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Correlated Cryo Super-Resolution Light and Cryo-Electron
Microscopy on Mammalian Cells Expressing the Fluorescent

Protein rsEGFP2

Maarten W. Tuijtel, Abraham J. Koster, Frank G. A. Faas,* and Thomas H. Sharp*

Super-resolution light microscopy (SRM) enables imaging of biomolecules
within cells with nanometer precision. Cryo-fixation by vitrification offers
optimal structure preservation of biological specimens and permits
sequential cryo electron microscopy (cryoEM) on the same sample, but

is rarely used for SRM due to various technical challenges and the lack of
fluorophores developed for vitrified conditions. Here, a protocol to perform
correlated cryoSRM and cryoEM on intact mammalian cells using fluorescent
proteins and commercially available equipment is described. After cell culture
and sample preparation by plunge-freezing, cryoSRM is performed using

the reversibly photoswitchable fluorescent protein rsEGFP2. Next, a super-
resolved image is reconstructed to guide cryoEM imaging to the feature of
interest. Finally, the cryoSRM and cryoEM images are correlated to combine
information from both imaging modalities. Using this protocol, a localization
precision of 30 nm for cryoSRM is routinely achieved. No impediments to
successive cryoEM imaging are detected, and the protocol is compatible with
a variety of cryoEM techniques. When the optical set-up and analysis pipeline
is established, the total duration of the protocol for experienced cryoEM

users is 3 days, not including cell culture.

1. Introduction

Correlative light and electron microscopy (CLEM) combines
data from fluorescence microscopy (FM) and electron micros-
copy (EM), two highly-complementary techniques, to image
biological specimens.'*! Biological samples are typically pre-
pared for CLEM using chemical fixatives such as paraformal-
dehyde, which are known to introduce artefacts.®”] In contrast,
nonchemical vitrification, i.e., cryo-fixation, enables investiga-
tion of biological samples in an unperturbed, near-native state,®!
and allows cryoCLEM to be utilized.’* 3! Generally, (cryo)FM
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is used to locate regions of interest, such
as the location of labeled biomolecules,
exploiting the large field of view provided
by (cryo)FM. Alternatively, live-cell fluores-
cence microscopy can be performed prior
to (cryo)fixation, to add temporal informa-
tion to the sample.'*18 High-resolution
information, such as the surrounding
cellular ultrastructure, is not visible by
(cryo)FM but can be provided by succes-
sive (cryo)EM investigation. In addition
to the superior sample preservation, and
in contrast to conventional “room-tem-
perature” (RT-)CLEM, sample preparation
methods for cryoCLEM are directly com-
patible with both imaging modalities and
no intermediate processing steps that are
known to perturb or damage the sample
are necessary.’! However, the resolu-
tion gap between cryoFM and cryoEM is
higher than that of RT-CLEM; the optical
resolution of cryoFM is considerably lower
than that achievable with RT-FM due to
the long working-distance objective lenses
with a lower numerical aperture (NA),2% limiting the resolu-
tion of cryoFM to roughly 400 nm, while cryoEM can achieve
sub-nanometer resolution.?!l This resolution gap hinders accu-
rate correlation, and hence interpretability, of cryoCLEM.[22:23]
The resolution of FM can be improved by an order of mag-
nitude by utilizing super-resolution microscopy (SRM).[2#2°]
SRM includes techniques such as structured illumination
microscopy,?*?’] stimulated emission depletion microscopy
(STED),?8 reversible saturable optical fluorescence transitions
(RESOLFT),2%3% and single-molecule localization microscopy
(SMLM). SMLM encompasses methods such as photoactivated
localization microscopy (PALM),B! fluorescence PALM,BZ
stochastic optical reconstruction microscopy,** and ground state
depletion microscopy followed by individual molecule return.*¥
This protocol describes cryoSMLM, which achieves super-
resolution by imaging stochastically isolated individual fluoro-
phores, such that their precise position can be determined with
sub-pixel precision by fitting a model of the point spread func-
tion. By repeating the process of imaging different individual
fluorophores and precise localization, a super-resolved image
can be reconstructed by combining the localizations found in
all images. SMLM has been successfully adapted for various RT-
CLEM workflows,?>3% and extended to cryoCLEM.[2%233940] e
recently described super-resolution cryoCLEM (SR-cryoCLEM)
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CryoFM imaging
4 hours

Sample preparation
3 days

Plunge freezing
2 hours

SR-reconstruction
5 hours

CryoEM imaging
1 day

Correlation of images
1 day

Figure 1. Overview of the protocol. a) Flow chart of the major steps of the protocol with the typical time scale required indicated for that step. Note
that many steps do not require constant user interaction. For a detailed overview, see Figure S1 in the Supporting Information. b) CryoEM image of
vitrified U20S cells on an EM grid. c) CryoFM image of a U20S cell transfected with rsEGFP-MAP2. d) CryoSRM image of the same area shown in (c).
Separate microtubule bundles can clearly be distinguished, whereas this is not possible in the cryoFM image. e) Correlated cryoFM image of several
bundles of microtubules inside a U20S cell. f) Correlated and reconstructed cryoSRM image of the same region as shown in (e). g) CryoSRM image
overlaid with a slice of a cryo-tomogram of the same region as shown in (e) and (f). h) The tomographic slice of the same region shown in (g), showing

microtubules surrounding several liposomes. Scale bars: 100 um in (b), 10 um in (c) and (d), and 1 um in (e-h).

on biological samples using genetically encoded fluorescent
proteins and readily available equipment.?’l In the protocol
described herein, we explain how we perform SR-cryoCLEM on
vitrified intact mammalian cells, without compromising succes-
sive cryoEM imaging (Figure 1 and Supporting Information).

2. Protocol Overview

An overview of the protocol steps and time requirements is
shown in Figure la and Figure S1 in the Supporting Informa-
tion. After performing initial calibrations (Calibration Protocols
#1 and #2 in the Supporting Information), this protocol takes
6 days to complete, including 3 days of cell culture and transfec-
tion to express the fluorescently labeled proteins (see Culture
and transfect U20S cells on EM grids in the Supporting Infor-
mation). Vitrification is performed using plunge freezing (see
Sample preparation by plunge-freezing grids in the Supporting
Information), after which imaging (described in the sections
Cryo super-resolution acquisition, Analysis and reconstruc-
tion of super-resolution data, Create overview of FM positions,
and Cryo-transmission electron microscope image acquisition
in the Supporting Information) takes 2 days. Finally, image
correlation can be performed in 1 day (see Correlate cryoFM,
cryoSRM, and cryoEM images in the Supporting Information).
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There are many “pause points” throughout the protocol that are
noted in the Supporting Information which allow samples to be
stored in liquid nitrogen (LN2) for extended periods of time. A
complete list of materials and reagents required to perform this
protocol is also provided (Supporting Information). The typical
results expected after performing this protocol are shown in
Figure 1; comparing Figure le,f shows the improvement in
resolution from cryoFM (Figure 1le) to cryoSMLM (Figure 1f),
especially when correlated with a cryoEM image.

To achieve this resolution improvement, several chal-
lenges must be addressed when adapting SRM for cryosam-
ples.2%*1l Vitrified samples must be kept below 133 K at all
times to avoid devitrification and crystallization of the vitreous
water in the sample, which causes severe structural damage
to the near-native sample and impedes subsequent cryoEM
imaging 2022233 Also, many SRM techniques depend on
nonlinear effects of fluorophores that become apparent when
illuminated with high intensity light.* However, intense
illumination can cause devitrification.?2233% We have systemat-
ically determined the illumination intensity that is sufficient to
perform cryoSRM without any sample devitrification (Calibra-
tion Protocol #2 in the Supporting Information), and without
using cryoprotectants to maintain the native environment of
the biological specimens.?3l We have previously described that
photon-induced devitrification starts in the center of the grid
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squares,®3! indicating that other grid types or support films
may allow a higher illumination intensity (see also Note 3 in
the Supporting Information).

Another consideration is the complexity of the optical set-
up: STED/RESOLFT requires a scanning microscopy system,
with an elaborate optical set-up to achieve the desired illumi-
nation pattern: SMLM typically uses a standard wide-field
set-up, which is less expensive than STED microscopes, and
does not require precise alignment of illumination schemes to
stimulate photon emission depletion (Note 1 in the Supporting
Information).

It is undesirable to permeabilize cellular membranes or use
external labeling strategies in order to maintain the near-native
conditions of the cryo-preserved sample. Genetic labels, such
as reversibly photoswitchable fluorescent proteins (RSFPs), can
be expressed within the sample, thereby removing the need
for invasive labeling steps. Furthermore, SMLM can be per-
formed by switching RSFPs on and off.2223:3%43-45] However,
the behavior of RSFPs in a vitreous surrounding and at low
temperature (77 K) is different than at RT,[22233945-48] and the
mechanism that underlies the switching under these condi-
tions is poorly understood.l*”~*% Indeed, we have shown similar
switching behavior of all fluorescent proteins (FPs) tested so
far under vitreous conditions, suggesting that any FP can be
used to perform SR-cryoCLEM.[?)l RSFPs appear to retain their
photoactivatability at low temperatures, although switching
kinetics are much slower compared to RT.233945:47:48] Degpite
this, several (RS)FPs have been successfully employed to
perform cryoSRM.[222339446] Here, we have used rsEGFP2,>"
which showed favorable characteristics when vitrified and
imaged at low temperatures, including intensity, background,
and deactivation rate,l?’ although other (RS)FPs can also be
used.?2233% In order to overcome the slower kinetics and subse-
quent higher background of RSFPs at low temperatures, some
adaptations to standard RT-SMLM imaging protocols were
made. First, prior to SMLM imaging, the majority of probes
have to be put in their off-state, a process that takes seconds
at RT, but can take up to 20 min per imaging position when
imaging cryosamples.l’l However, we have discovered that
RSFPs can be deactivated prior to vitrification, after which their
off-state is retained for prolonged periods of time, which signif-
icantly reduces imaging times.[?*l Furthermore, during SMLM
imaging, many cycles of activation and imaging are repeated
and processed to reconstruct a super-resolved image. Instead of
waiting until all activated RSFPs have been completely deacti-
vated, which takes up to 20 min due to the slower kinetics at
—196 °C, we developed an image-differencing method to detect
only newly activated RSFPs in each imaging cycle.?’]

Lastly, cryostages generally experience more drift compared
to RT stages, due to instabilities caused by the large temperature
gradients between the LN2 cooled stage and the ambient sur-
roundings.?”! Various methods have been developed to mitigate
the drift, for instance by adapting existing cryostages with an
active feedback system that measures and corrects movements
during imaging,?>3*51 or by using fiducial beads to perform
image registration after acquisition.?>2%] We correct for lateral
drift after acquisition by registering the images based on fidu-
cial beads or the residual fluorescence from the sample itself,
which allows the commercially available Linkam cryostage to
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be used without further adjustments. To reduce drift effects,
instead of a single, long exposure, we used relatively fast and
short camera acquisitions that are subsequently aligned (Note 2
in the Supporting Information). Drift in the axial direction
(along the optical axis) manifests as defocusing and cannot be
corrected after acquisition. This was mitigated during imaging
by refocusing when the image drifted out of focus. We also
found that the slower deactivation of fluorophores reduced the
rate of SR-image acquisition at least tenfold.>}l To counter this,
we used the aforementioned image-differencing method, which
greatly accelerates data acquisition (Note 2 in the Supporting
Information).

To facilitate the use of this Protocol and data analysis when
reconstructing the super-resolution image, we have included
a Matlab-script accompanied by a manual and test data (Sup-
porting Appendix).

3. Applications and Future Perspectives

In this protocol, we describe how to perform SR-cryoCLEM on
mammalian cells transfected with MAP2-rsEGFP that localizes
to microtubules (Figure 1 and Supporting Information). We
routinely perform this protocol and achieve a localization preci-
sion of 30 nm, with a success rate of =~83%./2%l

Localizing individual or rare proteins and transient bio-
molecular complexes in situ using cryoEM is difficult due to
the crowded cellular landscape that is visible by cryoEM. Cur-
rently, proteins are identified by, e.g., immunolabeling using
gold beads,>% or tagged with proteins that accumulate heavy
metals to become electron dense.*>5! However, these are not
optimal, with generally a poor binding efficiency and difficulties
with intracellular delivery of both heavy metals and (immuno)
labeling agents.’®l The SR-cryoCLEM methodology described
herein could yield the means to precisely localize and identify
labeled proteins in the crowded cellular landscape provided
by cryoEM using genetic FP tags, such as rsEGFP2, to replace
electron-dense markers.

This protocol is compatible with cryoEM techniques in
general, such as single-particle analysis and 3D cryo-electron
tomography,?*l making this technique broadly applicable as a
tool for in situ structural biology. Furthermore, the recent devel-
opment of cryo focused ion beam (FIB) milling as a method
to section thick biological specimens, such as the nuclei of
cells, has opened up a range of samples and biological ques-
tions in cellular regions that were previously too thick for
cryoEM investigation.’”>8 We anticipate a need for targeted
FIB-milling, so that relatively rare events or proteins can first
be precisely located using cryoSRM, after which those regions
can be thinned using FIB milling and finally high-resolution
cryo-electron tomography can be performed to collect struc-
tural data.’%% Additionally, we envision that cryoSRM can be
an alternative to RT-SRM even without further cryoEM inves-
tigation, so that artefacts caused by chemical fixation can be
avoided through fixation by vitrification.2461-63]

This protocol aims to make cryoSRM and SR-cryoCLEM
routine and straightforward. However, the resolution in the
axial (z-)direction remains diffraction-limited in this protocol,
typically =1.8 um when using objective lenses suitable for
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cryoFM. Samples for cryoEM must be thin enough to allow
transmission of electrons, typically less than 500 nm and more
usually less than 200 nm, which improves the axial resolution.
The localization precision within thick vitrified samples, such as
those prepared for cryoFIB milling, remains limited. The axial
resolution could be improved by, e.g., placing a cylindrical lens
in the optical system so changes in location can be estimated
by measuring the astigmatism of the detected single-molecule
signals.}%¢4 Alternatively, the resolution of cryoSRM could be
further improved by enabling objective lenses with a higher NA,
for instance by utilizing immersion lenses.[>%7] Nevertheless,
by employing the reduced photobleaching characteristics of
FPs inherent with low temperature imaging,*>%~7% localization
accuracies in the sub-nm range have been achieved.[®71]

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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