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Abstract

The dynamics of molecules in living cells hamper precise imaging of molecular patterns by
functional and super resolution microscopy. Circumventing lethal chemical fixation, an on-stage
cryo-arrest was developed for consecutive imaging of molecular patterns within the same living,
but arrested cells. The reversibility of consecutive cryo-arrests was demonstrated by the high
survival rate of different cell lines and intact growth factor signaling that was not perturbed by
stress response. Reversible cryo-arrest was applied to study the evolution of ligand-induced
receptor tyrosine kinase activation at different scales. The nanoscale clustering of epidermal
growth factor receptor (EGFR) in the plasma membrane was assessed by single molecule
localization microscopy and endosomal microscale activity patterns of ephrin receptor type-A
(EphAZ2) by fluorescence lifetime imaging microscopy. We thereby demonstrate that reversible
cryo-arrest allows the precise determination of molecular patterns while conserving the dynamic
capabilities of living cells.

Resolution in fluorescence-microscopy is limited by the time it takes to collect enough
photons to obtain sufficient signal-to-noise for image reconstruction. However, molecular
patterns in living cells are highly dynamic, which impedes imaging with long acquisition
times. Irreversible chemical fixation can solve this problem, yet it is inefficient in
immobilizing membranes, can lead to protein extraction, artificial clustering 1-3, disrupts
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the out-of-equilibrium physiological state and prohibits the evolution of molecular patterns
within cells.

We therefore sought to reversibly arrest cells on a microscope by cooling to -45°C. For this,
dimethyl sulfoxide (DMSO) was used to prevent formation of lethal ice in cells 4 that
scatters light and displaces organic material 5-7. DMSO is more efficient in lowering the
freezing point compared to other cell permeable cryoprotective agents 8,9. At 37°C it is
cytotoxic 10,11, which is markedly reduced at lower temperatures 4,12. For reversible in situ
cryo-arrest, cytotoxic effects of DMSO were avoided by adapting its concentration during
cooling and warming, thereby maintaining the aqueous solution in a stable ice-free phase
8,12. This cryo-cycle reversibly arrested cells in a state compatible with life and allowed the
observation of dynamic molecular patterns in the same cell at different time-points without
restrictions in photon acquisition times.

We used reversible cryo-arrest to study the micro- and nano-scale organization of receptor
tyrosine kinases (RTKSs). RTK-mediated signaling is actuated by ligand-binding, which
results in self-association and activation in the plasma membrane 13. RTKSs are organized in
nanoscale clusters 2,14-18, which are relevant for the reactivity of receptors and ligand-
induced signal actuation 19,20. A full localization reconstruction by TIRF-PALM with
nanometer resolution necessitates minutes, during which receptors will displace by tens of
micrometers at 37°C due to their diffusion (2-5 x 102 pm? s'; ref. 21,22). Therefore, TIRF-
PALM was performed on EGFR-mEQOS?2 expressing HelL a cells under reversible cryo-arrest,
which enabled the observation of EGFR nanoscale cluster reorganization after growth factor
stimulus in the same cell.

At the microscale, RTK-signal duration is controlled by vesicular dynamics 23,24, resulting
in activity patterns difficult to resolve at physiological temperatures due to rapid vesicular
motion. Eph receptors constitute the largest subfamily of RTKs that function as principal cell
guidance cues during development 25. To study how vesicular dynamics controls the
propagation of EphA2-signals inside the cell, we imaged its stimulus-induced activity
patterns by the genetically encoded activity sensor LIFEA2 24 during consecutive cryo-
arrests.

Development and validation of reversible cryo-arrest

The time course of a reversible cryo-arrest cycle is depicted in figure 1a. Starting at 37°C,
cells were cooled to 4°C, at which the culture medium was replaced with HEPES-buffered
medium containing 20% DMSO in two incremental steps of 10%. Subsequently, the
temperature was decreased stepwise to -45°C while raising the DMSO concentration to stay
above the liquidus temperature. For warming back to 37°C the protocol was reversed (Fig.
1b).

A cryo-stage dedicated to live cell microscopy was developed that enabled easy medium
exchange. The central part of the stage was constructed from silver and aluminum with high
thermal conductivity and the height of the flow-through chamber was limited to 100 pm to
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minimize the insulating layer of medium. A polyvinylchloride mounting was used to
thermally isolate the stage from the microscope (Fig. 1c, Supplementary Fig. 1). This design
allowed for maximum cooling rates of 35-50°C min-1, warming rates of 75-130°C min-! and
control of the chamber temperature with an accuracy of 1°C, reliably traced by a
thermocouple (Fig. 1d).

To evaluate the efficiency of protein immobilization in cells during cryo-arrest, we analyzed
the diffusion of cytoplasmic eGFP and transmembrane EGFR tagged with mCitrine (EGFR-
mCitrine). Fluorescence recovery after photobleaching revealed that the diffusion of EGFR-
mCitrine was dramatically reduced after cooling to 4°C and not measurable at -45°C (Fig.
2a). Single particle tracking of EGFR either by Cy3-labeled SNAP-EGFR (SNAP-tag fused
to EGFR 20) or streptavidin-Quantum Dots conjugated to biotinylated EGF 26 confirmed
the immobility of this transmembrane receptor at -45°C within the experimental timeframe
(Fig. 2c, d, Supplementary Fig. 2, Supplementary Video 1 & 2). The fluorescence recovery
of cytoplasmic eGFP at -45°C was strongly reduced to ~3%. This recovery was equally fast
in three concentric areas around the center of the bleached spot (Fig. 2b), showing that it was
due to photo-physical effects such as dark-state recovery 27 and not diffusion.

Survival of five different cell lines exceeded 80% after three consecutive cryo-arrest cycles
as assessed by propidium iodide (PI) staining (Fig. 3). In parallel, we used cytoplasmic
eGFP to monitor cellular morphology. Surviving adherent cells maintained their typical
shape, whereas the minor fraction of Pl-positive cells exhibited morphological changes such
as blebbing, detached or lost their fluorescence during or after cryo-arrests (Fig. 3b).

To study if EGF-signaling is affected by cryo-arrest, we analyzed the activity of EGFR and
its downstream effector, the extracellular-signal related kinase (ERK). We assessed EGFR-
activity in HelLa cells co-expressing EGFR-mCitrine and a phosphotyrosine binding domain
fused to mCherry (PTB-mCherry). Stimulation with a 5-min pulse of EGF after one cryo-
arrest cycle resulted in endocytosis of EGFR-mCitrine that continued over two additional
cryo-arrests at 5 min and 20 min after EGF-stimulus (Fig. 4a, b). This shows that ligand-
induced receptor endocytosis was fully functional after three cryo-arrests. The fluorescence
lifetime of EGFR-mCitrine decreased in the plasma membrane and in small endosomes that
became clearly detectable during cryo-arrest after 5 min of EGF-stimulation (Fig. 4c). This
FRET-induced fluorescence lifetime decrease indicates the molecular association of EGFR-
mCitrine and PTB-mCherry due to EGFR-phosphorylation 28. 20 min after EGF-
stimulation, the fluorescence lifetime distributions shifted to higher values (Fig. 4c),
showing the inactivation of the receptor by protein tyrosine phosphatase (PTP) activity
23,29. Three cryo-cycles without EGF-stimulation did not activate the receptor as apparent
from the constant average fluorescence lifetime (Supplementary Fig. 3a). We assessed the
activity of ERK by a fluorescent kinase translocation reporter (KTR) construct 30. The
measurements showed no impairment of the response by cryo-arrest before or after EGF-
stimulation and cryo-arrest alone did not induce an ERK-response (Fig. 4d, e;
Supplementary Fig. 4). These experiments indicate that consecutive cryo-arrest cycles do not
impair EGF-induced signaling activity.
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To test if cryo-arrest elicits a stress-response, we measured the activity of the stress-activated
protein kinase JNK and the cold-activated p38 MAPK 31 using their respective KTRs 30.
These measurements showed only a slight and transient increase in p38-activity and no
change in INK-activity following cryo-arrest (Fig. 4e). Additionally, no changes in mRNA
expression of the heat shock protein HSP70 or the cold-stress protein CIRBP 32 were found
(Fig. 4f).

Imaging nanoscale organization of EGFR during cryo-arrest

We first evaluated if segregation of lipid-bilayer membranes into liquid-disordered and
liquid-ordered domains 33 are introduced by cryo-arrest. Even though this effect was not
observed in living cells 34, it could occur at temperatures below 0°C. This might influence
the distribution of EGFR since it tends to partition into liquid-disordered domains 35. The
distribution of the ordered domain marker DIOC18 and EGFR was maintained in HeLa cells
between 37°C and -45°C (Supplementary Fig. 5). This shows that cryo-arrest did not lead to
membrane phase separation and EGFR segregation on length scales observable by
diffraction-limited light microscopy.

To investigate the nanoscale distribution of EGFR in the plasma membrane, we reversibly
cryo-arrested Hel a cells expressing EGFR-mEos2 before and 5 min after EGF-stimulation.
The distribution of EGFR-mEo0s2 at the basal membrane was determined by TIRF-PALM
with a localization precision of 24 + 8 nm (mean * s.d.) (Supplementary Fig. 6). We grouped
molecules in clusters of at least 5 molecules if the distance between neighboring molecules
was less than 40 nm by using a density-based clustering algorithm 36. This analysis captures
self-association and also local enrichment in plasma membrane domains, because the
minimum distance exceeds the size of an EGFR-dimer (~12 nm). 61 + 3 % of receptors
appeared in clusters, with diameters ranging from tens to hundreds of nanometers (Fig. 5a, b
and Supplementary Fig. 7a). Consecutive cryo-arrests without stimulation did not show any
differences in clustering parameters, indicating that no clusters were induced or disrupted
(Fig. 5b and Supplementary Fig. 7a). We performed the same analysis in formaldehyde-fixed
cells where the distribution was clearly shifted to larger clusters (>100 nm). This was likely
caused by formaldehyde-induced crosslinking (Fig. 5b and Supplementary Fig. 7a).

After EGF stimulation for 5 min, the fraction of large EGFR-clusters (> 250 nm) was
increased at the expense of smaller ones. These effects were observed to a similar extent in
the periphery and center of the basal membrane (Supplementary Fig. 8), indicating a
uniform activation of EGFR. Inter-cluster network analysis on a larger scale revealed no
change upon stimulation, indicating that the observed effects were specific for the analyzed
nanometer length scale (Supplementary Fig. 7b).

To assess if self-association of EGFR causes its clustering, we measured homo-FRET
between mCitrines inserted into EGFR (EGFR-QG-mCitrine) by fluorescence anisotropy
23,37. Upon photo-bleaching, EGFR-QG-mCitrine showed no significant increase in
anisotropy, indicating that EGFR before stimulation is mainly monomeric 38. This did not
change during cryo-arrest showing that the receptor remained monomeric (Fig. 5c).
Stimulated cells showed a lower anisotropy that increased upon bleaching to the value of
unstimulated cells, reflecting EGFR-dimerization (Fig. 5¢). The mCitrine intensity
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independent anisotropy decrease upon stimulation 23 was also detectable in the cryo-
arrested state (Fig. 5d, e). These experiments show that cryo-arrest is not affecting EGFR
self-association and that EGFR-dimerization is still inducible after, and measurable during
the arrest.

Cryo-SMLM analysis in conjunction with anisotropy measurements thus revealed local
accumulations of EGFR in unstimulated cells that are not due to self-association. Upon
stimulation and dimerization of EGFR, its partitioning changed from relatively small
clusters to large domains containing more molecules.

Mapping microscale EphA2 activity during cryo-arrest

We measured the spatial distribution of the active conformation of EphA2 in consecutive
cryo-cycles before and after stimulation with clustered ephrinA1-Fc in Cos-7 cells
expressing LIFEA2 24. We quantified the spatially-resolved fraction of active LIFEA2 by
global analysis of fluorescence decay profiles obtained by confocal FLIM 39. A FRET-
FLIM time-series of LIFEAZ2 at 37°C showed an increase in the fraction of active LIFEA2
after 5 min stimulation, which was most pronounced at the cell periphery. Inspection of the
corresponding fluorescence intensity micrographs showed a continuous distribution of
LIFEAZ at the periphery, indicating that its active state resides at the plasma membrane. 20
and 40 min post-stimulation, blurred structures appeared in the cytoplasm with a similar
fraction of active LIFEAZ2 as at the plasma membrane. Additionally, a minority of larger
vesicular structures with active LIFEA2 were apparent (Fig. 6a). Based on these
experiments, one would conclude that after stimulation EphA2 is mostly active at the plasma
membrane and on stable endocytic vesicles at later time points. However, because the
acquisition of enough photons for quantifying the fraction of active LIFEA2 took on average
3 min, rapidly moving early endocytic vesicles could not be detected in FRET-FLIM time-
series. Indeed, reversible cryo-arrest enabled the detection of individual endosomal vesicles
after ephrin stimulation in cryo-arrested cells (Fig. 6b, ¢ and Supplementary Fig. 9a, c). This
showed that massive endocytosis already ensued after 5 min stimulation where most of the
active LIFEAZ resided in small peripheral endocytic vesicles. 3D confocal FRET-FLIM of
cryo-arrested cells showed that these structures were indeed endocytosed receptors and not
clusters at the plasma membrane (Fig. 6d, Supplementary Fig. 9d, Supplementary Video 3).
We determined the active fraction of LIFEA2 on each individual endosome as well as the
number of LIFEAZ2 containing vesicles and calculated the average in 4 concentric spatial
bins with equal area (Fig. 6e and Supplementary Fig. 9b, ). This quantification revealed a
descending gradient of active LIFEAZ2 in endosomes towards the interior of the cell that
persisted for at least 20 min after stimulation.

Discussion

The presented cryo-arrest method enables physical fixation of living cells /n situin a
reversible manner, thereby permitting fluorescence imaging with long exposure times of
arrested but living cells at multiple points in time during a biological process. Moreover,
fluorophores are more photostable and produce less cytotoxic radicals at lower temperatures
40,41. Cryo-fixation is frequently used for electron microscopy, avoiding ice formation by
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rapid cooling below -130°C 7. However, these approaches are not yet reversible 5 and
application to SMLM showed that the resolution, though limited by non-immersion
objectives 40,42,43, can be superior to ambient temperature due to better photon-economics
44. The reversible cryo-arrest presented here is compatible with immersion objectives by
cooling to -45°C, a temperature where diffusion of proteins and lipids is so negligible that it
enables the measurement of their patterns with high precision. As shown by high survival
rates and preservation of overall morphology after three consecutive cryo-arrests, DMSO
ensures cryo-tolerance without cytotoxicity at this temperature 12, DMSO can replace water
in hydration shells 45 and when added at 37°C, it influences protein folding and interactions
and thereby cellular functions 10. However, addition of DMSO at low temperatures did not
disrupt inter- and intramolecular interactions, such as dimerization of EGFR, binding of
EGFR to a PTB-domain and conformation of LIFEA2. EGF-induced downstream signaling
was conserved after cryo-arrests, which shows that there was no deleterious effect on
multiple protein reactions/interactions involved in these complex signaling processes. The
proteome composition is likely also not affected by cryo-arrest, since stress proteins were
not induced.

The reversible cryo-arrest performed on the microscope has the advantage that molecular
dynamics at physiological temperature can be measured in conjunction with the precise
determination of molecular patterns at cryo-temperatures in the same cells. The cooling
procedure from 37°C to -45°C takes in our current setup about 10 min. This is fast compared
to chemical fixation, which usually takes at least 30 min to arrest membrane bound proteins
and cannot fix lipids 1. However, biochemical reactions are already dramatically reduced at
4°C, which is reached after ~50 s. That biochemical reactions are indeed arrested on the
timescale of a minute is apparent from the unaltered ERK-activity profiles of cells that were
stimulated with EGF before cryo-arrest (Fig. 4d). Nevertheless, the state of the molecules
cannot be precisely measured at this temperature due to residual diffusion, for which cryo-
arrest at -45°C was necessary. The observed molecular state at -45°C is thereby
representative of ~1 min after the beginning of cryo-arrest. This is for example shown in the
early vesicular structures in which EphA2 resides after 5 min stimulation. Thus, the method
is applicable to study processes that evolve on the timescale of minutes.

We applied reversible cryo-arrest to study the evolution of spatial-temporal patterns of RTKSs
at different length-scales in living cells. The TIRF-PALM and fluorescence anisotropy
microscopy results in cryo-arrested cells showed that non-stimulated EGFR in the plasma
membrane is monomeric, yet locally clustered. EGFR-clustering in unstimulated cells is
therefore not due to self-association, but caused by interactions with specialized membrane
structures. This might prime the system for efficient activation by the formation of
asymmetric dimers 46 upon EGF stimulation. After EGF-stimulation, EGFR localization
shifted from mostly small clusters of 50-150 nm to clusters bigger than 250 nm. This
indicates that activated and phosphorylated EGFR-dimers interact stronger with adaptor
molecules in specialized membrane domains than non-activated EGFR. This could lead to
the formation of signaling-clusters with high local concentrations of activated EGFR that
can contribute to the autocatalytic amplification of the signal upon activation 19,47 and are
likely the sites for receptor endocytosis 48.
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Formaldehyde-fixed unstimulated cells exhibited mainly large clusters resulting in a smaller
shift to large clusters upon stimulation. The cross-linking activity of formaldehyde takes
more than 30 min to arrest transmembrane molecules 1, which might have been the cause for
the observed large EGFR clusters.

Measuring FRET-FLIM of living, arrested cells allowed to obtain precise data on EphA2-
activity in early endocytic vesicles. LIFEA2 was previously developed to quantitatively
image the active state of EphA2 in living cells at 37°C 24. However, the long acquisition
time required to collect enough photons to reconstruct a high resolution fluorescence
lifetime image, prohibited the detection of LIFEAZ2 activity levels in dynamic subcellular
structures. Under cryo-arrest, we observed a high fraction of activated LIFEAZ2 in peripheral
endosomes that gradually decreased towards the perinuclear area. This gradient persisted
over time despite the reduction in total receptor activity. These results suggest that EphA2-
signaling response is controlled by the duration of endosomal trafficking to the perinuclear
area, during which receptor dephosphorylation by an opposed PTP activity gradient occurs
24,49,

Cryo-arrest is compatible with different fluorescence microscopy techniques that extract
structural and functional information on different length scales. Although the preservation of
biological functionality after cryo-arrest will have to be verified on a case-by-case basis, our
results demonstrate the applicability of reversible cryo-arrest to investigate molecular
patterns with high precision during dynamic processes in cells.

Online Methods

Preparation of cover slides for cell culture

A 10 um thick double-sided adhesive tape (Modulor GmbH, Berlin, Germany) was cut to the
size of a 21 x 26 mm cover slide (Gerhard Menzel GmbH, Braunschweig, Germany). In the
middle a rectangular area with the dimension of the cavity of the aluminum flow chamber
was cut out. The adhesive tape was glued on the cover slides (keeping the upper side of the
tape covered by the release liner), sterilized in ethanol and washed with sterile H,O. Cover
slides with adhesive tape facing upwards were placed in sterile 6-well-plates for cell culture
(Sarstedt AG & Co, Niimbrecht, Germany) (Supplementary Fig. 10a).

Cell Culture and Transfection

HeLa (ATCC No. CCL-185), MDCK (ATCC No. CCL-34), Cos7 (ATCC No. CRL-1651),
and MCF7 cells (ATCC No. HTB-22) were obtained from ATCC without further
authentication. HCT116 (ATCC No. CCL-247) were tested by short tandem repeat analysis
(IFG, Miinster, Germany), which indicated presence of chromosomal instability or
polyploidy. All cells were cultured in Dulbecco's Modified Eagle Medium (DMEM)
supplemented with 10% fetal bovine serum (FBS), 100 pg mL™1 streptomycin, 100 U mL!
penicillin, 1% L-Glutamine (200mM), and 1% nonessential amino acids (all PAN-Biotech,
Aidenbach, Germany). Cells were regularly tested for mycoplasma infection with the
Mycoalert™ Mycoplasma detection kit (Lonza, Basel, Switzerland) and cultured at 37°C
with 95% air and 5% CO». Cells were plated on the prepared cover slides in 6-well dishes at
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a concentration of 0.2-1x10° cells per well at least three days before the experiment. 24-48 h
after seeding, HeLa, MCF7 and Cos7 cells were transfected using FUGENE™ 6 (Promega,
Madison, WI, USA); MDCK cells were transfected with Effectene transfection reagent
(Qiagen, Hilden, Germany) and HCT116 cells were transfected with lipofectamine 2000
(Fisher Scientific GmbH, Schwerte, Germany) following the standard protocols of the
manufacturers.

Mounting of the cryo-stage and cryo-arrest

The cover slides with cells were removed from the 6-well plates. The release liner of the
double-sided adhesive tape was removed and the cover slides were glued to the flow
chamber. The rectangular part in the middle without adhesive tape was mounted right under
the cavity of the flow chamber (Supplementary Fig. 1a, b and 10b). Care was taken to keep
the cells moist by medium during this process. The cryo-stage was assembled as shown in
supplementary figure 1. Solution exchanges during cooling and warming are realized with
the help of a neMESY'S low-pressure syringe-pump (Cetoni GmbH, KorbulRen, Germany)
that enables a constant flow rate of 3 pL s-1. For live-cell imaging, cells were flushed with
HEPES buffered DMEM medium without phenol red and temperature was set to 37°C. For
cryo-arrest, temperature and medium changes were performed as described in figure 1a. All
experiments were performed using the maximum cooling and warming rates that within a
cryo-cycle vary from —35°C min to =50°C min-! and 130°C min™® to 75°C min1,
respectively.

Propidium iodide (PI) staining

For assessment of survival, cells transfected with eGFP were stained within the cryo-stage
with 100 ng mL"1 PI for 5 min. Subsequently cells were imaged with filter sets for green
(eGFP) and red (PI) fluorescence. The number of eGFP-transfected, Pl-positive cells was
normalized to the total number of eGFP-positive cells. The survival of each cell line was
tested in three independent experiments with a total number of 64 (Cos7), 70 (HelLa), 100
(HCT116), 77 (MCF7) and 73 (MDCK) cells.

Quantification of stress response gene expression

The expression levels of the stress induced heat shock protein HSP70 and the cold-stress
induced RNA binding protein CIRBP were tested in HeLa cells by quantitative real-time
PCR 15 min after cryo-arrest (n=6 experiments for each condition). As a positive control for
heat stress, cells were treated for 30 min at 42°C. As a positive control for mild cold stress,
cells were incubated for 24 h at 32°C. Afterwards, the mRNA of cells was extracted directly
out of the microscopy stage. For this, 300 uL RNA lysis buffer (Zymo Research, Freiburg,
Germany) were conducted through the stage with a flow of 3 pL s> and collected directly
after the stage in RNA free tubes (Eppendorf AG, Hamburg, Germany). Purification of the
mRNA was done with the Quick-RNA™ MicroPrep kit (Zymo Research, Freiburg,
Germany) according to the standard procedures of the manufacturer. Quality and amount of
RNA were measured by measuring adsorption of 230, 260 and 280 nm in a
spectrophotometer (Nanodrop products, Wilmington, DE, U.S.A). A one-step reverse
transcription-quantitative PCR (RT-qPCR) protocol was performed using the GoTag™ 1-
Step RT-gPCR System (Promega Madison, WI, USA). Specifically, 10 ng input RNA was
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used in a 20 pL reaction in a 96-well thermal plate. All samples were tested in duplicate. The
plates were sealed and run in an 1Q5 real-time PCR system cycler (Bio-Rad, Munich,
Germany). Cycling conditions: 40 cycles of 95°C for 10 sec, 57°C for 30 sec. Data were
analyzed using the AACt method for determination of relative gene expression by
normalization to an internal control gene (GAPDH) and fold expression change was
determined compared to untreated control samples. The following primers were used for the
gPCR: human GAPDH (sense, 5-TTCATTGACCTCAACTACAT-3" antisense, 5’-
GTGGCAGTGATGGCATGGAC-3"); human CIRBP (cold inducible RNA binding protein,
Gene ID: 1153) (sense, 5’-GGTCTTCTCAAAGTACGG-37 antisense, 5°-
CATCATGGCATCCTTAGC-3"); human HSPA1A (heat shock protein family A (Hsp70)
member 1A, Gene ID: 3303) (sense, 5’-CCTACTTCAACGACTCG-3 antisense, 5°-
AGGTCAAAGATGAGCAC-3)).

Confocal imaging of EGFR and DiOC18

HelLa cells were transfected with SNAP-EGFR (SNAP-tag fused to the extracellular N-
terminus of EGFR 20) one day before the experiment and starved over night. Cholesterol
extraction was done by incubating the cells in 10 mM methyl-p-cyclodextrin in medium
without FBS for 60 min (ref. 50). Cells were labeled for 15 min with 20 pM SNAP-Surface
Alexa-647 (New England Biolabs GmbH, Frankfurt, Germany) in FBS-free medium and
subsequently labeled with DiOC18 in FBS-free medium for 2 min (Vybrant-DiO 1:200;
Thermo Fisher Scientific, Waltham, MA, USA). This lipid-dye prefers liquid-ordered over
disordered domains 50. Cells were imaged on a confocal microscope (Leica SP8) with a 63x
1.4 NA objective (Leica Microsystems CMS GmbH, Mannheim, Germany). To create
scatterplots, intensity values of both channels were plotted pixel-by-pixel against each other
using ImageJ software (Rasbhand, ImageJ, National Institutes of Health, Bethesda, MD,
USA). To quantify the extent of correlation the image correlation quotient (ICQ) 51 was
computed using ImageJ. To determine the ICQ, the number of pixels in which the intensity
values deviate in both fluorescence intensities in the same direction from their respective
means is divided by the total number of pixels. Afterwards a value of 0.5 is subtracted. This
results in a value of 0.5 for absolutely co-localized fluorescence intensities and -0.5 for
completely separated fluorescence intensities 51. Three independent experiments were
performed and a total of 12 cholesterol depleted and 6 control cells were imaged.

Measurement of kinase activities by kinase translocation reporters (KTR)

HeLa cells were transfected with ERK-KTR, JNK-KTR or p38-KTR 30 one day before the
experiment and starved over night. These reporter construct translocate from the nucleus to
the cytoplasm of cells, when the kinase is active 30. Cells were imaged using a 100x 1.3NA
objective and filter settings for green fluorescence. The amount of translocation was
quantified by dividing the mean fluorescence in the cell by the mean fluorescence in the
nucleus. For each condition three independent experiments were performed. Cells: ERK-
KTR: Ncontrol=6; NEGF(+cryo-arresty=6; Neryo-arrest=10, NEgF=12, INK-KTR: Nryo-arrest=31;
Nanisomycin=23, P38-KTR Neryo-arrest=18; Nanisomycin=13 (P38).
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Super-Resolution Microscopy

The microscope was built up on an Olympus 1X-81 body, equipped with a total internal
reflection fluorescence illuminator and a PLAPON60xO/TIRFM-SP objective (NA 1.45;
Olympus GmbH, Hamburg, Germany). A diode laser emitting at 405 nm (Toptica Photonics,
Graefelfing, Germany), the 476 nm laser line of an argon laser and a 561 nm solid-state laser
(both Coherent GmbH, Dieburg, Germany) were coupled in using single-mode optical
fibers. Emission light was spectrally separated with a 570 LP dichroic mirror and a 575-625
band pass filter (Olympus GmbH, Hamburg, Germany). Light detection was done using an
EM-CCD camera with an effective pixel size of 107 nm (iXon EM-CCD; Andor Technology
Ltd., Belfast, UK).

For PALM measurements, HelL a cells were transfected with EGFR-mEos2 (mEos2 fused to
the intracellular C-terminus of EGFR) 24 h before the experiments and starved 12 h prior to
the experiment in medium without FBS. 1000 frames of 100 ms exposure time were
recorded for each super-resolution image. Super-resolution images were reconstructed using
the ThunderSTORM Plugin (Ovesny, Bioinformatics, 2014) for ImageJ (Rasband, ImageJ,
National Institutes of Health, Bethesda, MD, USA). Localization precision was calculated
by ThunderSTORM as described 52.

For single-particle tracking, HeLa cells were transfected with SNAP-EGFR or EGFR-
mCitrine 24 h before the experiments and starved 12 h prior to the experiment in medium
without FBS. For EGF-Quantum Dot conjugation, 3 uL Quantum Dots (Qdot 705 with
streptavidin; 1 uM; Thermo Fisher Scientific, Waltham, MA, USA) + 72 uL PBS with
0.1%BSA were mixed with 4.7 pL biotin-EGF (40 ug mL™1) + 70.3 uL PBS with 0.1% BSA.
This solution was incubated for 30 min at 4°C with slow rotation on a spinning wheel and
purified on a PD SpinTrap G-25 column according to the manufacturers instructions. HeLa
cells were incubated with a 1:200 dilution in imaging medium for 5 min. For SNAP-tag
labeling, cells were incubated with 500 nM benzylguanine-Cy3 in medium containing 0.5%
BSA for 5 min at 37°C. Afterwards cells were washed three times in medium containing
0.5% BSA and incubated for 15 min at 37°C before the experiment. 1000 frames of 31.6 ms
exposure time were recorded for each single-particle tracking.

Lateral drift was corrected by cross-correlation using ThunderSTORM 53.

Cluster analysis

Single molecule localization maps were analyzed using density-based spatial clustering of
applications with noise (DBSCAN) algorithm 36. Localizations with neighbors closer than
40 nm were grouped together and identified as members of the same cluster (eps radius = 40
nm). Clusters with less than five localizations were not considered in the quantification of
the results. Using custom scripts written in Python, detected clusters were categorized by
area and number of molecules per cluster and then quantified. Cluster area was expressed by
its equivalent diameter in the plots. The center of each cluster was calculated and used for
further analysis of the inter-cluster arrangement by DBSCAN (Supplementary Fig. 7c).
Clusters were considered as neighbors if they were closer than 1 um. The number of
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neighbors per node (node degree) of the generated networks of clusters was calculated using
the NetworkX Python package 54.

For single-molecule localization imaging and cluster analysis during cryo-arrest, three
independent experiments were performed at -45°C for stimulated cells (8 cells were
analyzed in total) and two independent experiments were performed at -45°C without
stimulation (8 cells were analyzed in total). Statistical significance was estimated by the
two-sample Kolmogorov-Smirnov test and significance levels are indicated as: p<0.05 (*)
and p<0.01 (**).

Single particle tracking analysis

Anisotropy

Single particle tracks were identified using TrackPy Python package 55. Further analysis of
the tracks using custom written Python scripts was performed to analyze the tracks, group
them into tracks of confined and free moving particles and generate the mean-squared
displacement curves. Only trajectories with more than 10 consecutive frames were
considered for the analysis. To identify mobile and confined molecules, trajectories were
classified into two states based on their diffusion coefficient. The threshold value was set to
D=0.015 um? s'1. Molecules diffusion coefficient > Dy were classified as mobile and
molecules with diffusion constant < Dy were classified as confined. Diffusion coefficients
were estimated using the first 5 time points of the tracks. MSD curves were corrected for
localization error 56.

Anisotropy microscopy was performed before and 5 min after EGF stimulation in HelLa
cells ectopically expressing EGFR-QG-mCitrine 23. Cells were either cryo-arrested at -45°C
before anisotropy measurements or anisotropy was measured at 37°C in the cryo-stage. Cells
were starved in FBS-free medium over night and imaged 24 h post-transfection. The
microscope consisted of an Olympus 1X-81 body equipped with a MT20 illumination
system and CellR software (Olympus GmbH, Hamburg, Germany). A linear dichroic
polarizer (Meadowlark Optics, Frederick, CO, USA) was placed in the illumination path of
the microscope, and two identical polarizers in an external filter wheel were used to measure
parallel (/) and perpendicular (/) polarization of the excitation light in two separate images
per measurement. For bleaching steps a depolarization filter was inserted into the excitation
path. Steady state anisotropy (/) was calculated in each pixel 7by:

Ir — G
A 11 1L
I +GiIY

Whereby the G-factor (G') was determined by acquiring the ratio of the intensities at
perpendicular and parallel orientations for a fluorophore in solution (fluorescein) that has a
steady-state anisotropy close to zero due to its fast rotation. Anisotropy analysis was
performed using custom written Python scripts.
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Fluorescence Recovery After Photobleaching (FRAP)

FRAP measurements were performed on a Leica SP5 confocal microscope (Leica
Microsystems CMS GmbH, Mannheim, Germany). Cells transfected with EGFR-mCitrine
were imaged by excitation with the 514-nm laser line of an argon laser at <10% power with
2.67 frames s°1. Cells transfected with eGFP were imaged by excitation with the 488-nm
laser line with 5.2 frames s~1. Bleaching of a circular spot of 2 um was performed by
scanning with all laser lines of the argon laser at 80% intensity plus a 405-nm laser diode at
100% intensity. This resulted in a bleaching efficiency of ~80%. Bleaching without the 405-
nm laser resulted in similar bleaching efficiencies but a fast recovery of fluorescence even in
chemically fixated cells. This is presumably caused by a recovery of a reversible dark state.
Fluorescence recovery was monitored for 100 frames (EGFR-mCitrine) or 150 frames
(eGFP) after bleaching using the same settings as before bleaching. For representation,
fluorescence intensity was normalized to pre-bleaching intensities and the first post-
bleaching intensity was set to zero. Three independent experiments were performed for each
condition and a total of 11 (EGFR 37°C), 19 (EGFR 4°C and -45°C) and 20 cells (eGFP)
have been analyzed.

Fluorescence lifetime imaging microscopy (FLIM)

Time correlated single photon counting (TCSPC) FLIM of EGFR-mCitrine was performed
on a microscope consisting of an Olympus 1X-81 body (Olympus GmbH, Hamburg,
Germany) and a time-correlated single-photon counting unit containing a picosecond-pulsed
515 nm diode laser (MicroTime 200; Picoquant, Berlin, Germany) as well as on a Leica SP8
microscope equipped with a white light laser that was set to 514 nm (Leica Microsystems
CMS GmbH, Mannheim, Germany). HeLa cells (n=9 cells from 3 experiments) were co-
transfected with EGFR-mCitrine and a phosphotyrosine binding domain (PTB) of Shc fused
to mCherry in a ratio of 1:2, 24 h before the experiment. 12 h prior to the experiment, cells
were starved in medium without FBS.

TCSPC-FLIM measurements of the genetically encoded conformational biosensor LIFEA2
24 were performed on a Olympus fluoview 1000 microscope (Olympus GmbH, Hamburg,
Germany) and a time-correlated single-photon counting unit (LSM Upgrade Kit, Picoquant,
Berlin, Germany) containing a picosecond-pulsed 470 nm diode laser (LDH 470, Picoguant,
Berlin, Germany) as well as on a Leica SP8 microscope equipped with a white light laser
that was set to 514 nm (Leica Microsystems CMS GmbH, Mannheim, Germany). One day
prior to the experiment, Cos7 cells were transfected with LIFEA2 and BFP tagged c-Cbl in a
ratio of 1:3. Two hours before the experiment the cells were starved in HEPES-buffered
imaging medium containing 0.5% FBS. Clustered mouse ephrinAl-Fc (R&D Systems)
fusion protein was used for LIFEA2 stimulation. Clustered ephrinAl-Fc was prepared by
incubating with goat anti-human Fc at a ratio of 5:1 for 30 min at room temperature.
Stimulations were carried out at 37°C for the indicated time (5 min, 20 min or 40 min) in
HEPES buffered DMEM medium without phenol red. The recorded FLIM data was
analyzed using custom written MATLAB and python codes for global analysis to reliably
extract fluorescence lifetimes and quantify the fraction of LIFEAZ in the active
conformation within each pixel in the image (a) 39. For this, we assumed a two state
LIFEA2 conformation model, where the inactive and active state exhibit a defined FRET
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efficiency corresponding to two discrete, spatially invariant fluorescence lifetimes (t1,to:
global parameters). From the global analysis, an image of the fraction of active LIFEA2 (a:
local parameter at pixel i) was reconstructed.

3D confocal FLIM

FLIM images were acquired on the Leica SP8 microscope described in the previous section.
For the cell presented in figure 6d and supplementary figure 9d, a total number of 36 frames
were acquired in a total time of 37 min. The pixel size was 103 nm for the x-y dimensions
and 300 nm for the z dimension. The 3D stack was deconvolved using the “Iterative
Deconvolve 3D” plugin for ImageJ [http://www.optinav.info/lterative-Deconvolve-3D.htm].
The PSF function was calculated based on the microscope configuration used for the
acquisition of the stack by using “Deconvolve PSF 3D” plugin for ImageJ [http://
www.optinav.info/Diffraction-PSF-3D.htm]. After deconvolution, an intensity threshold was
applied in order to generate a mask to identify endosomes.

Spatial analysis of endosomes

For each cell, intensity images were Fourier transformed and high-pass filtered in the
frequency domain. After transforming back the images, an intensity threshold was applied to
generate the binary masks to identify endosomes. The masks were multiplied with the
fluorescence intensity images and the following parameters were extracted for each
punctum: position, area, intensity and a.. Further spatial analysis was done by segmenting
the cells in 4 concentric spatial bins with equal area (Supplementary Fig. 9b). For each area,
mean a per endosome and the number of endosomes were quantified.

Code availability

Requests for the used python and MATLAB codes may be directed to the corresponding
author.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Protocol for reversible cryo-arrest on a microscope stage
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(a) Time course of the cryo-arrest protocol. Temperature is changed stepwise between the
physiological temperature of 37°C and the fixation temperature of -45°C and DMSO
concentration is adapted as indicated on the right side of the figure (1-6). Media was
exchanged with 3 uL s to avoid cell detachment. * and ** represent the cooling and
warming speeds indicated in the figure. (b) Binary phase diagram of DMSO-water mixtures
(data adapted from 8) including the course of the cryo-arrest protocol (blue line, arrows).
The green area indicates the temperature range in which the mixture is a stable liquid (and
solidification is thermodynamically forbidden) (c) Side view sketch of the central part of the
cryo-stage. (1) silver block with temperature control; (2) aluminum block; (3) medium inlet
and outlet; (4) 100 um thick channel with sample on a cover slide; (5) insulating polyvinyl
chloride plate adapted for commercial microscopy stages. (d) Temperature recording during
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the course of an experiment. The temperature was measured directly in the channel with the
help of a 50 um thick thermocouple (red line). This temperature was compared to the
temperature read out at the aluminum block of the stage (green line), as routinely performed
during every experiment.
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(a) Fluorescence recovery after photobleaching (FRAP) of EGFR-mCitrine expressed in
HeLa cells at different temperatures during the cryo-arrest protocol. Shown are fluorescence
recovery curves obtained at 37°C (h=11 cells), 4°C (n=19) and -45°C (n=19) after bleaching
a 2 pm spot on the plasma membrane. (b) FRAP of cytoplasmic eGFP expressed in HeLa
cells at -45°C. Shown are the fluorescence recovery curves measured in concentric areas
within the bleached spot (an innermost circle with a diameter of 0.5 um, an intermediate
circle with 1 um and the full bleached area with a diameter of 2 um; n=20 cells. (c, d) Single
molecule tracking of Cy3-SNAP-EGFR in HeLa cells measured at 37°C (n=10 cells), 4°C
(n=14) and -45°C (n=14). (c) Mean squared displacement (MSD) of the confined fractions
of Cy3-SNAP-EGFR. Numbers represent the percentage of molecules that are included in
this confined fraction. (d) Fractions of detected molecule tracks that are classified as
confined and mobile. (a, b) mean + s.d., (¢, d) mean £ s.e.m. All data was obtained from 3

independent experiments.
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Figure 3. Survival of mammalian cells during repeated cryo-arrest cycles.
(a) General scheme of an imaging experiment using three consecutive cycles of reversible

cryo-arrest. (b) Effect of three consecutive cycles of cryo-arrest on cell survival and
morphology. Representative images of HeLa, Cos7 and MDCK cells transfected with eGFP.
After each cycle cells were stained with propidium iodide (PI) to mark dead cells. In the last
row an overlay of eGFP (green) and PI staining (red) after the last cycle is shown. Scale bar:
20 pm. (c) Quantification of the fraction of Pl-negative cells during the course of the three
consecutive cycles of cryo-arrest for the indicated cell lines (Cos7 n=64, HeLa n=70,
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HCT116 n=100, MCF7 n=77 and MDCK n=73 cells). All data is shown as mean + s.d. from
3 independent experiments.

Nat Methods. Author manuscript; available in PMC 2017 February 01.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Masip et al.

Intensity

C/N ratio

Vesicles

ERK-KTR

c
K=l 20

73

@

52

32,10

(‘Um ]
%510 p=046
& o -

Eo [
o

~ 05 [
o

[ %]

==

Cryo-arrest

e
—— EGF stim. after cryo
—— EGF stim. before cryo
EGF stim. without cryo
—— Untreated
p=002 2.5+
c
S
[ @ 2.0
il 88
- g =0.90
<5 #
Zz 1.0
EQ
& o5
o
o
— 0.0+—
Heat-stress Cryo-arrest

C/N ratio

(%]
<@
[&]
D
[
>
“
o
j
el
=1
Q
©
£
w
i C
(ns) >
3.5 3
g
b
3.0
2.5
>
2.0 g
g
(ns) ft’
3.5
3.0
2.5 )
2
El
g
2.0 =
® ERK-KTR
1.1 Boao
1.0 l
0.9 L

IR

T T T T T l
Before 5 min 15 min Before After
after after

Cryo-arrest EGF

p=7x10°

— ——
Cold-stress

Page 22

—#- 5min —@— 20 min

Plasma Nucleus
membrane
I Plasma membrane --:-- Donor-only )
in
0.6 I
0.4 = L
2| .afl I
0.0+ :
2.0 2.4 2.8 32

T (ns)

= Endosomes [ Plasma membrane

0.8 I

0.6

04 ||

o | P

0.0 . T - L
.0 2.4 2.8 3.2

T (ns)

5 min

@ Endosomes @ Plasma membrane

1.0

0.8 J
0.6
0.4 <‘
0.24
ool \TF

2.4

2.0

20 min

2.8 3.2

T (ns)

® p38-KTR M JINK-KTR
1.4 p<10”

Eifiﬂui

0.4+ T T T T
Before 5 min 15 min Before After
after after

ratio

C

1

Cryo-arrest Anisomycin

Figure 4. EGF-signaling and stress response in HeLa cells during reversible cryo-arrest
(a) FRET-FLIM time sequence measured at -45°C in cells co-expressing EGFR-mCitrine

and PTB-mCherry during three consecutive cryo-arrests; before (0 min), 5 and 20 min after
EGF stimulation. Upper row: fluorescence images of EGFR-mCitrine, middle row: mCitrine
fluorescence lifetime (t) maps, lower row: T on endosomes (color-coding right). Scale bar:
10 pm. (b) Number of vesicles (mean + s.e.m.) in 4 concentric radial bins of equivalent area
(see Supplementary Fig. 9b). (c) < distribution of EGFR-mCitrine in the plasma membrane
(red) and in endosomes (blue), before, 5 and 20 min after EGF stimulation. Green dotted
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line: < distribution of mCitrine in absence of PTB-mCherry. (d-e) Kinase activity of ERK,
JNK and p38 reported by whole cell over nuclear fluorescence intensity (C/N) of their KTR
constructs. (d) ERK activity upon EGF stimulation without cryo-arrest (EGF), upon 2 min
EGF stimulation after cryo-arrest (cryo + EGF), upon cryo-arrest 2 min after EGF
stimulation (EGF + cryo) and unstimulated cells (untreated). () ERK, JNK and p38 activity
before and after cryo-arrest or treatment with EGF (ERK) or anisomycin (JNK, 50 ng mL"1
and p38, 5 ug mL1). (f) HSP70 and CIRBP mRNA levels 15 min after cryo-arrest, after 30
min at 42°C (heat stress) or after 24 h at 32°C (cold stress). Expression is represented as fold
change relative to control at 37°C. (c-f) data represents mean + s.d.; p-values from two-sided
student’s t-test. EGF: 200 ng mL"L. n: see online methods.
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Figure 5. Nanoscale organization of EGFR in the plasma membrane.
(a, left) Representative TIRF-PALM image (localization intensity) of EGFR-mE0s2 in the

same cryo-arrested HelLa cell, before and 5 min after EGF stimulation. (a, right) detailed
view of the selected areas marked in the left images. Scale bars: 10 um (b) Density-based
spatial cluster analysis using a neighborhood radius of 40 nm of the EGFR-mE0s2
distribution in cryo-arrested HeLa cells. Upper row: fraction of molecules in clusters of
different diameters. Lower row: fraction of molecules shown as differential plot between the
compared conditions. Left column: before (red) and 5 min after EGF stimulation (blue);
middle column: unstimulated cells that were cryo-arrested twice with an interval of 5 min;
right column: chemically fixed cells before (red) and 5 min after EGF stimulation (blue).
(mean £ s.d.; n=8 cells per condition; *: p<0.05; **p<0.01 using two sample KS-test) (c)
Mean fluorescence anisotropy of EGFR-QG-mCitrine in HelLa cells as a function of its
bleached fraction. Data obtained at 37°C before (purple, n=7) and 5 min after EGF
stimulation (green, n=12) or at -45°C for unstimulated cryo-arrested cells (red, n=10) (d)
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Mean fluorescence anisotropy of EGFR-QG-mCitrine in cryo-arrested HeLa cells as a
function of its binned fluorescence intensity (n=12), before (purple) and 5 min after EGF
stimulation (green). (e) Fluorescence anisotropy per cell before and 5 min after EGF
stimulation at 37°C (n=16) and at -45°C (n=12). Data in (c)-(e): mean = s.e.m.
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Figure 6. Evolution of LIFEA2 activity patterns monitored during reversible cryo-arrest.
(a) Confocal FLIM measurements of LIFEAZ2 activation in Cos7 cells upon stimulation with

pre-clustered ephrinA1-Fc (2 ug mL™1) for the indicated time (minutes) at 37°C. Upper row:
representative images of LIFEA2 donor (mCitrine) photon count, lower row: fraction of
LIFEAZ in the active conformation (a). (b) Same as above, but Cos7 cells were cryo-
arrested at -45°C at the indicated time points following the scheme depicted in figure 3a. (c)
Magnified insets from respective donor photon count and a-maps masked for defined
structures (see Online Methods for details) at the indicated time (a, magenta boxes) and (b,
blue boxes). (d) Volume representation of a deconvolved confocal FLIM z-scan (Imaging
time: 37 min) through a representative HeLa cell cryo-arrested 5 min after stimulation with
pre-clustered ephrinAl-Fc. Left: LIFEA2 donor (mCitrine) photon count; right: a (e)
Quantification of a on vesicles (left) and fraction of vesicles (right) in 4 concentric radial
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bins of equivalent area (compare Supplementary Fig. 9b). PM: outermost bin close to the
plasma membrane; N: innermost bin around the nucleus. Data: mean * s.e.m. (n=9 cells
from 4 time series). Scale bars: a,b = 20 pm; ¢ = 10 pm.
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