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Abstract

Correlative light and electron microscopy (CLEM) entails a group of multimodal
imaging techniques that are combined to pinpoint to the location of fluorescently labeled mol-
ecules in the context of their ultrastructural cellular environment. Here we describe a detailed
workflow for STORM-CLEM, in which STochastic Optical Reconstruction Microscopy
(STORM), an optical super-resolution technique, is correlated with transmission electron
microscopy (TEM). This protocol has the advantage that both imaging modalities have reso-
lution at the nanoscale, bringing higher synergies on the information obtained. The sample is
prepared according to the Tokuyasu method followed by click-chemistry labeling and
STORM imaging. Then, after heavy metal staining, electron microscopy imaging is performed
followed by correlation of the two images. The case study presented here is on intracellular
pathogens, but the protocol is versatile and could potentially be applied to many types of
samples.
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Introduction
CLEM and super-resolution microscopy

Correlative light and electron microscopy (CLEM) is a group of powerful and well-
established multimodal imaging techniques in biological research. With these tech-
niques come a wide scope of methodological advances that stems from the ability to
place the molecular selectivity of fluorescence microscopy (FM) towards specific
proteins and structures, within the subcellular context provided by the high imaging
resolution of electron microscopy (EM) (de Boer, Hoogenboom, & Giepmans,
2015). However, between the excellent resolution of EM and that of FM there is
a wide gap, that imposes difficulties at the time of correlation.

An evident development in FM is super-resolution microscopy (SRM), a group of
far-field optical techniques that are able to bypass Abbe’s diffraction limit (Huang,
Bates, & Zhuang, 2009; Schermelleh, Heintzmann, & Leonhardt, 2010) and achieve
a resolution down to tens of nanometers. These techniques can be divided into three
groups: structured illumination microscopy (SIM) (Gustafsson, 2000), stimulated
emission depletion (STED) (Hell & Wichmann, 1994), and single-molecule locali-
zation microscopy (SMLM) (Nahidiazar, Agronskaia, Broertjes, van den Broek, &
Jalink, 2016). SMLM methods overcome the diffraction barrier by ensuring that only
a number of emitting particles are in an “on” (emitting) state at a time, whilst the
majority are in an “off” (dark) state. The centroid position of each emitter is iden-
tified and statistically fitted to a Gaussian, with the localization precision being pro-
portional to the number of photons emitted. By fitting the centroid positions of these
emitters over thousands of frames without spatial overlap, a high-resolution image
of single molecules can be produced (Fig. 1). SMLM techniques have an excellent
resolution (5-25nm), offer multi-color imaging and can achieve quantification with
single-particle precision (Nicovich, Owen, & Gaus, 2017). Direct STochastic Optical
Reconstruction Microscopy (dSTORM) (Heilemann et al., 2008) is one of the most
popular choices of SMLM techniques and this is demonstrated through its significant
achievements from cellular biology (Xu, Babcock, & Zhuang, 2012) to material
science (Pujals, Feiner-Gracia, Delcanale, Voets, & Albertazzi, 2019; van der
Zwaag et al., 2016).

SMLM-CLEM, advantages over conventional CLEM

The past decade has witnessed the rapid rise of SRM techniques and their correla-
tion with EM (SRM-CLEM), amongst others (Hauser et al., 2017). Each correlative
method aims to add a new dimension of information, with minimal compromise to
image quality and resolution upon correlation. STORM is able to achieve an x-y
resolution of about 20nm and a z resolution of about 50nm (Jones, Shim, He, &
Zhuang, 2011), providing one of the best spatial resolutions in the SMLM group,
compatible with that of TEM. Thus, the improved resolution of STORM leads
to a nanoscale localization precision of the specific fluorescent labels in the
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FIG. 1

The principles of STochastic Optical Reconstruction Microscopy (STORM). (A) Only a
number of fluorophores are in the “on” (emitting, in red) state at a time, whilst the majority are
in the “off” (dark, in yellow) state, allowing the imaging of subsets of fluorophores without
spatial overlap and high resolution. The centroid position of each emitter is identified and
statistically fitted to a Gaussian. (B) The positions of many emitters are determined over
thousands of frames and (C) a super-resolution image is reconstructed from these
localizations. The diffraction-limited image is shown in the top right corner as a comparison.

ultrastructural reference space provided by EM (Mateos-Gil, Letschert, Doose,
& Sauer, 2016). Importantly, it is a powerful quantitative technique with single-
molecule precision (able of molecule counting) (Nicovich et al., 2017). Yet, despite
its benefits over conventional CLEM, SRM-CLEM requires sample preparation
strategies that agree with both imaging techniques, with minimal compromise to
structure and resolution. These strategies focus mainly around the type of fixation
and the choice of fluorophore.

1.3 Fixation in SRM-CLEM

It is well-established that chemical fixation and consequent dehydration steps used
to preserve ultrastructure in EM can quench fluorescence, and since a strong signal-
to-noise ratio is required for the performance of SRM, this step requires careful
consideration (Clancy & Cauller, 1998; Watanabe et al., 2011). Metal staining
(e.g. using osmium tetroxide) used to enhance the structural contrast can further
quench fluorescence, thus some SRM-CLEM studies approach this setback by low-
ering the osmium tetroxide (OsO,4) concentration during post-fixation (Betzig et al.,
2006; Kopek, Shtengel, Xu, Clayton, & Hess, 2012). A more compatible approach is
the use of cryo-preparation techniques, such as the Tokuyasu cryo-sectioning method
(Tokuyasu, 1986). This was initially developed for immunostaining protocols, but
has now been adapted to various CLEM procedures, with or without the need of
immunostaining (Cortese, Diaspro, & Tacchetti, 2009; Oorschot, Sztal, Bryson-
Richardson, & Ramm, 2014; van Rijnsoever, Oorschot, & Klumperman, 2008).
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Although samples are fixed with aldehyde and dehydrated using a cryoprotectant,
this approach provides good structural preservation, antibody accessibility, and ease
of use. Also, lower concentrations of staining metals can be used as only a thin sec-
tion (<200nm) needs to be stained. Another more complicated method for cryo-
preparation is using high-pressure freezing (HPF) followed by subsequent freeze
substitution (FS). This technique provides a very good sample preservation, though
at the expense of longer preparation times (McDonald, 2014).

Fluorescence labeling: Advantages of click chemistry

The power of SRM-CLEM relies in its ability to image specific proteins or structures
within cells with a high resolution. Although there are a plethora of approaches to
fluorescently label the structures of interest, it is unlikely that one single probe
can be suitable for all CLEM protocols (Ando et al., 2018). Standard immunostaining
has the advantage of high specificity towards endogenous molecules and avoids
problems of probe expression. However, the fixation and permeabilization proce-
dures necessary in the process can cause ultrastructural changes in the sample
(Schnell, Dijk, Sjollema, & Giepmans, 2012), and many antibodies are not compat-
ible with thin sections due to insufficient sample penetration or loss of epitope rec-
ognition - even when a milder chemical fixation is used such as in Tokuyasu
sectioning (Griffiths & Lucocq, 2014; Mobius & Posthuma, 2019).

On the contrary, genetically encoded probes do not require permeabilization to
gain entry to structures of interest, thus preserving the membrane structure, and im-
proving the overall quality of EM. Single modality genetic probes (fluorescent pro-
teins) can allow normal photoconversion in heavily fixed resin-embedded samples
(0OsO4 0.5-1%) and are compatible with SRM-CLEM, as in the case of mEos4a
(Paez-Segala et al., 2015). Dual modality genetic probes such as miniSOG can con-
vert fluorescent signal to electron dense signal using photoconversion, and preserve
fluorescence even after the embedding stage (Ando et al., 2018; Shu et al., 2011).
However, the expression levels, fusion position and photophysical properties must
be carefully optimized to not disturb biological processes.

Fluorescent proteins (FPs) are often touted for their broad applicability and ease
of use but they have clear limitations as well (Jensen, 2012). They remain challeng-
ing in specific cases, such as pathogenic organisms, due to risks and license restric-
tions, or in vivo systems for various ethical and practical reasons. Moreover, even
when successfully performed, the fluorescent protein may interfere with the tagged
protein, or with the organism as a whole (Jensen, 2012). Another obvious limitation
is the fact that FPs can only be used to label proteins, leaving many interesting bio-
molecules such as peptides, fatty acids, glycans and nucleic acids in the dark. Some
of these non-protein biomolecules can be targeted with antibodies but these are
highly specialized and suffer from the restrictions as mentioned above (Chan,
Lim, MacAry, & Hanson, 2014).

Chemical fluorescent modification with an organic fluorophore represents an-
other way to label biomolecules of interest (Patterson, Nazarova, & Prescher, 2014;
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Prescher & Bertozzi, 2005; Sahoo, 2012; Toseland, 2013). This can be done through
chemical modification of the building blocks (amino acids, fatty acids, etc.) or direct
modification of the macro molecule (proteins, glycans, etc.). Chemical fluorescent
tags (~1kDa) are much smaller than FP tags (~30kDa), and are generally brighter
and suffer from less quenching (Dempsey, Vaughan, Chen, Bates, & Zhuang,
2011). However, these can still severely interfere with the biological function, depend-
ing on the modification position, chemical properties of the fluorophore and number
of fluorophores per biomolecule (Jensen, 2012; Toseland, 2013). This effect is most
pronounced in highly sensitive biological systems such as the immune system
(Araman et al., 2018; Hos, Tondini, van Kasteren, & Ossendorp, 2018; Szabd
et al., 2018).

Bioorthogonal chemistry—also known as ‘click’ chemistry - uses a two-step
labeling mechanism to first introduce a small chemical modification in the bio-
molecule of interest, followed by a secondary ligation (click) step to attach a fluor-
ophore (or a different reporter) of choice (Prescher & Bertozzi, 2005). The first
modification—commonly referred to as click handle—can be as small as a few
atoms in size (e.g., -C=C- vs —CH3), minimizing the effect on the biological func-
tion (McKay & Finn, 2014). The second step—clicking the fluorophore—can be
performed at any time but if chemical fixation is possible or required (as for CLEM),
this reaction should be performed afterwards to avoid interference with the biology
altogether. This technique can be used to label any biomolecule, provided the
structure is synthetically available and large enough to allow a small modification
(Prescher & Bertozzi, 2005). Various bioorthogonal reactions have been developed
(Devaraj, 2018; Row & Prescher, 2015), that can be chosen based on the require-
ments of the biological question. The classic copper-catalyzed Huisgen cycloaddi-
tion (ccHc) (Rostovtsev, Green, Fokin, & Sharpless, 2002)—or copper-click
reaction—involves the ligation of a terminal azide to a terminal alkyne group,
catalyzed by copper(I). Either the azide or the alkyne can be incorporated into the
biomolecule, depending on synthetic preferences and homology to the natural struc-
ture, but the alkyne is preferred due to significantly lower background of the cognate
azide-modified fluorophore (Bakkum et al., 2018). This reaction is fast, high yielding
and very selective, making it the ideal strategy for two-step labeling of biomolecules
involved in sensitive biological processes. The well-known cytotoxicity of copper(I)
(Sletten & Bertozzi, 2011) is irrelevant when performing the reaction after chemical
fixation but can be avoided using a strain-promoted Huisgen cycloaddition (spHc)
reaction, using a cyclooctyne-modified fluorophore (Mateos-Gil et al., 2016).

Not only are these click handles small enough to avoid interfering with the bio-
logical processes, they are bioinert (Sletten & Bertozzi, 2011) and (bio)chemically
stable (Neef & Luedtke, 2014). This is of great importance when studying immuno-
logical processes, that include uptake of foreign material (e.g., bacteria), degrada-
tion and processing of the material for antigen presentation. We have previously
shown that both the azide and alkyne groups are sufficiently stable to the harsh con-
ditions that occur during degradation of bacteria, to allow the intracellular study
of these foreign entities (Bakkum et al., 2018; van Elsland et al., 2016).
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Case study: Intracellular pathogens

The immune system employs a wide range of defensive strategies against foreign
invaders, such as viruses, bacteria and multicellular parasites (Murphy & Weaver,
2016). Immune cells sense their presence, process the molecular information
and conclude on either a destructive response (clearance) or a non-destructive
response (tolerance), to avoid unnecessary damage to the host (McCarville &
Ayres, 2018). Bacterial invaders are first internalized through a process called
phagocytosis—employed by specialized phagocytic immune cells such as macro-
phages and dendritic cells—and subsequently killed and degraded in specialized
anti-microbial compartments called phagolysosomes (Kinchen & Ravichandran,
2008). Intracellular pathogenic bacteria such as Salmonella enterica employ a
parasitic lifestyle to avoid killing and clearance by the host cell (Fig. 2) (Fields,
Heinzen, & Carabeo, 2011).

'71

Salmonella

Phagosome Phagolysosome

@) Lysosomes
. O O :
FIG. 2

Simplified schematic representation of the intracellular lifestyle of Salmonella enterica.
Following uptake by a phagocytic immune cell (1), Salmonella bacteria initially reside within a
host compartment called a phagosome. Phagocytic immune cells are specialized in
degrading pathogenic bacteria through fusion of the phagosome with lysosomes (2a) to form
a highly bactericidal phagolysosome, eventually resulting in the degradation of the pathogen
(3a). However, Salmonella has evolved to evade degradation (2b), through the formation
of a specialized compartment which is referred to as a Salmonella-containing vacuole (SCV).
Through this immune-evading strategy, Salmonella is able to survive and even multiply
freely (3b), usually resulting in host cell lysis and spreading of the pathogen.

Host Immune Cell
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Classical light and electron microscopy techniques provide insufficient informa-
tion on the intracellular behavior of pathogenic bacteria, due to the lack of either
ultrastructural information, functional information, resolution, or a combination of
both. Confocal-CLEM provides both functional information (through click labeling)
and ultrastructural information on the subcellular behavior of the pathogen but lacks
sufficient resolution to observe the precise label distribution. SRM-CLEM solves
this problem and provides additional single-molecule sensitivity, that allows for
visualization of sub-bacterial structures and rare events with low label density.
We have previously shown that a combination of bioorthogonal labeling, STORM
and TEM (STORM-CLEM) provides an effective tool to study the intracellular
behavior of Salmonella enterica serovar Typhimurium (abbreviated here as Salmo-
nella) (van Elsland et al., 2018). The choice of SRM technique stands for achieving
the best resolution and using a non-damaging laser power. We found STORM left the
sample relatively unaffected, resulting in a well-preserved ultrastructure on EM.

Methods

The method described here is primarily focused on the on-section click reaction and
subsequent image acquisition and correlation of STORM-CLEM. More details about
the original procedure for studying Salmonella in murine bone marrow-derived den-
dritic cells (BMDCs) can be found in the original publication (van Elsland et al.,
2018). Tips and alternatives to the protocol are indicated between asterisks (*). Steps
that require extra attention or care are indicated between exclamation marks (!).
A graphical summary of the protocol is illustrated in Fig. 3 and a simplified workflow
with time indications is provided in Fig. 4.

Bioorthogonal labeling of bacteria and cell infection experiment

It is strongly recommended to prepare all bacterial and mammalian cells, growth
media and reagents beforehand, as the biological experiment requires a strict time
schedule. A sufficient number of cells is crucial to obtain a large enough cell pellet
for the subsequent sample preparation according to the Tokuyasu method (about
50-100pL in volume). Generally, a 10cm cell culture dish with a confluency of
>70% should suffice for a single experimental condition (around 5-20 million cells,
depending on the cell type).

0. Dilute an overnight culture of Salmonella (1:33) and allow to grow back to the
exponential growth phase (ODggy between 0.3 and 0.5).

1. Replace the growth medium (LB) by a methionine-free alternative (SelenoMet)
and supplement with a previously optimized concentration of
L-homopropargylglycine (Hpg) (4mM) for bioorthogonal labeling of the
bacterial proteome, according to the BONCAT procedure (Dieterich, Link,
Graumann, Tirrell, & Schuman, 2006; Landgraf, Antileo, Schuman, &
Dieterich, 2015).
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Cryo-sectioning and click reaction with fluorophore

AF-647

[Cu

Cryo-sectioning of the On-section click reaction Counterstaining of nuclei
Salmonella-infected BMDCs with cognate fluorophore to assist with correlation
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FIG. 3
Graphical summary of the bioorthogonal STORM-CLEM protocol.
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Workflow Timeline
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Cryo-sectioning Trimming and cryo-sectioning 1day
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STORM imaging

Negative staining

TEM 1day

TEM imaging

Correlation

FIG. 4

Workflow and timeline of the bioorthogonal STORM-CLEM protocol.
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(*) The optimal label concentration can be determined by in-gel fluorescence
and flow cytometry analysis (van Elsland et al., 2018). Hpg can be easily substituted
by L-azidohomoalanine (Aha) if preferred (van Elsland et al., 2016). (*)

2. Incubate the bacteria for approx. 1-2 doubling times (30 min for Salmonella).

(*) The effect of label incorporation on bacterial viability can be checked by
comparing the growth rates of the bacteria in the presence or absence of the
bioorthogonal label (van Elsland et al., 2018). (*)

3. Infect the phagocytic immune cells (BMDCs) by co-incubating with the labeled
bacteria (MOI 50) in antibiotic-free cell medium (e.g., IMDM +10% FCS) for
45 min.

4. Wash away the non-internalized bacteria and further incubate the infected cells
in medium, according to the biological research question (e.g., 3h for
intracellular processing). Addition of gentamycin (f.c. 100 pg/mL for washes,
10 pg/mL for post-infection incubation) is desirable to kill extracellular bacteria
and avoid uncontrolled bacterial growth.

Fixation and preparation of ultrathin cryo-sections

We previously discovered that the Tokuyasu cryo-sectioning technique is com-
patible with on-section click reaction (van Elsland et al., 2016), in addition to its
well-known compatibility with immunofluorescence (Mobius & Posthuma, 2019;
Vicidomini et al., 2008, 2010). Here we briefly describe the method that has been
used in the bioorthogonal STORM-CLEM publication, including some updates to
the original Tokuyasu method. A complete and comprehensive protocol of the
Tokuyasu method, including video tutorials, has been previously published by
Peters, Bos, and Griekspoor (2006).

1. Fix the cells directly on the cell culture dish with a f.c. of 2% paraformaldehyde
in 0.1 M phosphate buffer pH 7.2 for 24h at room temperature.

2. Rinse with PBS and 15 mM glycine in PBS to block potential aldehyde residues.

3. Harvest the fixed cells in pre-warmed (37°C) 1% gelatin in PBS using cell
scrapers and collect in an Eppendorf tube.

4. Pellet cells by centrifugation for Smin at 400 rcf and resuspend the pellet in
pre-warmed 12% gelatin in PBS.

5. Incubate for 10min at 37°C, then collect by centrifugation for 3 min at 2500 rcf
and solidify gelatin on ice.

6. Cut sample cubes of 0.5-1 mm® with a razor blade and allow sucrose infiltration
by rotating in 2.3 M sucrose in PBS overnight at 4°C.

7. Transfer each sample cube to a metal support pin (to be mounted in the
ultramicrotome) and plunge freeze by dropping the pin in a small container
filled with liquid nitrogen.

8. Apply fiducials (0.1 pm FluoSpheres) to the Formvar/carbon-coated TEM grids
grid (titanium, 100 square mesh, 3.05 mm, center-marked, Agar Scientific)
by incubating the grids for 2min on a droplet of prediluted (1:10000) and
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10.

11.

12.

13.

14.

15.
16.

sonicated (5min at max power) FluoSpheres. Wash 2 x 1 min on drops of PBS
and 2 x 1 min on drops of milliQ water. Dry the grids by carefully touching the
side of the grid on filter paper and store in a dry grid box until step 15.
Mount the sample pin on a cryo-ultramicrotome (Leica UC7 Ultramicrotome
equipped with Leica EM FC7 Cryochamber and EM Crion ionizer/charger),
pre-cooled to —115°C.
Trim the sample cube with a trimming knife (Diatome Trim 20°), leaving
behind a block face of approx. 400 pm (h) x 300 pm (w) x S0pm (d) for
sectioning.
Using a cryo-immuno diamond knife (Diatome Cryo Immuno 35°), cut
sequential ultrathin sections of 75nm thickness.
Guide the growing ribbon with a micromanipulator (Diatome
Micromanipulator (LeicaMicrosystems, 2017)) to form a ribbon of
10-20 sections.
(1) Pick up the sample ribbon using a metal loop containing a droplet of pickup
solution (1.15M sucrose, 1% methylcellulose), making sure the droplet does
not freeze before contact with the ribbon is made. (!)
Allow the pickup droplet to thaw inside a closed environment such as a 200 pL
PCR tube. This avoids condensation from the air, which strongly increases
folds in the sample.

(*) Alternatively, a lift-up hinge can be used, as described elsewhere
(Bos et al., 2011). (*)
Place the droplet (sample down) on a fiducial-coated TEM grid.
Place the grid on a droplet of pickup solution (sample down), then place the grid
(sample up) in a polyether-covered petri dish and store overnight at 4°C.

Click reaction and counterstaining of thawed cryo-sections

Various reaction conditions have been suggested and optimized (Hong, Presolski,
Ma, & Finn, 2009; Hong, Steinmetz, Manchester, & Finn, 2010; Presolski, Hong,
& Finn, 2011) but the conditions described here work robustly in our hands for a wide
range of applications, including in-gel fluorescence, flow cytometry, fluorescence
microscopy and CLEM. Click reagents should be prepared freshly or stored at
—20°C as single-use aliquots. The bioorthogonal reaction mixture (click mix) must
be prepared following the indicated order.

1.

2.

Place the grid (sample down) on a prewarmed 2% gelatin PBS solution and
incubate for 30min at 37°C.

Prepare a clean surface for subsequent washing and staining steps by sticking
some Parafilm onto a wet surface and removing the protective film from the top.

. Prepare droplets of PBS containing 15mM glycine and use a plastic loop to

transfer the grid (sample down) on a droplet, then transfer to a second droplet.
Wash 5 x 2min on droplets of PBS containing 15mM glycine.
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5. Prepare the click mix in an Eppendorf tube by mixing 4 pL 0.1 M copper sulfate,
4pL 1M sodium ascorbate, 4pL. 0.1 M THPTA, 4pL 1 M aminoguanidine,
383 uL 0.1 M HEPES pH 7.4 and 1 pL 2mM Alexa Fluor 647-azide (to react to
the Hpg-labeled bacteria). Note that the reagents must be added in this
sequence to obtain a working reaction mixture.

Incubate 60min on a droplet of click mix.

Wash 3 x 2min on droplets of PBS.

Wash 3 x Smin on droplets of PBS containing 1% BSA.

Wash 3 x 2min on droplets of PBS.

Incubate Smin on a droplet of PBS containing 1 pg/mL DAPIL.

Wash 5 x 2min on droplets of PBS.

~—oweND

—

STORM imaging

The resolution of the confocal microscope is limited to about 250nm by Abbe’s law
of diffraction of light, rendering this technique unsuitable for precise imaging of
phagocyte-Salmonella interactions. STORM is able to circumvent the diffraction
barrier and reach an x-y resolution of about 20nm and a-z resolution of about
50nm (Jones et al., 2011; Rust, Bates, & Zhuang, 2006), thus has an improved
sensitivity of detection of intracellular pathogens and provides a better resolution
alignment when used in correlation with TEM. Another important advantage of
the STORM-CLEM protocol is that the fluorophore can be introduced after the
biological experiment and sample preparation, hence we are not limited by the dyes
available to use. We have chosen to label the bacteria using Alexa Fluor 647—one of
the best performing cyanine-based STORM dyes—through the ccHc ligation method
described above. The protocol outlined here is aimed at combining the advantages
of STORM and TEM (STORM-CLEM) to study the life cycle of Salmonella in
BMDCs.

1. GLOX buffer is prepared as described in Materials section.

2. Microscopy slides are pre-cleaned with 100% ethanol and dried using a nitrogen
gas flow. The grids containing the sample sections are washed on GLOX droplets
(3 x Smin) supplemented with 30% glycerol and placed on the glass slide
with the thin section facing upwards. A small drop of GLOX buffer (20pL) is
placed on top of the grid and then covered with a glass coverslip #1.5H
(24 mm x 24 mm, thickness 0.15mm).

3. Low-magnification images are acquired using the 10 x objective and the
epifluorescence lamp, to map the grid and identify the location of interest in
brightfield, 405 channel (nuclei) and 647 channel (bacteria).

4. The 10 x objective is switched to the 100 x oil immersion objective and a map is
acquired of the area of interest from step 2, using both the transmitted light
and fluorescence to specify the reference on the finder grid and the cell position.
This will aid in tracing back the same area and cell in TEM.
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5. Images are then obtained using the NIKON N-STORM system configured for
HILO imaging, using an oil immersive objective (100 x). Alexa Fluor 647 is
excited using illumination from the 647 laser (160mW, 1.9kW cm_z).
Fluorescence is collected by means of a Nikon 100 x, 1.4 NA oil immersion
objective and passed through a quad-band-pass dichroic filter (97,335 Nikon).
20,000 frames at S0Hz are acquired for the 647 channel. Images are recorded
onto a 256 x 256 pixel region (pixel size 160nm) of a CMOS camera.

6. STORM images are analyzed with the STORM module of the NIS element Nikon
software (van der Zwaag et al., 2016) as described below.

STORM analysis

Data acquisition and analysis play an important part in the STORM imaging process,
and thus detailed protocols should be included in each experiment. As described in
Fig. 1, the centroid position of each detected fluorophore is statistically fitted to a
Gaussian function, with the precision depending directly on the number of detected
photons.

The specific localization of single emitters and the Gaussian fitting is performed
using the STORM module in NIS Elements based on the minimum and maximum
height parameters. The darkest bright point is selected as the molecule and its bright-
ness minus the background intensity as the minimum height (minimum intensity, 150
in this case). The maximum height possible is 65,000 for a SCMOS camera system,
and the baseline 100. The point spread function (PSF) fit width is set to 300, min-
imum width 200, and maximum width 400. The first 500 frames are discarded
due to incomplete photoswitching.

The number of photons per localization is quantified to ensure the reproducibility
of the imaging resolution using a protocol elaborated elsewhere (Deschout et al.,
2014). The resulting resolution is 20nm, as expected.

A molecule list is rendered in binary format and the coordinates are translated
into an image. This STORM image is either shown in cross or Gaussian mode by
the NIKON software. Using cross you can visualize directly all the localizations,
whilst Gaussian is a Gaussian rendering of localizations considering lateral localiza-
tion accuracy (average of 17.9+4.6nm) for each localization. In this instance
Gaussian mode is used.

TEM staining

Following STORM acquisition, additional post-staining with uranyl acetate/methyl
cellulose is required to create the contrast in TEM and protect the delicate structures.
This is done according to the standard Tokuyasu method (Peters et al., 2000),
summarized below.

1. The grid containing the sample ribbon is recovered from the microscopy slide, by
placing a droplet of PBS next to the coverslip.
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2. Using ultra fine tweezers, the coverslip is easily, but very carefully lifted to reveal
the grid with the sample on top.

3. The grid is rinsed in ddH,0 and the backside of the grid is dried with compressed
air, while holding the sample side of the grid against a droplet of ddH,0.

4. The sample attached to the grid is washed 5 x 2min on droplets of ddH,0.

5. Droplets of aqueous uranyl acetate (0.4%)/methyl cellulose (1.8%) are placed on
clean Parafilm, attached to a plate lid, placed on ice to keep the solution cold.

6. The grid is touched on a droplet, then transferred to another droplet and incubated
for Smin.

7. Using a metal loop, attached to a pipette tip, the grid is recovered from the droplet
and the excess uranyl acetate/methyl cellulose is immediately removed by
touching the loop sideways on a piece of Whatman 1 filter paper, until only a thin
film remains.

8. The grid is air dried for 20min and can then be stored indefinitely at room
temperature.

TEM imaging and stitching
Manual correlation of different image modalities should ideally be performed step-
wise, as it greatly reduces the difficulty of finding the area of interest. An overview
image of the TEM grid will provide a non-symmetrical reference for identifying the
relevant grid window from which the fluorescence images were acquired. In the
same way, an overview image of the grid window will provide a reference for iden-
tifying the area of interest from which the high-resolution STORM image was ac-
quired. It is recommended to first correlate the STORM image to the low-resolution
fluorescence image, then correlate the combined fluorescence images to a low-
magnification (~200 x) TEM image, and finally correlating the low-magnification
TEM image to a high-magnification (~ 11,000 x) TEM image. An intermediate
correlation step with a medium-magnification (~2000 x) TEM image is optional
but recommended, as it simplifies image registration. Since the field of view
(FoV) of FM/STORM is larger than that of TEM at high magnification, it is useful
to apply a stitching algorithm to obtain a larger FoV TEM image for correlation.

1. Using a stereoscope, orient the sample grid in the TEM sample holder in the
correct way. The final orientation of the grid at the required magnification should
correspond to the original orientation during FM/STORM acquisition and can be
guided by the asymmetric central marking of the TEM grid. Note that the
orientation inside the TEM can change upon increasing magnification, due to the
different lenses.

2. At low magnification, identify the grid window that has been imaged by
FM/STORM.

3. Acquire a reference TEM image at low magnification (~200 x) and use this
image to identify the FoV that has been imaged by low res FM. This reference
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image can be roughly correlated to the FM/STORM image, to assist in identifying
the relevant FoV.

4. Acquire a second reference TEM image/stitch at ~2000 x magnification and use
this image to identify the FoV that has been imaged by STORM. This
reference image can be roughly correlated to the FM/STORM image, to assist in
identifying the relevant FoV.

5. Acquire the final TEM image/stitch at high magnification (~ 11,000 x),
corresponding approximately to the same FoV that has been imaged by STORM.

Correlation

All fluorescence images (STORM or low resolution) were pre-processed (brightness/
contrast corrected) in ImageJ and exported as RGB color TIF. The low-resolution
fluorescence images were first imported into Photoshop as separate layers (overlay
mode: Lighten), rasterized and grouped (group overlay mode: Color). Next, the can-
vas size was increased (e.g., 10-fold) and the high-resolution STORM image was
imported as a new top layer (overlay mode: Lighten). The STORM image was trans-
formed (scaling [bicubic interpolation], rotation, translation) to match the low reso-
lution image, based on the available reference landmarks. All layers were grouped
(group overlay mode: Color) and the canvas size was increased again (e.g., 10-fold).
The TEM image (low magnification or high magnification stitch) was loaded sepa-
rately into Photoshop. The TEM image was then copied onto the fluorescence images
and arranged to the background.

To facilitate correlation of fluorescence to EM, the contrast of the reference
markers (nuclear staining and fiducial markers) was temporarily increased
(Levels tool), and the grouped fluorescence layers were transformed (scaling
[bicubic], rotation, translation) to approximately match the low-magnification
(~200 x) TEM image. All layers were linked, and the fluorescence layers were
hidden, to make EM-to-EM correlation easier. The canvas size was again scaled
if required and the next TEM image was imported in the same manner. Correlation
of the low-magnification TEM image to the high-magnification TEM image was
achieved by reducing the opacity of the top layer (low magnification) and applying
transformations to match the high magnification TEM image. The layers were un-
linked and the low magnification TEM image hidden. Finally, the grouped fluo-
rescence were unhidden and fine transformations (scaling, rotation, translation)
were applied to match the reference landmarks (nuclei and fiducials). Note that
image registration should be performed primarily using the available landmarks,
to avoid biased correlation of the objects of interest. However, the bacteria
described here can be considered as intrinsic landmarks, due to their clear visi-
bility in all image modalities (low resolution fluorescence, STORM and TEM).
This means that minor transformations are allowed to match the STORM
image to the TEM image more accurately but should be minimized. Ideally,
STORM-compatible reference markers should be included to avoid user bias in
the correlation (FluoSpheres in our case).
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Instrumentation and materials
Bioorthogonal labeling and cell infection experiments

Instrumentation: Bacterial culture facility, cell culture facility, laminar flood cabinet
compatible with bacterial infection, ODgg spectrophotometer.

Bacteria and mammalian cells: Pathogenic bacteria of interest (Salmonella
enterica serovar Typhimurium [Salmonella] strain SL1344), phagocytic immune
cells of interest (murine bone marrow derived dendritic cells [BMDCs] generated
from B57BL/6 mice bone marrow).

Materials: Culture flasks, SOmL Falcon tubes, 10cm cell culture dishes.

Reagents: Lysogeny Broth (LB), ampicillin, SelenoMet medium (Molecular Di-
mensions), 400mM L-methionine (Met), 400 mM L-homopropargylglycine (Hpg),
mammalian cell growth medium (IMDM, FCS, GlutaMAX, penicillin, streptomy-
cin, 2-mercaptoethanol, GM-CSF), sterile PBS.

Fixation and preparation of ultrathin cryo-sections

Instrumentation: 37°C incubator, sonicator bath, stereoscope, Leica UC7 Ultrami-
crotome equipped with Leica EM FC7 Cryochamber and Leica EM Crion ionizer/
charger, Diatome Micromanipulator, Diatome Trim 20° knife, Diatome Cryo
Immuno 35° knife.

Materials: Cell scrapers, glass Pasteur pipettes and bulb, single edge and double
edge razor blades, ultra-fine tip and regular tweezers, plastic vials with cap, metal
support pins, filter paper, liquid nitrogen and Dewar, small container for plunge
freezing, glass trimming knife, diamond sectioning knife, Formvar/carbon-coated
TEM grids (titanium, 100 square mesh, 3.05 mm, center-marked, Agar Scientific),
fiducials (carboxylate-modified blue [350/440] FluoSpheres), metal loop on a handle
(with lift-up hinge), 200 uL PCR tubes, 35 mm Petri dishes.

Reagents: fixative (8% aqueous paraformaldehyde [EM-grade] and freshly pre-
pared 0.2 M phosphate buffer pH 7.2 mixed in a ratio of 1:3), 15mM glycine in PBS,
12% gelatin (type A, bloom 300) in PBS with 0.01% sodium azide, 2.3 M sucrose,
2% methyl cellulose (25 cP).

Click reaction and counterstaining of thawed cryo-sections

Instrumentation: N.A.
Materials: Parafilm, plastic loop on a handle, 1.5mL Eppendorf tubes.
Reagents: 0.1 M copper sulfate, 1 M sodium ascorbate, 0.1 M THPTA, 1 M ami-
noguanidine, 0.1 M HEPES pH 7.4, 2mM Alexa Fluor 647-azide in DMSO, BSA,
2mg/mL DAPI solution.

Super-resolution microscopy

Instrumentation: Nikon N-STORM microscope (100 x oil lens, N.A.=1.49), system
configured for HILO imaging, with a quadband pass dichroic filter (97,335 Nikon)
and a Hamamatsu ORCA-Flash 4.0 camera. NIS-Elements Software.
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Materials: Glass slides, Coverslip (24 mm X 24 mm, thickness 0.15 mm).

Reagents: GLOX buffer with 30% glycerol: 100puL PBS, 20puL 50% glucose,
20pL MEA 1M (b-MercaptoEthylamine) and 2pL. GLOX (0.7mg/mL glucose
oxidase, Smg/mL catalase in PBS) plus 30% glycerol (60 pL).

Transmission electron microscopy

Instrumentation: Tecnai 12 Biotwin transmission electron microscope (FEI).
Materials: one metal loop attached to a pipette tip for every grid.
Reagents: uranyl acetate/methyl cellulose (4% uranyl acetate and 2% methyl
cellulose [25cP] mixed in a ratio of 1:9), ddH,O.
Software: TEM stitching algorithm developed in-house (Faas et al., 2012).

Correlation
Software: F1I1, Adobe Photoshop CS6 (or higher).

Discussion
Flexibility offered by click-chemistry

As explained in the introduction, click-chemistry allows performing the click reac-
tion on the thawed cryo-sections, thus avoiding reporter interference in the biological
process studied. An additional benefit is the freedom to use any clickable fluorophore
(or other reporter such as biotin) of choice. Since the number of STORM-compatible
fluorophores is limited, this is of major importance. Generally, cyanine-based fluor-
ophores are considered ideal for STORM, due to their high brightness, blinking rate
and photon count (Dempsey et al., 2011). When considering clickable fluorophores,
an additional consideration should be made in terms of solubility, to minimize non-
specific hydrophobic interactions with the sample. This generally steers the selection
towards the water-soluble Alexa Fluors, with Alexa Fluor 647 giving the highest
blinking rate/photon count (Dempsey et al., 2011). Alternatively, photoactivatable
fluorophores for PALM could hypothetically be used as well (Betzig et al., 2006).
Other options for fluorescent labeling include the use of a clickable biotin, followed
by a separate incubation step with fluorescently modified streptavidin, which may
contain an additional gold particle for detection by EM as well (Cheutin et al.,
2007; Kurdekar et al., 2018).

Bioorthogonal metabolic labels have been developed for virtually all bio-
molecules and have so far shown compatibility with nearly all biological systems,
including whole animals (Grammel & Hang, 2013). Various mutually-orthogonal
bioorthogonal reactions have previously been reported (Liang, Mackey, Lopez,
Liu, & Houk, 2012; Patterson & Prescher, 2015; Willems et al., 2012), providing
an interesting approach to multiplex labeling and potential multi-color STORM-
CLEM. The feasibility and limitations of this approach will depend on the number
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of mutually orthogonal reactions, as well as the number of STORM-compatible
fluorophores and emission filters available.

Tokuyasu cryo-sections allow fluorophore or gold-modified antibodies as well,
to allow multiplex labeling (Mobius & Posthuma, 2019). Although bioorthogonal
labeling can be a good alternative for fluorescent proteins, the Tokuyasu method
does allow most fluorescent proteins to retain their fluorescence, making them an
attractive option to include (ten Brink, Oorschot, & Klumperman, 2015; van
Elsland et al., 2016, 2018). Moreover, direct chemical modifications such as fluores-
cent probes are compatible as well, provided they are fixable (van Meel et al., 2019).
However, these must be included in the biological workflow and therefore lack the
flexibility of on-section fluorescent labeling. Activity-based probes containing a
bioorthogonal group represent a useful alternative for fluorescent probes, maintain-
ing the reporter flexibility after cryo-sectioning (van Elsland et al., 2016).

Choice of grids

An important aspect to consider in our STORM-CLEM protocol is the choice of
grids. Two reasons limit the choice of grids. First, they need to be mounted between
a coverslip and a glass slide for STORM imaging and later on they have to be
retrieved from it, thus they need to be robust. Second, when performing STORM
imaging GLOX buffer is used, so inert metals should be chosen to avoid corrosion.
Similarly, copper grids will be affected by the reducing agent of the copper click
reaction. For these reasons, we found Titanium grids were the ideal choice for our
protocol.

Moreover, we used 100-mesh grids with a non-symmetrical center, as a guide for
the correlation. The 100-mesh is just large enough to image one FoV in confocal/low
resolution FM and supports the sample to keep it as flat as possible. The non-
symmetrical center helps to orient the grid correctly in the TEM and to find the
correct window to image.

How to correlate

The ease of correlation is largely dependent on available reference markers, struc-
tural landmarks and/or fiducials, that should be detectable in all imaging modalities
(low-resolution FM, super-resolution FM and EM). The most effective markers for
the initial coarse correlation are large structures such as nuclei, which can easily be
labeled with a fluorescent dye (e.g. DAPI) and are identifiable from low magnifica-
tion (~300 x) TEM. For fine correlation, smaller fiducial markers are required that
should be sufficiently spread, as to provide any small area of interest with ideally
three fiducials. Various types of fiducials are available, from (multicolor) fluorescent
beads (Fu et al., 2019; Tuijtel, Koster, Jakobs, Faas, & Sharp, 2019) to fluores-
cent gold nanoparticles (Fokkema et al., 2018) and quantum dots (QDots) (Van
Hest et al., 2019), each with specific strengths and limitations.
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As mentioned before, more accurate correlation could be achieved by introducing
SRM-compatible reference markers. The compatibility and accuracy of fiducials
depends on their excitation/emission spectra, brightness, photostability and fluores-
cence lifetime for detection by SRM, and their size and electron density for detection
by TEM. QDots have proven to be most broadly compatible with SRM techniques
and applicable for CLEM as well (Jin et al., 2018; Killingsworth, Lai, Wu, Yong, &
Lee, 2012; Vu, Lam, Hatch, & Lidke, 2015). Fluorescent nanodiamonds (fNDs) have
shown great promise for computational SRM or STED-based CLEM, due to their
extremely high photostability (Chen, Gaathon, Trusheim, & Englund, 2013; Han
et al., 2019; Hsiao, Hui, Tsai, & Chang, 2016; Johnstone, Cairns, & Patton, 2019)
and have been used very effectively for multi-color _ISTORM (madSTORM) as well
(Yi et al., 2016).

Added value of STORM

In this protocol a bioorthogonal STORM-CLEM approach was used to visualize an
intracellular pathogen (Salmonella) within the ultrastructural context of a host cell
(BMDCs). We previously tested the BONCAT-CLEM method on 75nm cryo-
sections of Salmonella but found that due to the limited resolution of the confocal
microscope, the method was not sensitive enough to allow proper imaging of the
phagocyte-pathogen interaction (van Elsland et al., 2016). STORM was chosen as
it is able to circumvent the diffraction barrier and provide one of the best spatial res-
olutions and sensitivities in the SMLM group (Jones et al., 2011; Rust et al., 2006).
SRM is a fast-evolving addition to CLEM, and since its initial development (Betzig
et al., 2006), it is proving to be a true game-changer in overcoming the resolution gap
between diffraction-limited FM and EM. In our experiments, STORM left the sam-
ple relatively unaffected, resulting in a well-preserved ultrastructure in EM. Several
small structures (10-20nm) were observed surrounding the bacterium, that could not
have been detected without the SRM addition to the CLEM technique (van Elsland
etal., 2018). Although further scrutiny is required to identify the origin of these struc-
tures. They may represent bacterial proteins that have been secreted by Salmonella,
which is a well-known phenomenon (Anderson & Kendall, 2017; Park et al., 2018;
Ramos-Morales, 2012; Steele-Mortimer et al., 2002; Uchiya et al., 1999). The
bioorthogonal labeling strategy hypothetically enables the visualization of these
secreted proteins, while FP-fusion proteins were shown to be too large to fit through
the Salmonella secretion system (Van Engelenburg & Palmer, 2010).

The SRM-CLEM technique described here in combination with Tokuyasu cryo-
sectioning demonstrates improved sensitivity of detection of intracellular pathogens,
good preservation of dye photoswitching properties and a better resolution alignment
when used in correlation with TEM compared to confocal microscopy. Other
SRM-CLEM techniques were achieved in literature via different approaches such
as lowering the concentrations of OsO, during post-fixation and by optimizing
the resin embedding step, leading to reduced fluorescence quenching, as reported
with PALM (Betzig et al., 2006) and STED with TEM (Watanabe et al., 2011) or
SEM (Kopek et al., 2012).
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STORM uses highly inclined and laminated optical sheet (HILO) as the standard
mode of imaging, an approach that is not limited to imaging the surface of samples as
in total internal reflection fluorescence (TIRF). This means that using HILO mode
we can achieve an imaging depth of up to 10 pm, with a signal-to-noise ratio only
slightly lower than in TIRF. Nevertheless, sample thickness is not an issue for
Tokuyasu cryo-sections that are only 75 nm thick, thus serve as excellent biological
samples in STORM in either modes.

One of the most remarkable traits of fluorescence microscopy is multi-color
imaging, as it enables the determination of colocalization and interaction between
different proteins or structures of interest. Through the use of spectrally distinct
photoswitchable fluorophores, dSTORM enables multi-color imaging with reduced
cross-talk (Bates, Dempsey, Chen, & Zhuang, 2012; Endesfelder et al., 2011; Lampe,
Haucke, Sigrist, Heilemann, & Schmoranzer, 2012). Still, although two-color
dSTORM has been achieved by imaging different structures using spectrally sepa-
rated dyes (Feiner-Gracia et al., 2019; van der Zwaag et al., 2016), the limited avail-
ability of spectrally different photoswitchable fluorophores hinders the use of more
colors. Most organic fluorescent dyes display photoswitching properties, but not all
of them meet the criteria required for dISTORM imaging. Generally red fluorophores
such as Alexa Fluor 647 and Cy5 perform significantly better than the best-
performing dyes in other spectral regions. Therefore, even if one chooses four spec-
trally different dyes, those in the blue (480-540nm), yellow (545-600nm) and NIR
(740-805nm) will be considerably dimmer than those in the red (640—-700nm)
spectrum, which may negatively affect the image resolution. It is important to note
that in order to improve multi-color imaging, the longer wavelength color (i.e.,
647nm) should be imaged first to reduce the photobleaching caused by the shorter
wavelength laser (i.e., 561nm) due to the overlapping spectra of the two dyes
(Xu, Ma, & Liu, 2017).

Moreover, STORM requires aqueous imaging buffers, that typically contain a
reducing agent (e.g., Bf-MercaptoEthylamine/p-mercaptoethanol) and an oxygen
scavenger system (Dempsey et al., 2011). In this protocol we use a mixture of cat-
alase, glucose, and glucose oxidase (GLOX) in combination with a reducing agent
(B-MercaptoEthylamine, MEA), in which our chosen fluorophore Alexa Fluor 647
performs best. Unfortunately, different dyes blink optimally in different imaging
buffers, hence the multi-color acquisition with STORM is challenging (van de
Linde et al., 2011), but possible in 2—3 colors through the use of specific buffers such
as Oxyrase/MEA (OxEA) (Nahidiazar et al., 2016). Alternatives to these limitations
include sequential labeling and imaging using a single fluorophore (Tam, Cordier,
Borbely, Sandoval Alvarez, & Lakadamyali, 2014) or spectral demixing dSSTORM
(SD-dSTORM), that combines the benefits of red-emitting carbocyanine dyes with
spectral demixing (Lampe et al., 2012).

It is important to note that the need for longer image acquisition times in com-
bination with issues arising from the use of imaging buffers — such as acidification of
buffer over time affecting the cell integrity (Jones et al., 2011) — can make the study
of dynamic processes or live-cell imaging difficult. However, whilst live-cell imag-
ing is a setback for in-vivo experiments, it presents no problem as an imaging tool for
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fixed-cell applications as seen in this SRM-CLEM protocol (Dani, Huang, Bergan,
Dulac, & Zhuang, 2010; Loschberger et al., 2012; van Elsland et al., 2018).

Furthermore, optimizing the labeling density is a crucial parameter in any
STORM protocol. A lower-than-optimal labeling density can have a negative
consequence on the image resolution and can augment image artifacts. In this
protocol we imaged our 75nm cryo-sections of Salmonella after incubation
with Hpg at increasing concentrations (0.04, 0.4 or 4mM), and found that at
0.04 mM Hpg the signal was too low for the bacteria to be completely reconstructed
with STORM.

As previously mentioned, the Tokuyasu cryo-sectioning method was chosen in
this protocol as it provides a better structure preservation, molecular diffusivity,
and ease of use than the conventional chemical fixation and resin embedding
steps. Although originally intended for immunostaining protocols, the two-step
nature of our biorthogonal ligations is convenient for Tokuyasu cryo-sectioning,
as the click-fluorophore can be introduced after the biological time course and sam-
ple preparation, with good diffusivity through the 75 nm cryo-section. Furthermore,
by using this technique the STORM imaging buffer can easily access the clicked
fluorophores, ensuring optimal photoswitching properties of the dyes.

General applicability of the method

The presented STORM-CLEM method is applied to the case study of intracellular
trafficking of pathogens, but it could potentially be applied to different types of
biological samples and could be extended to other types of samples, like synthetic
materials, as long they can be fixed and thin-sectioned. As explained, it is a very
versatile workflow that could accept many variations: we have described it with
clickable dyes, but other types of labeling could also be applied, like immunolabel-
ing, previously labeled structures or fluorescent proteins. When correlating with
single-molecule microscopy, the right fluorophore/fluorescent protein should be
chosen. Other types of microscopies, like confocal microscopy, STED or SIM could
also be implemented.

All in all, we have described a detailed workflow for correlating STORM with
TEM on cryo-sections prepared using the Tokuyasu method. Correlating nanoscopic
techniques allows access to more detailed information. In the case studied on intracel-
lular pathogens, we could get insights into their intracellular mechanism of invasion.
Lastly, click-chemistry labeling allows for freedom on the fluorophore of choice.
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