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Abstract

With the rapid increase and accessibility of high-resolution imaging technologies of cells, the
interpretation of results relies more and more on the assumption that the three-dimensional
integrity of the surrounding cellular landscape is not compromised by the experimental setup.
However, the only available technology for directly probing the structural integrity of whole-cell
preparations at the nanoscale is electron cryo-tomography, which is time-consuming, costly, and
complex. We devised an accessible, inexpensive and reliable screening assay to quickly report on
the compatibility of experimental protocols with preserving the structural integrity of whole-cell
preparations at the nanoscale. Our Rapid Cell Integrity Assessment (RCIA) assay is executed

at room temperature and relies solely on light microscopy imaging. Using cellular electron cryo-
tomography as a benchmark, we verify that RCIA! accurately unveils the adverse impact of
reagents and/or protocols such as those used for virus inactivation or to arrest dynamic processes
on the cellular nanoarchitecture.
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Rapid Cell Integrity Assessment (RCIA)
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INTRODUCTION

High resolution imaging methodologies for cells are quickly gaining momentum on both
sides of the microscopy spectrum: super-resolution light microscopy (LM) has entered

the near-molecular scale enabling the visualization of events previously unresolvable by
fluorescence imaging, while cryogenic electron tomography (cryo-ET) is now offering
nanometer resolution depiction of three-dimensional cellular landscapes (Turk and
Baumeister, 2020) and is capable of reaching near-atomic resolution when averaging is
employed (Tegunov et al., 2021). The correct interpretation of these high-resolution data
depends on the structural integrity of the cellular context. For whole-cell preparations,

it is fundamental to keep the sample’s three-dimensional structural integrity intact, as
changes in the intracellular nano-environment may drastically affect the validity of the

data interpretation. Currently, cellular cryo-ET is the only available imaging technology
that provides three-dimensional (3D) details of the whole-cell preparations with nanometer
resolution. While the instrumentation for high-resolution cryo-ET is becoming more readily
available, it is still not cost-effective and generally involves elaborate specimen preparations
and time-consuming investigations to determine the high-resolution structural integrity of
cellular samples. Before embarking on these labor-intensive and costly explorations, it
would be greatly beneficial to know beforehand whether the cell preparation has retained its
native nanoarchitecture as faithfully as possible.

MATERIAL AND METHODS

Cell culture immunostaining and correlative LM

NIH 3T3, HeLa, 3T3-paxillin (a gift from M.H. Ginsberg and F. Lagarrigue, UCSD and in
collaboration with M. Schwartz and A. Kumar, Yale), THP1 and MEF cells were cultured
according to standard protocols and used for the assays while in log phase. NIH 3T3 and
HeLa cells were plated on carbon-coated glass coverslips coated with poly-d-lysine for the
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LM assays; 3T3-paxillin and MEF cells were plated on holey carbon-coated gold finder
grids (Quantifoil Micro Tools GmbH) for cryo-EM/ET. THP-1 cells were plated also on
holey carbon-coated gold finder grids in presence of 160nm PMA in regular growth media
and differentiated over the course of 4 days.

For titrating the correct cell concentration to seed on EM grids, we used first carbon-coated
glass coverslips (German Glass, EMS) and reserved the more expensive EM grids for the
final experiments. For this purpose, we prepared glass coverslips by applying a thin, 2-3 nm
carbon layer using a Denton DV-502A (Denton Vacuum LLC) and carbon rods (Ted Pella
Inc). The coverslips can be stored at room temperature for prolonged times and were used
similarly to EM grids for LM applications.

For validation of the fidelity of the RCIA protocol to report on the nanoarchitecture integrity
of the samples, coverslips that are prepared concurrently with the cryo-EM grids. Once

cells on EM grids and coverslips had reached the desired density, the samples were treated
according to Karen Anderson’s in-house protocols: cells were fixed in 2 — 4% electron
microscopy grade paraformaldehyde (Tousimis) from a freshly opened vial, diluted in
1xPBS, 1xDPBS or in a fixative dilution buffer (0.1M Pipes, ImM EGTA and 1mM MgSQOy,
pH 6.9). The fixative solution of choice is warmed up to 37°C, the growth media is gently
removed from the dish and replaced by the fixative solution, and samples are fixed at

37°C for 30 minutes. Upon completion of the fixation, cells were quickly rinsed with the
buffer of choice and then washed three times with room temperature 1xPBS, 1XxDPBS or
PHEM (60mM Pipes, 25mM HEPES, 10mM EGTA, 2mM MgSOy, pH 6.9). After this
point, cells were kept in the selected buffer (1xPBS, 1xDPBS or PHEM) at 4°C for all the
steps preceding vitrification or taken through the immunostaining assay described below.
Note that the RCIA protocol can be performed solely using the coverslips that are prepared
concurrently with the cryo-EM grids. The grids can either be vitrified directly or fixed and
then vitrified if fixation is desired or necessary for the experiment. The cells on the coverslip
will be subjected to the RCIA protocol to report on the structural integrity of the entire cell
preparation, including the ones that were vitrified on the grids without fixation.

For the immunostaining assays, all solutions were made in the selected buffer: if detergent
induced permeabilization was used, it was carried out for 5 minutes in 0.1% Triton X100,
followed by three rinses. Blocking was done in 2% normal goat serum. Cells that were

not exposed to detergent were taken directly to the blocking step. Regardless of whether
cells were exposed to detergent or not, after blocking for 30 minutes, cells were rinsed in
working buffer, incubated for 1hr with the primary antibody, rinsed three times, incubated
for 1hr with the secondary antibody and rinsed three times again. All antibody incubations
and rinses were done in working buffer (a 1:5 dilution of the blocking buffer). The stained
cells were incubated with DAPI for nuclear counterstaining prior to imaging. Staining

with the FluoroNanoGold conjugate was performed similarly, however prolonging the
incubations with the antibodies to O/N at 4°C, without counterstaining with DAPI and
without mounting media. The antibodies used in these immunostainings were: (LM assays)
mouse monoclonal anti clathrin (ab2731; Abcam); rabbit anti giantin (ab80864; Abcam);
goat anti mouse, Alexa 488 (R37120; Alexa Fluor 488, goat anti-mouse); goat anti rabbit,
Alexa 488 (R37116; Alexa Fluor 488, goat anti rabbit); (EM assays) mouse monoclonal anti
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paxillin (P135020-050; BD Biosciences); goat anti mouse, FluoroNanogold anti-rabbit, Fab’
AlexaFluor 488 (7204; Nanoprobes).

All correlative LM imaging was done on an inverted light microscope (Eclipse TE 2000-U,
Nikon) equipped with manual controlled shutter, filter wheels, and a 14-bit cooled CCD
camera (Orca II) controlled by MetaMorph software (Universal Imaging), using a Plan Fluor
ELWD 40/0.60 Ph2 or a Plan Fluor 10/0.30 Ph1 objective lens (Nikon). The LM information
was used to improve the precision of selecting regions of interest for cryo-tomography data
collection.

Vitrification and cryo-EM screening

RCIA grid samples were maintained in the specific buffer (PBS, DPBS or PHEM) at

4°C prior to vitrification. Although most samples were imaged and vitrified within a day
from fixation, we found that those in PHEM could be kept for up to a week at 4°C

without noticeable damage to the ultrastructure, as revealed when comparing samples in
the following cryo-ET investigations. Although grid samples can be vitrified without prior
fixation, the ability of maintaining a good preservation in fixed grid samples over time
before vitrification is a particularly desirable feature both when performing large scale
correlative studies that involve long LM sessions and when receiving samples from remote
collaborators that may require days to reach the laboratory where the cryo experiments are
conducted. The vitrification process was performed using a home-designed cryo-plunger to
plunge-freeze the samples in liquid nitrogen-cooled liquified ethane. Plunge-frozen samples
were stored in liquid nitrogen until they were used. Freezing quality, along with assessment
of sample preservation and amenability for cryo-ET investigation was conducted by an
initial screening on a T12 Spirit (FEI) cryo-EM. Using SerialEM (Mastronarde, 2005), we
generated a montage for each cryo-grid and identified target cells by following the finder
markings on the grids, which are visible in both light and electron imaging modalities
(Anderson et al., 2018).

Correlative LM/cryo-EM and Cryo-ET

To access the fidelity of RCIA reporting with ultrastructural integrity, cellular cryo-ET was
pursued. After screening on a Tecnai Spirit T12 cryo-electron microscope (ThermoFisher
Scientific), the grids were transferred into a Titan Krios cryo-electron microscope
(ThermoFisher Scientific). An overview image (atlas) of the entire grid was acquired

to identify cells using the finder markings on the grids, which are visible in all three
imaging modalities (LM, T12, and Titan Krios). Low-resolution images of the grid squares
(pixel size 14-28 nm) containing the identified cells were acquired to allow alignment

of LM and cryo-tomography images of the same cell. The cryo-ET data was taken with

a FEI Titan Krios equipped with field emission gun (XFEG) and operated at 300kV for
selected samples from the T12 screening session. Following correlative identification of
regions of interest, tilt series (+/- 60°, every 3°) were set up in batch mode using the
SerialEM (Mastronarde, 2005) or Tomo package (ThermoFisher Scientific; FEI Company).
Data was acquired on a Falcon Il or Il direct detection imaging device under minimal
dose conditions of about 100-120 e /A2 and defocus of 8-14 pm with magnification
resulting in a pixel size of 0.48 nm in the tilt images. Reconstructions were obtained
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using real-time automatic reconstruction protocols using patch-based alignment and the
simultaneous iterative reconstruction technique (Agulleiro and Fernandez, 2015) run within
the pyCoAn package (github.com/pyCoAn/distro), an extended python version of the CoAn
package (Volkmann and Hanein, 1999). All volumes were enhanced using a Wiener-like
filter accounting for the contrast transfer function at the respective defocus and an estimate
of the spectral signal-to-noise ratio (Tegunov and Cramer, 2019). Images of tomogram slices
were generated with IMOD (Kremer et al., 1996).

Quantification and statistical analysis

The signal of the fluorescence images was determined by the intensity in the green channel
of the image. We used 6 images each from samples with PBS or DPBS buffer and 12
images from samples prepared with PHEM buffer. To quantify the visible damage in
tomographic reconstructions, we conducted blinded classification of 40 tomograms (20
PBS and 20 PHEM) into either “visibly damaged” or “not visibly damaged” categories.
The classification was blinded in the sense that researchers did not know what tomogram
corresponded to what buffer treatment or how many tomograms per buffer were present.
Four different researchers conducted the classification independently. Two-sided Student’s
T-tests were employed to determine statistical significance.

RESULTS AND DISCUSSION

To help evaluate the internal integrity of the cell nanoarchitecture without employing costly
workflows, we have designed a simple immunostaining-based screening assay, which we
coined Rapid Cell Integrity Assessment (RCIA). The assay quickly and accurately reports
on the impact that experimental setups may have had on the nanoscale structural integrity
of cell preparations. As a proof of concept, we employed RCIA as a screening method to
report on the structural integrity of the cellular nanoarchitecture as a function of buffer
composition used during chemical fixation, while employing a cryo-ET workflow for
independent validation. One rationale for investigating buffer conditions in conjunction with
fixation was the growing need to find optimal conditions to preserve intracellular structural
integrity of samples that need to be inactivated by chemical fixation prior to imaging such
as samples with intact viruses or virus infected cells, a particularly timely objective during
the ongoing COVID19 pandemic (Klein et al., 2020; Wolff et al., 2020). Note, however, that
fixation of the cryo-EM grid is in principle optional because the RCIA experiment (which
does require fixation) is carried out with the accompanying glass coverslips.

The RCIA concept.

The RCIA screening assay is based on the inability of antibodies, (size approximately
10nm/150kDa) to freely diffuse through the plasma membrane and bind to their specific
cytoplasmic antigen target unless the membrane integrity has been compromised. Plasma
membrane permeability to antibodies can be introduced for example through treatment
with drugs, detergents, or physical/mechanical intervention (such as electrical pulses during
electroporation). In the absence of such damage, antibodies are unable to diffuse through
the plasma membrane, and thus can only stain cell surface antigens. However, if antibody
staining of antigens associated with the cytosolic compartment is detectable, it suggests
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that not only the plasma membrane integrity of these cells is compromised but that the
integrity of the cytosol is also comprised because the antibodies diffused freely within the
cytosol, which is densely packed by cytoskeletal and other cytosolic elements in structurally
uncompromised cells. In previous work using /n-situ cryo-ET (Anderson et al., 2017; Kumar
et al., 2018; Marston et al., 2019) we noticed a strong correlation between visible membrane
damage, disassembled cytoskeletal elements, and regions within the cytosol that are devoid
of discernible macromolecular complexes. Thus, we hypothesized that antibodies diffusing
into the cytoplasm represent a hallmark for damage at the nanoscale not only to the plasma
membrane but also to intracellular components, in particular cytoskeletal assemblies.

The RCIA protocol and its validation to report on the nanoarchitecture integrity of the

samples.

To test our hypothesis and verify the potential and fidelity of our assay, we combined RCIA
screening protocol with cryo-ET to directly correlate antibody staining with high-resolution
structural integrity of the cell preparations. Towards this goal, we investigated the effects of
three different buffer formulations which are used to deliver a chemical fixative. Cryogenic
technologies such as cryo-EM, cryo-ET and cryo-correlated light and electron microscopy
(cryo-CLEM) have been growing exponentially (Dubochet, 2012; Ognjenovic et al., 2019;
Turk and Baumeister, 2020; Van Drie and Tong, 2020) and are now the preferred approach
to image biological specimens close to their native, fully hydrated state at nanometer scale
resolution. /n-situ cryo-ET was an excellent test bed and validation approach for the RCIA
assay, as this is the only available technology that can directly image in three dimensions
with nanometer scale resolution the nanoarchitecture of the cells and thus directly identify
the existence and extent of damage. Although cells do not need to be chemically fixed prior
to vitrification, there are applications where pathogens like viruses need to be inactivated

or where all biological activities must be halted at a precise time point. The latter is
generally the case with correlative investigations (Hanein and Volkmann, 2011; Sartori et al.,
2007), where subcellular elements imaged with light microscopy may change too quickly

to be locked in space and time before vitrification can take place, making an accurate
correlation between light and electron microscopy modalities problematic. Rapid fixation
with fast penetrating crosslinking aldehydes can prevent changes by quickly blocking vital
processes such as cell movement and autolysis (Baker, 1958; Dempster, 1960; Kiernan,
2000). Fixation has been shown to preserve structure to a large extent, both by single particle
analysis and cryo-ET (Kastner et al., 2008; Ke et al., 2020; Mageswaran et al., 2021; Oda

et al., 2020; Turonova et al., 2020). While chemical fixation does not disrupt high resolution
information, fixation does disrupt the physiological homeostasis of the cell, making the
integrity of the cell morphology fully dependent on the buffer that is used to deliver the
fixative.

RCIA shows clear differences for different buffer formulations.

We tested two formulations of the common PBS buffer along with a more complex
PIPES-based PHEM buffer. PBS buffers owe their popularity in microscopy and cell
biology applications to being well tolerated by tissues and, unlike Tris buffers, having
good buffering abilities at low temperatures (Gillespie and McKnight, 1976; Mazur, 1970).
The PIPES-based PHEM buffer is a more finely tuned formulation, characterized by
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a relatively high concentration of EGTA that was originally formulated to support the
preservation of cytoskeletal components in fixed and detergent-extracted cells (Schliwa

and van Blerkom, 1981; Schliwa et al., 1981). We determined that diluting the fixative in
either 1x PBS (PBS without calcium and magnesium) or DPBS (PBS with calcium and
magnesium) permitted the penetration and specific binding of antibodies despite the absence
of detergents. Detergents in immunostaining protocols serve as membrane permeabilizing
agents allowing diffusion of molecules such as antibodies into the cytoplasm (Melan, 1994).
As shown in Figure 1, a mouse monoclonal antibody against a cytosolic epitope of the
vesicular protein clathrin efficiently and specifically labeled the antigen when the sample
was fixed in presence of PBS (Figure 1B) or DPBS (Figure 1D) in the absence of cell
permeabilizing detergents. In contrast, by using our fixative dilution buffer in the preparation
of the fixative (see Methods) and then PHEM in the absence of detergent during the staining,
almost no labeling was seen in the sample (Figure 1F). When the DPBS or PBS buffers
were modified by adding EGTA and used to deliver the fixative, labeling in the absence of
detergents was still observable (Figure S1). A quantitative analysis of the clathrin signals
reveals that the difference is highly significant (PBS vs PHEM p-value = 3.40 x 107°; DBPS
vs PHEM p-value = 7.16 x 107°), while the difference between PBS and DPBS is not
statistically significant (p-value = 0.382). Addition of detergent showed efficient labeling

of clathrin vesicles with all three buffers (Figure 1A, C, E). The permissiveness of PBS

was not limited to one antibody: a more discrete cytosolic antigen (the N-terminus of the
Golgi protein Giantin, exposed to the cytosol) was specifically labeled by a rabbit polyclonal
antibody in absence of detergent-induced permeabilization in most of the cell population
(Figures 2A-B, S2) while no staining was observed when the PHEM condition was used
during fixation (Figure 2C).

RCIA allows optimization of experimental protocols independent of cell types.

The cell type used in these experiments was of no relevance to the differential response to
PBS, DPBS and PHEM: NIH 3T3 (Figure 1) and HeLa cells (Figure 2) immunostaining
was similar in their response to the buffer formulation in the absence of detergent. Based on
these immunostainings, we concluded that PHEM was superior in maintaining the plasma
membrane integrity during and post fixation and was thereby preventing efficiently the
diffusion of molecules such as antibodies into the cytoplasm. We then established that

the fidelity of RCIA’s reporting correlates with nanoscale integrity by employing /n situ
cryo-ET of cells subjected to the three buffers in the step preceding vitrification. NIH

3T3 (Figure 3A-L), THP-1 (Figure 3M, N) and MEF cells (Figure 30, P) were processed
as described in the Materials and Methods section and used in these investigations. We
chose and compared for each sample classic subcellular features such as plasma membrane,
cytoskeletal filaments and internal membranous compartments. The three-dimensional cryo-
ET reconstructions clearly showed that the lipid bilayer was disrupted in multiple areas

in samples treated with PBS (Figure 3A) and DPBS (Figure 3B), leaving large gaps

opened to the extracellular environment, where, at times, cellular material appeared to

have spilled out (Figure 3A and B, white asterisk). Cells fixed in the presence of the

dilution buffer (see Methods) and then maintained in PHEM for up to a week prior to
vitrification, instead showcased an intact plasma membrane, often decorated with elements
relatable to membrane receptors (Figure 3C and M, white arrows). Portions of the cytoplasm
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devoid of discernible macromolecules in the PBS condition (Figure 3D, white asterisks)
were often visible in the samples: these voids are unusual in cell preparations and may
point to a substantial deterioration of larger macromolecular assembly due to poor sample
preservation. The DPBS condition did not display the same extent of regions devoid of
discernible macromolecules but was still somewhat diminished in complexity (Figure 3E).
In contrast, the cytoplasm in the PHEM condition was richly populated with subcellular
components (Figure 3F and N) and clearly discernible macromolecular assemblies. While
cytoskeletal elements such as actin filaments were visible in both phosphate buffers (Figure
3G and H, white arrows), their appearance lacked definition, with frequent shorter entities
rather than the characteristic, long actin filaments found in the PHEM condition (Figure

3l and O, white arrows). Internal membranous compartments appeared similarly preserved
in both phosphate buffers (Figure 3J and K, white arrows). The PHEM condition allowed
us to identify comparable structures (Figure 3L, white arrows) along with well-preserved
mitochondria (Figure 3P, white asterisk), a subcellular component notoriously difficult to
maintain intact during microscopy preparations.

PHEM buffer optimizes RCIA fidelity.

Because damage can occur for different reasons during the sample preparation and the
imaging process, some of which are not related to homeostasis, we quantified the extent

of damage for PHEM versus PBS buffer. When PBS buffer is used, 67.5 (= 11.5)%

of the tomograms show visible damage while only 23.8 (+ 5.5)% of tomograms show
visible damage when PHEM buffer was used. Thus, PBS leads to nearly three times as
much visible damage than PHEM buffer. This difference is statistically highly significant
(p-value = 9.95 x 1074). The results correlate very well with the quantified differences in
fluorescence intensity when these different buffers are used (Figure 4). As an additional
and direct corroboration of RCIA reporting on membrane permeability in the presence

of PBS and absence of detergent at high resolution, we used anti-paxillin antibodies
followed by a secondary antibody conjugated to FluoroNanoGold, a fluorescent compound
covalently bound to a 1.4-nm gold particle that, owing to its high density, is identifiable

in cryo-ET volumes when clustered. Although no detergent was used throughout, we were
able to observe FluoroNanoGold at locations with fluorescence 10 to 20 nm above the
basal membrane within the cryo-ET volumes of PBS-treated cells (Figure 5), consistent
with the specific height of paxillin above the basal membrane (about 11 + 9 nm) at the

end of protrusions as determined by super-resolution microscopy (Kanchanawong et al.,
2010). Thus, if combined with PHEM buffer, the RCIA assay provides the means to detect
degradation of structural integrity in a fast and reliable manner. A step-by-step protocol for
the use of the RCIA/PHEM protocol is provided in the supplementary material.

RCIA is applicable to a wide variety of methods relying on 3D cellular integrity.

While our optimized RCIA screening assay itself inherently includes the use of PHEM
buffer and fixative, it serves only as a reporter for the intracellular structural integrity

of the samples studied. The RCIA assay is performed using glass coverslips and not the
cryo-EM grids themselves, so instead of fixing the cells on the cryo-EM grid, the grid can be
plunge-frozen while only the cells on the coverslips from the same sample are processed for
RCIA. For example, if one wants to evaluate the structural consequences of drug treatment

J Struct Biol. Author manuscript; available in PMC 2022 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Gaietta et al.

Page 9

at high resolution in unfixed cells, the RCIA/PHEM protocol can be used to determine
whether the drug regiment adversely affects the structural integrity of the treated cells using
glass coverslips only and refine the treatment until structural damage is minimized. Once
the drug treatment has been optimized this way, one would commence the analysis focused
on the functional aspects of the drug treatment using cryo-ET (or other high-resolution
techniques) of unfixed cells and in parallel run the RCIA/PHEM protocol with fixed cells
from the same sample on glass coverslips. The RCIA results report if the high-resolution
structural integrity of the cell preparation imaged by cryo-ET was compromised or not. It
should be noted that the RCIA protocol can in principle also be applied directly to live cells
without fixation because antibody staining in the presence of membrane damage in live cells
(for example by electroporation) has been demonstrated (Conic et al., 2018).

Note that the information provided by RCIA is complementary to more traditional cell
viability tests that probe membrane integrity such as dye exclusion assays (Bowman et

al., 2010; Strober, 2001). While these types of tests have proven useful for assessments of
necrotic and apoptotic cell death with membrane damage, interpretation of results in terms
of different types of membrane damage is not straightforward (Ainla et al., 2012; Kim et al.,
2009; Satkauskas S. Jakstys B., 2016) and none of these exclusion methods has been shown
to report on the intracellular high-resolution structural integrity of the tested cells in terms
of cytoskeletal components and other cytosolic elements. Conventional antibody labeling
protocols require the presence of detergent, which disrupts membranes and facilitates lysis
of cells, allowing the relatively large antibodies (10-nm range) to cross the membrane and to
freely diffuse to their destination. RCIA is conducted in the absence of detergent. Thus, the
ability of the antibodies to enter and to diffuse within the cytosol is related to membrane and
intracellular damage. Because of the inverse relationship between particle size and diffusion
coefficient (Nenninger et al. 2010), antibodies are more restricted in diffusion than the much
smaller dyes if the dense cytosolic components are fully intact. Thus, their signal within the
RCIA protocol is more closely reporting intracellular damage than dyes would. In addition,
the fact that antibodies can easily be labeled with electron dense probes directly identifiable
in cryo-ET allows direct verification and validation by cryo-ET. RCIA can be performed
with any cell culture promoting substrates. In fact, the assay can be used to test the effect of
more complex substrates, such as the silicone pillar arrays used for certain types of traction
force microscopy, on the 3D integrity by comparing RCIA results using these substrates
with RCIA results from more standard cell culture substrates like glass coverslips. In the
case of cryo-ET, carbon-coated glass coverslips can be used for the RCIA screening step

as these unique substates in our hand emulate the cell culture conditions on cryo-EM grid
substrates well and the RCIA screening step does not require the costly cryo-EM substrates
to be present.

CONCLUSIONS

The RCIA assay facilitates and expedites screening conditions to ensure high-resolution
intracellular integrity in the context of techniques where the interpretation of results depends
on an intact intracellular environment including cellular cryo-ET, water-window X-ray
microscopy, cellular thermal shift assays, in-cell nuclear magnetic resonance spectroscopy,
and cellular super-resolution light microscopy. The RCIA assay provides the means to

J Struct Biol. Author manuscript; available in PMC 2022 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Gaietta et al.

Page 10

quickly identify perturbations of high-resolution structural integrity of cells caused by
reagents, experimental setup, biophysical manipulations, virus inactivation protocols, or
drug treatments, increasing the reliability and reproducibility of imaging and biophysical
assays that involve cell preparations.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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HIGHLIGHTS

We present a rapid, accessible, inexpensive, and reliable light microscopy-
based screening assay that quickly reports on the intracellular high-resolution
structural integrity of whole-cell preparations.

This protocol will benefit all whole-cell preparation studies where the validity
of conclusions relies on retaining the three-dimensional integrity of the
intracellular nano-environment.

The Rapid Cell Integrity Assessment (RCIA) screening assay can be

used to test the effects on structural integrity for any type of cell
perturbations including drug treatments, virus inactivation, fixation protocols,
and biophysical manipulations.

RCIA reporting of high-resolution integrity was verified by cellular cryogenic
tomography.
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Figure 1. The buffer formulation affects the plasma membrane permeability.
Following our RCIA protocol, we fixed PTK-1 cells in a 4% solution of paraformaldehyde

prepared in PBS (A, B), DPBS (C, D) or PHEM buffer (E, F; see Methods for formulation)
and then immunostained them in the respective buffer after treatment with detergent (0.1%
Triton X-100, 5min before adding primary antibody; A, C, E) or without detergent added (B,
D, F) using a mouse monoclonal antibody against the cytosolic epitope of clathrin, followed
by a goat anti mouse, Alexa 488 (displayed in green). Cells were counterstained with DAPI
after completion of the immunostaining (displayed in blue). All three buffers supported
specific binding of the primary antibody when used in conjunction to Triton X-100 (A,

C, E). When the detergent was omitted, specific binding to the antigen was observed in

most cells in presence of PBS (B), and to a lesser extent in presence of DPBS, along with
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1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Gaietta et al.

Page 15

occasional polarized localization in few cells (D; asterisks); in presence of PHEM however,
the staining was non-detectable (F). Scale bars, 10um.
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Figure 2. PBS renders the cells’ membrane permissive to antibody penetration in the absence of
detergent-induced permeabilization.

Hel a cells were either fixed in 4% paraformaldehyde diluted in PBS (A, B) or prepared with
fixative dilution buffer and PHEM (C). Then, following our RCIA protocol, the samples
were immunostained without detergent-induced permeabilization with a rabbit polyclonal
antibody against the N terminus of the Golgi protein Giantin followed by a goat anti rabbit,
Alexa488 conjugate secondary antibody (A, B; green stain in figure; A and B are two
different examples of cells from the same kind of immunostaining performed in absence of
detergent). No staining was observed in the PHEM condition (C). The nuclear stain DAPI
(displayed in blue) was applied to demark cell locations. Scale bars, 5um.
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Figure 3. The composition of the buffer used affects the quality of preservation of the sample’s
nanoarchitecture.

NIH 3T3 cells were grown on EMBRA finder grids, fixed and treated as described in PBS
(A, D, G,J), DPBS (B, E, H, K), or PHEM (C, F, I, L) until vitrification. Following a
similar preparation protocol, additional samples were generated for the PHEM condition,
this time using THP-1 (M, N) and MEF (O, P) cells. Cryo-ET investigations focused on
plasma membrane and neighboring areas (A, B, C, M; white asterisks in A and B point

to damage to the plasma membrane and spillage of cellular matter into the extracellular
environment; white arrows in C and M point to intact plasma membrane); cytoplasm (D,
E, F, N; white asterisks in D mark areas void of discernible macromolecular assemblies;
arrows in F point to actin filaments), areas rich in cytoskeletal elements (G, H, I, O; actin
filaments, white arrows); areas with membranous compartment (white arrows in J, K and L)
and mitochondria (white asterisk in P). Scale bars, 200 nm.
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Figure 4. Quantification of fluorescence intensities and visible damage as a function of buffer
conditions.

Comparisons were carried out using two-tailed t-tests. The dots show individual data points,
and the bars indicate the mean of the distributions. The error bars represent one standard
deviation. (A) Intensity distributions as a function of buffer conditions. There is no statistical
difference between the PBS and DPBS conditions (p-value = 0.382) but the differences
between PBS and PHEM (p-value = 3.40 x 107°) as well as DPBS and PHEM buffers
(p-value = 7.16 x 107°) are highly significant. (B). Distribution of visible damage as a
function of buffer conditions. The difference between PBS and PHEM buffer conditions is
highly significant (p-value = 9.95 x 1074).
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Figure 5. FluoroNanogold antibody conjugates diffuse through the plasma membrane in absence
of detergent-induced permeabilization.

3T3 cells stably expressing mRuby-paxillin fixed with 4% paraformaldehyde diluted in PBS
and immunostained with mouse anti-paxillin followed by goat anti-mouse, FluoroNanoGold.
Although no detergent was used throughout, we detected a robust signal at the tip of cellular
projections, where the mRuby-Paxillin transgene was congregating. The fluorescent images
of the two channels were overlaid to the phase contrast image (A). The individual channels
are displayed in the inset (B, mRuby paxillin; C, antibody staining). The area marked by

the white asterisk was chosen for cryo-ET investigation. Although FluoroNanoGold is 1.4
nm wide and thereby difficult to detect directly, we were able to take advantage of paxillin
concentrating at the tips and the known height distribution from the basal membrane of
about 11 £ 9 nm (Kanchanawong et al., 2010) to identify areas with gold clusters. (D) single
2-nm thick slice from a tomogram of the area indicated by asterisk in C at a distance of 20
nm from the basal membrane, gold clusters are pseudo-colored in yellow. (E) as in D but at
a distance of 10 nm from the basal membrane. (F) 2-nm thick slice from a tomogram of a
control cell fixed with PHEM buffer and without nanogold/antibody staining. Distance from
basal membrane is 20 nm. (G) same as F at a distance of 10 nm from the basal membrane.
The insets in E and G show enlarged views of the areas indicated by the white boxes. Note
the absence of high-density clusters in the control cell. Scale bars, 5um (A-C); 100 nm
(D-G).
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