999;98(3):377-386.

Griffiths G, Lucocq JM. Antibodies for immunolabeling by light and electron microscopy: not for
the faint hearted. Histochemistry and Cell Biology. 2014;142(4):347-360. d0i:10.1007/s00418-014-
1263-5

Schwarz H, Humbel BM. Correlative Light and Electron Microscopy Using Immunolabeled Sections.
In: Kuo J, ed. Electron Microscopy. Vol 1117. Totowa, NJ: Humana Press; 2014:559-592.
doi:10.1007/978-1-62703-776-1_25

Neutra MR, Ciechanover A, Owen LS, Lodish HF. Intracellular transport of transferrin- and
asialoorosomucoid-colloidal gold conjugates to lysosomes after receptor-mediated endocytosis.
Journal of Histochemistry & Cytochemistry. 1985;33(11):1134-1144. doi:10.1177/33.11.2997327

Sunio A, Metcalf AB, Kramer H. Genetic Dissection of Endocytic Trafficking in Drosophila Using a
Horseradish Peroxidase-Bride of Sevenless Chimera: hook Is Required for Normal Maturation of
Multivesicular Endosomes. Pfeffer SR, ed. Molecular Biology of the Cell. 1999;10(4):847-859.
doi:10.1091/mbc.10.4.847

Shu X, Lev-Ram V, Deerinck TJ, et al. A genetically encoded tag for correlated light and electron
microscopy of intact cells, tissues, and organisms. PLoS Biol. 2011;9(4):e1001041.
doi:10.1371/journal.pbio.1001041

Martell JD, Deerinck TJ, Sancak Y, et al. Engineered ascorbate peroxidase as a genetically encoded
reporter for electron microscopy. Nat Biotechnol. 2012;30(11):1143-1148.

Ariotti N, Rae J, Giles N, et al. Ultrastructural localisation of protein interactions using conditionally
stable nanobodies. Schmid S, ed. PLOS Biology. 2018;16(4):e2005473.
doi:10.1371/journal.pbio.2005473

Lam SS, Martell JD, Kamer KJ, et al. Directed evolution of APEX2 for electron microscopy and
proximity labeling. Nat Methods. 2015;12(1):51-54. d0i:10.1038/nmeth.3179

27


https://doi.org/10.1101/629147

10

11
12

13
14
15

16
17
18

19
20
21
22

23
24

25
26

27
28
29

30
31
32
33

34
35
36

bioRxiv preprint doi: https://doi.org/10.1101/629147; this version posted May 6, 2019. The copyright holder for this preprint (which was not

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Kim D, Deerinck TJ, Sigal YM, Babcock HP, Ellisman MH, Zhuang X. Correlative stochastic optical
reconstruction microscopy and electron microscopy. PLoS ONE. 2015;10(4):e0124581.
doi:10.1371/journal.pone.0124581

Betzig E, Patterson GH, Sougrat R, et al. Imaging Intracellular Fluorescent Proteins at Nanometer
Resolution. Science. 2006;313(5793):1642-1645. do0i:10.1126/science.1127344

van de Linde S, Loschberger A, Klein T, et al. Direct stochastic optical reconstruction microscopy
with standard fluorescent probes. Nature Protocols. 2011;6(7):991-1009.
doi:10.1038/nprot.2011.336

Schermelleh L, Ferrand A, Huser T, et al. Super-resolution microscopy demystified. Nature Cell
Biology. 2019;21(1):72-84. do0i:10.1038/s41556-018-0251-8

Liu B, Xue Y, Zhao W, et al. Three-dimensional super-resolution protein localization correlated with
vitrified cellular context. Sci Rep. 2015;5:13017. doi:10.1038/srep13017

Mateos JM, Guhl B, Doehner J, Barmettler G, Kaech A, Ziegler U. Topographic contrast of ultrathin
cryo-sections for correlative super-resolution light and electron microscopy. Scientific Reports.
2016;6(1). doi:10.1038/srep34062

Peddie CJ, Domart M-C, Snetkov X, et al. Correlative super-resolution fluorescence and electron
microscopy using conventional fluorescent proteins in vacuo. Journal of Structural Biology.
2017;199(2):120-131. doi:10.1016/j.jsb.2017.05.013

Loschberger A, van de Linde S, Dabauvalle M-C, et al. Super-resolution imaging visualizes the
eightfold symmetry of gp210 proteins around the nuclear pore complex and resolves the central
channel with nanometer resolution. Journal of Cell Science. 2012;125(3):570-575.
doi:10.1242/jcs.098822

de Boer P, Hoogenboom JP, Giepmans BNG. Correlated light and electron microscopy:
ultrastructure lights up! Nat Methods. 2015;12(6):503-513. doi:10.1038/nmeth.3400

Wolff G, Hagen C, Griinewald K, Kaufmann R. Towards correlative super-resolution fluorescence
and electron cryo-microscopy. Biol Cell. 2016;108(9):245-258. d0i:10.1111/boc.201600008

Bowler DE, Heldbjerg H, Fox AD, Jong M, Béhning-Gaese K. Long-term declines of European
insectivorous bird populations and potential causes. Conservation Biology. March 2019.
doi:10.1111/cobi.13307

Kopek BG, Shtengel G, Xu CS, Clayton DA, Hess HF. Correlative 3D superresolution fluorescence
and electron microscopy reveal the relationship of mitochondrial nucleoids to membranes.
Proceedings of the National Academy of Sciences. 2012;109(16):6136-6141.
doi:10.1073/pnas.1121558109

Kopek BG, Shtengel G, Grimm JB, Clayton DA, Hess HF. Correlative Photoactivated Localization and

Scanning Electron Microscopy. Sauer M, ed. PLoS ONE. 2013;8(10):e77209.
doi:10.1371/journal.pone.0077209

28


https://doi.org/10.1101/629147

10
11

12
13

14
15

16
17
18

19
20
21

22
23

24
25
26

27
28
29

30
31

32
33
34

35
36

bioRxiv preprint doi: https://doi.org/10.1101/629147; this version posted May 6, 2019. The copyright holder for this preprint (which was not

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Poser |, Sarov M, Hutchins JRA, et al. BAC TransgeneOmics: a high-throughput method for
exploration of protein function in mammals. Nature Methods. 2008;5(5):409-415.
doi:10.1038/nmeth.1199

Kalaidzidis I, Miaczynska M, Brewinska-Olchowik M, et al. APPL endosomes are not obligatory
endocytic intermediates but act as stable cargo-sorting compartments. The Journal of Cell Biology.
2015;211(1):123-144. doi:10.1083/jcb.201311117

Collinet C, Stoter M, Bradshaw CR, et al. Systems survey of endocytosis by multiparametric image
analysis. Nature. 2010;464(7286):243-249. doi:10.1038/nature08779

Hauser M, Wojcik M, Kim D, Mahmoudi M, Li W, Xu K. Correlative Super-Resolution Microscopy:
New Dimensions and New Opportunities. Chem Rev. January 2017.
doi:10.1021/acs.chemrev.6b00604

Tokuyasu KT. A Technique for Ultracryotomy of Cell Suspensions and Tissues. J Cell Biol.
1973;57(2):551-565. d0i:10.1083/jcb.57.2.551

Slot JW, Geuze HJ. Cryosectioning and immunolabeling. Nature Protocols. 2007;2(10):2480-2491.
d0i:10.1038/nprot.2007.365

Sachse M, Urbé S, Oorschot V, Strous GJ, Klumperman J. Bilayered Clathrin Coats on Endosomal
Vacuoles Are Involved in Protein Sorting toward Lysosomes. Bonifacino J, ed. Molecular Biology of
the Cell. 2002;13(4):1313-1328. d0i:10.1091/mbc.01-10-0525

Wenzel EM, Schultz SW, Schink KO, et al. Concerted ESCRT and clathrin recruitment waves define
the timing and morphology of intraluminal vesicle formation. Nature Communications. 2018;9(1).
doi:10.1038/s41467-018-05345-8

Brown MS, Goldstein JL. A receptor-mediated pathway for cholesterol homeostasis. Science.
1986;232(4746):34-47.

Huang B, Wang W, Bates M, Zhuang X. Three-Dimensional Super-Resolution Imaging by Stochastic
Optical Reconstruction Microscopy. Science. 2008;319(5864):810-813.
doi:10.1126/science.1153529

Shechtman Y, Weiss LE, Backer AS, Lee MY, Moerner WE. Multicolour localization microscopy by
point-spread-function engineering. Nature Photonics. 2016;10(9):590-594.
doi:10.1038/nphoton.2016.137

Franke C, Sauer M, van de Linde S. Photometry unlocks 3D information from 2D localization
microscopy data. Nature Methods. 2017;14(1):41-44. doi:10.1038/nmeth.4073

D’Souza-Schorey C, van Donselaar E, Hsu VW, Yang C, Stahl PD, Peters PJ. ARF6 targets recycling
vesicles to the plasma membrane: insights from an ultrastructural investigation. J Cell Biol.

1998;140(3):603-616.

Prekeris R, Klumperman J, Chen YA, Scheller RH. Syntaxin 13 mediates cycling of plasma membrane
proteins via tubulovesicular recycling endosomes. J Cell Biol. 1998;143(4):957-971.

29


https://doi.org/10.1101/629147

oo

10
11
12

13
14

15
16
17

18
19

20
21

22
23
24

25
26

27
28

29
30
31

32
33
34

bioRxiv preprint doi: https://doi.org/10.1101/629147; this version posted May 6, 2019. The copyright holder for this preprint (which was not

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Baumgartner M, Chaussepied M, Raposo G, Goud B, Langsley G. Accelerated recycling of
transferrin receptor in Theileria-transformed B cells. Cell Microbiol. 2005;7(5):637-644.
doi:10.1111/j.1462-5822.2004.00496.x

Oh H, Kim H, Chung K-H, et al. SPIN90 knockdown attenuates the formation and movement of
endosomal vesicles in the early stages of epidermal growth factor receptor endocytosis. PLoS ONE.
2013;8(12):e82610. doi:10.1371/journal.pone.0082610

Geuze HJ, Slot JW, Strous GJ, Lodish HF, Schwartz AL. Intracellular site of asialoglycoprotein
receptor-ligand uncoupling: double-label immunoelectron microscopy during receptor-mediated
endocytosis. Cell. 1983;32(1):277-287.

Murk JL a. N, Posthuma G, Koster AJ, et al. Influence of aldehyde fixation on the morphology of
endosomes and lysosomes: quantitative analysis and electron tomography. J Microsc. 2003;212(Pt
1):81-90.

Rink J, Ghigo E, Kalaidzidis Y, Zerial M. Rab Conversion as a Mechanism of Progression from Early to
Late Endosomes. Cell. 2005;122(5):735-749. doi:10.1016/j.cell.2005.06.043

Vitale G, Rybin V, Christoforidis S, et al. Distinct Rab-binding domains mediate the interaction of
Rabaptin-5 with GTP-bound Rab4 and Rab5. EMBO J. 1998;17(7):1941-1951.
doi:10.1093/emboj/17.7.1941

De Renzis S, S6nnichsen B, Zerial M. Divalent Rab effectors regulate the sub-compartmental
organization and sorting of early endosomes. Nat Cell Biol. 2002;4(2):124-133. doi:10.1038/ncb744

Rink J, Ghigo E, Kalaidzidis Y, Zerial M. Rab conversion as a mechanism of progression from early to
late endosomes. Cell. 2005;122(5):735-749. doi:10.1016/].cell.2005.06.043

Ortiz D, Medkova M, Walch-Solimena C, Novick P. Ypt32 recruits the Sec4p guanine nucleotide
exchange factor, Sec2p, to secretory vesicles; evidence for a Rab cascade in yeast. J Cell Biol.
2002;157(6):1005-1015. doi:10.1083/jcb.200201003

Novick P. Regulation of membrane traffic by Rab GEF and GAP cascades. Small GTPases.
2016;7(4):252-256. d0i:10.1080/21541248.2016.1213781

Kim JJ, Lipatova Z, Majumdar U, Segev N. Regulation of Golgi Cisternal Progression by Ypt/Rab
GTPases. Dev Cell. 2016;36(4):440-452. doi:10.1016/j.devcel.2016.01.016

Grimm JB, English BP, Chen J, et al. A general method to improve fluorophores for live-cell and
single-molecule microscopy. Nat Methods. 2015;12(3):244-250, 3 p following 250.
doi:10.1038/nmeth.3256

Shim S-H, Xia C, Zhong G, et al. Super-resolution fluorescence imaging of organelles in live cells

with photoswitchable membrane probes. Proc Natl Acad Sci USA. 2012;109(35):13978-13983.
d0i:10.1073/pnas.1201882109

30


https://doi.org/10.1101/629147

bioRxiv preprint doi: https://doi.org/10.1101/629147; this version posted May 6, 2019. The copyright holder for this preprint (which was not

69.

70.

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Szczurek AT, Prakash K, Lee H-K, et al. Single molecule localization microscopy of the distribution of
chromatin using Hoechst and DAPI fluorescent probes. Nucleus. 2014;5(4):331-340.
doi:10.4161/nucl.29564

Foret L, Dawson JE, Villasefior R, et al. A General Theoretical Framework to Infer Endosomal

Network Dynamics from Quantitative Image Analysis. Current Biology. 2012;22(15):1381-1390.
doi:10.1016/j.cub.2012.06.021

31


https://doi.org/10.1101/629147

A S8 B Figure 1

o$ &
g\'oogﬁogf Dronpa-
FEE Merged ~ Rab5c 1 il
° S
51 kDa—| ww we [ Dronpa-Rab5c
39 kDa—]

28kDa — e m W Rab5c

Inset

39 kDa—{ s s @ GAPDH

104_
C 1.4%104_] D
%)

124104 ] 2 0o
kA (7}
2104 o)

ie) —8 6000_]
O gooo_| 5

Z &5 4000

6000 O -
= i
= —

S - © 2000 ]
#2000 ] **

0.0 0.0 .

0.0 5‘.0 lIO lli ZIO 2I5 .’!U 3‘5 JO 45
Chase time after 1 min pulse [min]

0.(; 5‘.0 l.IU ll5 ZIU ZIS ;!U 3‘5 40 4?
Chase time after 1 min pulse [min]

m
-n

3000 Nt
==
—2500_] 2
- &<
=< 2000 S 1« s000
2 T8
g 1500 o ‘g 6000
o) Lo
© 1000 S + o0
+ =N U]
= ©
= s T 2000
£ =0
O oo 00

T T T T T T T T T T T T T T T T T T
00 50 10 15 20 25 30 35 40 45 00 50 10 15 20 25 30 35 40 45

Sum integral intensity @Y Mean integral intensity

Chase time after 1 min pulse [min] H Chase time after 1T min pulse [min]

4007 250
S 350 g =
2 2 < 200
=<, 300 o
2 250 £ 5 1504
] T L
-2 200 52
o sl 2 2 w00
= S
£ 10 eY o
45 50 2%

0.0 0.0

0.0 Slﬂ IIO IIS ZIO ZIS 3‘0 3‘5 z{ﬂ 4!5. 0.0 5‘.0 ll()' ll5 2IU 2‘5 3‘(). 3‘5 4IU 4‘5'
Chase time after 1 min pulse [min] Chase time after 1 min pulse [min]


https://doi.org/10.1101/629147

igure

merged EGF Tfn Rab5
A & (¥ ] o

L P
< R
] "A

an

I*_w

3
l )
"
..L_'-ip"'. !
5 £
.ﬂ_ .'r:q

ey ad s
I I

w
b B

S ke TN A ";%. =



https://doi.org/10.1101/629147

Figure 3

GFP-Rabsc /Dronpa-Rabsc washieig, cell pellet embedded in gelatin ~ blocks infiltrated cutting of 300600 nm
HeLa cells fixation with GhAfixed bacteria and cut into blocks with sucrose Tokuyasu sections
TH-AFS68  EGF-AFea7 4% PFAfor24hrs

Transferring the section  Assembly of the ﬂ SMLM
toaglasscoverslip  imaging chamber, % PALM / dSTORM
v
|
) — ) Reducmg buffer ) ) Data processing ) i END OF ANALYSIS
Transferring the section  Assembly of the SMLM
toan EMgrid imaging chamber, PALM/ dSTORM
) = ) Reducing buffer ) ) Date pmssmg)
Adsorbing colloidal Section contrasting, . _
Retrieval of the EM grid gold particles embedding and drying F

> > > @)»

tilt series acquisition tomogram endosome
6010 +60 deg reconstruction segmentation
TEM le- -

A
> > > ‘,
B


https://doi.org/10.1101/629147

() o /)
overlay EGF Tfn Rab5
A
By = %
n_'ql'"' ‘¥ - .; ’
o t .. .
i -9
%, Y
B
- -
® |1 € ¢
we 2
3 __ & N
Cc
t‘_‘ ' {
s e -
. o~ \ ’
D
HE .


https://doi.org/10.1101/629147

A i) Merge ii) EGF iii) Tfn

ii) Top view iii) Left-side view

B i) Top view



https://doi.org/10.1101/629147

EGF

Model-top view

Model-rotated

Left-side view

Right-side view

Right-side view

]

Front-side view

—

m

alh.

Front-side view



https://doi.org/10.1101/629147

A EGF Tfn GFP-Rabsc D EGF Tfn Dronpa-Rab5c
«
, ; F, e

E i
#ﬁ o

F-“'-

B Top view E Top view

{ .ft 4 €a

o ol -
‘vtr N - ’-&»5' i Vs
e KVEH iR
4 / '/' S S AA‘.\:

< N

C Front-side view F Front-side view



https://doi.org/10.1101/629147

