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1 | INTRODUCTION

The severe COVID-19 pandemic that started in December 2019
is caused by the severe acute respiratory syndrome coronavirus
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Abstract

The severe COVID-19 pandemic drives the research toward the SARS-CoV-2 virion
structure and the possible therapies against it. Here, we characterized the
B-propiolactone inactivated SARS-CoV-2 virions using transmission electron micros-
copy (TEM) and atomic force microscopy (AFM). We compared the SARS-CoV-2
samples purified by two consecutive chromatographic procedures (size exclusion
chromatography [SEC], followed by ion-exchange chromatography [IEC]) with sam-
ples purified by ultracentrifugation. The samples prepared using SEC and IEC retained
more spikes on the surface than the ones prepared using ultracentrifugation, as con-
firmed by TEM and AFM. TEM showed that the spike (S) proteins were in the pre-
fusion conformation. Notably, the S proteins could be recognized by specific
monoclonal antibodies. Analytical TEM showed that the inactivated virions retained
nucleic acid. Altogether, we demonstrated that the inactivated SARS-CoV-2 virions
retain the structural features of native viruses and provide a prospective vaccine
candidate.

KEYWORDS
AFM, COVID-19, S protein, SARS-CoV-2, TEM

2 (SARS-CoV-2), a member of the Coronaviridae family (Zhou
et al., 2020). The SARS-CoV-2 virion consists of a 30 kb
positive-sense single-stranded RNA (ssRNA), bound with the
nucleocapsid N protein and surrounded by a lipid membrane

562 | © 2021 Wiley Periodicals LLC.

wileyonlinelibrary.com/journal/jemt Microsc Res Tech. 2022;85:562-569.


https://orcid.org/0000-0002-6355-7282
https://orcid.org/0000-0002-3029-1035
https://orcid.org/0000-0002-0462-2945
https://orcid.org/0000-0001-6130-4145
https://orcid.org/0000-0002-5137-303X
https://orcid.org/0000-0003-4678-232X
mailto:sokolova@mail.bio.msu.ru
http://wileyonlinelibrary.com/journal/jemt

BAGROV ET AL.

MICROSCOPY

WILEY_L *

with the embedded glycoprotein S and the transmembrane pro-
teins M and E.

The glycoprotein S forms trimer spikes on the virion surface and
determines the first stages of viral infection of the cell. The structure
of the S protein ectodomain of the SARS-CoV-2 coronavirus was rap-
idly solved in February 2020 using cryo-electron microscopy at a res-
olution of 3.5 A (Wrapp et al., 2020). The S protein molecule is
subdivided into an S1 subunit (about 70 kDa), which binds to the
ACE2 receptor via the receptor-binding domain (RBD) and the S2 sub-
unit (about 60 kDa), which drives the fusion of the host and virion
membranes. Structural studies (Yan et al., 2020; Lan et al., 2020) have
confirmed the conserved nature of the SARS-CoV and SARS-CoV-2
epitopes and demonstrated that the RBD (CTD1) is bound in an
“open” conformation to the ACE2 molecule (Yuan et al., 2020).

More than three million deaths were claimed by COVID-19 by
May 2021, justifying the urgent widespread vaccination campaigns
(World Health Organization, 2021). By the beginning of 2021,
213 candidate vaccines were in development worldwide, and 44 were
in large-scale clinical trials; of those, eight were authorized for emer-
gency use at least by one country's governing body. These include
mRNA, adenovirus vector, inactivated, and peptide vaccines (Zhao
et al., 2020). A traditional approach of inactivated vaccine develop-
ment remains relatively simple, cost-efficient, and very promising, due
to its successful history of use. Several inactivated vaccines against
SARS-CoV-2 have been developed around the world, some of them
showing success in clinical trials, which has led to their approval and
use for vaccination in certain countries (Zhao et al., 2020). They
appear to cause milder side effects than vector and mRNA vaccines
(Carli, Nichele, Ruggeri, Barra, & Tosetto, 2021; Fernandez-Prada,
Rivero-Calle, Calvache-Gonzélez, & Martindn-Torres, 2021; Ndeupen
et al,, 2021).

Most vaccines exploit the S protein and RBD as the major anti-
gens eliciting neutralizing antibodies and cellular response against
SARS-CoV-2, although this choice is controversial. For instance, the
nucleocapsid N protein can induce antibody production (Smits
et al.,, 2021) as well as elicit broad-based cellular immune responses
(Zhao et al., 2005), which may prevent infection. On the other hand, S
protein is more prone to mutations than the other virion proteins (van
Dorp et al., 2020), undermining the protection induced by S protein or
RBD-based vaccines. Therefore, whole-virion vaccines, inducing more
complex immune responses, may be more sustainable upon the SARS-
CoV-2 evolutionary changes.

The structure of inactivated SARS-CoV-2 virions is crucial for the
development of vaccine-induced immune response. Virus particle
structure can be altered by the production process. Transmission elec-
tron microscopy (TEM) is routinely used as a general assessment
method in situations where the speed of diagnostics is critical or
where the diagnosis remains unclear even after the first analysis by
alternative screening techniques (De Carlo & Harris, 2011). The key
method here is negative staining; it is robust, well-established, and
highly reproducible. The main advantages of negative staining EM are
speed and high contrast. Identification of viruses by negative stain

TEM is based on morphological criteria allowing the assignment of
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viruses to a morphological group, which usually corresponds to a virus
family (Goldsmith & Miller, 2009). In contrast, atomic force micros-
copy (AFM) is a less popular method for the investigation of viruses
(Baclayon, Wuite, & Roos, 2010; de Pablo, 2019; Kuznetsov &
McPherson, 2011). It is advantageous in two specific types of
experiments—measurement of mechanical properties for individual
virions and measurement of cell-virus interactions. Regular high-
resolution AFM imaging both in the air and in the liquid may also bring
valuable structural information (Kiss, Kis, Palyi, & Kellermayer, 2021).
Here, we present a thorough AFM and TEM characterization of
the B-propiolactone-inactivated SARS-CoV-2 virions. The studied
virion samples demonstrated the major structural features of the
native viruses, supporting their consideration as prospective vaccine

candidates.

2 | MATERIALS AND METHODS

21 | Preparation of the virus samples

SARS-CoV-2 vaccine strain AYDAR-1 (EPI ISL 428851) was isolated in
Russia (Kozlovskaya et al., 2020). The virus was propagated in Vero
cells on microcarriers and subjected to p-propiolactone (1:1000-
1:2000, v/v) inactivation for 24-48 hr. Virus samples were then puri-
fied and concentrated via chromatography or ultracentrifugation.

For chromatography, the inactivated virus was cleared via ultrafil-
tration and diafiltration, followed by size exclusion chromatography
(SEC) and ion-exchange chromatography (IEC). SEC was done using a
HiScale 26/40 column (GE Healthcare, Chicago, IL) containing Seplife
6FF (Sunresin, Xi'an, China); for IEC—a HiScale 26/40 column con-
taining the positively charged Capto DEAE matrix (GE Healthcare).
The virus was eluted using an AKTA purifier (GE Healthcare) for SEC
and AKTA pure 150M (GE Healthcare) for IEC, in a phosphate buffer
in both cases.

For ultracentrifugation, the inactivated virus was centrifuged at
25000 rpm in the SW-28 rotor equipped Beckman ultracentrifuge.
The pellets were resuspended in PBS and centrifuged through 10-
50% sucrose gradient at 32000 rpm in the SW-40 rotor equipped
Beckman ultracentrifuge for 4 hr at 4°C. Fractions were collected and
analyzed by Ponceau staining. The most concentrated samples were
transferred to HiTrap desalting columns for changing the sucrose
solution to PBS.

Samples' purity was estimated using SDS-PAGE. The presence of
SARS-CoV-2 N and S proteins in the samples was confirmed by West-

ern blot with COVID-19 convalescent serum.

2.2 | Monoclonal antibodies preparation

Mouse monoclonal antibodies (mAbs) to SARS-CoV-2 were obtained
using standard hybridoma technology. In brief, BALB/c mice were
immunized with a recombinant RBD purified on Ni-NTA agarose

(Qiagen, Hilden, Germany) from an Escherichia coli expression system.
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Clones were selected by indirect ELISA with recombinant RBD
expressed in HEK293 cells, as well as with ultraviolet-inactivated
SARS-CoV-2 virus concentrate.

2.3 | TEM grids preparation
The carbon-coated TEM copper grids (Ted Pella, Redding, CA) were
treated using a glow discharge device Emitech K100X (Quorum Tech-
nologies, Great Britain, England). Virus samples were diluted with
phosphate-buffered saline (PBS), and 3-4 grids were prepared for
each sample to achieve a convenient surface density of the adsorbed
particles; 3 pl of the sample was deposited onto the glow-discharged
grids for 30 s. Then, the grids were immediately stained with 2% ura-
nyl acetate or 2% (NH,4),Mo0Q, (for analytical studies) for 1 min and
air-dried.

To investigate the interaction between the virions and antibodies,
the grids with virus samples were incubated with mAb against RBD
(770 pg/ml) before staining.

24 | TEM and analytical electron microscopy

TEM images were obtained using the JEOL JEM-2100 LaB6 transmis-
sion electron microscope (JEOL, Akishima, Japan), operating at 200 kV
with 40,000x magnification and defocus —1.9 pm. In total, 33 samples
were investigated, of which 25 were purified using chromatography,
and eight samples were purified using ultracentrifugation. Overall,
more than 150 photographs were collected and compared.

Electron microscopy was performed with the JEM-2100 200 kV
LaBé transmission electron microscope (JEOL) equipped with a Gatan
GIF Quantum ER energy filter (Gatan, Pleasanton, CA) operating in
spectrometer mode, along with a high-angle annular dark-field
(HAADF) scanning TEM (STEM) detector. The cooling holder model
21,090 (JEOL) was operated at —182 °C to reduce the contamination
effects and to enhance the specimen's stability under the electron
beam. The microscope was operated in STEM mode with a 5 nm
probe size and a 6 mrad spectrometer collection angle. Spectrum data
for elemental mapping were collected with 0.25 eV/channel energy
dispersion with 2048 detector channels, with 6 nm STEM pixel size,
0.2 s dwelling time, and summation over five frames. The spectrum
data were aligned by carbon K peak at 283 eV. The background was
extrapolated with power law over a 118-128 eV window; the signal
window for phosphorus mapping was set to a 132-155 eV phospho-
rus L2, three peak range. No multiple scattering correction was

applied.

2.5 | Atomic force microscopy

Freshly cleaved mica sheets were treated with 5 mM NiCl, for 2 min,
rinsed in MilliQ water, and dried. Then, sheets were treated with virus
samples for 3-4 min, rinsed in MilliQ water, and dried. The AFM

measurements were carried out using a Solver Pro atomic force
microscope (NT-MDT, Zelenograd, Russia). The scanning was carried
out in semicontact mode and phase contrast mode using SSS-FMR
cantilevers (Nanosensors, Neuchatel, Switzerland; the tip curvature
radius < 5 nm). The AFM images were processed using the Femtoscan
Filonov, Sinitsyna, &

online software (Yaminsky,

Meshkov, 2016).

package

3 | RESULTS AND DISCUSSION

3.1 | Chromatographically purified inactivated
virus particles possess morphology, characteristic to
native virions

Vaccines based on physically or chemically inactivated viruses have
been successfully used to prevent poliomyelitis, rabies, hepatitis A,
tick-borne encephalitis, and influenza (Gomez & Robinson, 2018). The
antibodies induced by the inactivated virus particles had a better reac-
tivity and specificity than those of the antibodies induced by the puri-
fied proteins (Liu et al., 2018).

Here, we used TEM and AFM to analyze the inactivated SARS-
CoV-2 particles in the course of the inactivated vaccine development;
we aimed to demonstrate that they retained characteristic structural
features of the native viruses. When examined with TEM, the
inactivated SARS-CoV-2 particles were roughly spherical (Figure 1a,b).
Most virions adopted the “cup-shaped” morphology, typical for extra-
cellular vesicles (Théry, Amigorena, Raposo, & Clayton, 2006) and
large viruses, such as avian H5N8 influenza (Korneev, Kurskaya,
Sharshov, Eastwood, & Strakhovskaya, 2019) and varicella-zoster
virus (Buckingham, Jarosinski, Jackson, Carpenter, & Grose, 2016).
This effect could arise due to two key factors—deformation of the
viruses upon drying and penetration of uranyl acetate into the virions.

In the AFM images, the surface of virions was rough and con-
sisted of globules and “tufts” similar to the previously described
murine leukemia virus (Kuznetsov, Low, Fan, & McPherson, 2004).
Previously, AFM imaging of individual SARS-CoV-2 S protein mole-
cules on the virion surface was performed only in liquid (Kiss
et al,, 2021). Our experimental procedure exploits scanning in the air;
it is relatively simple and can be further used for the analysis of the
surface of various coronaviruses and their stability.

Up to 10% of particles were damaged, according to both TEM
and AFM. This is a common problem encountered during virus
preparation for microscopical studies (Kuznetsov et al., 2004). Nev-
ertheless, both AFM and TEM revealed that the spikes on the sur-
face of 90% of virions remained intact (Figure 1a,b). In our AFM
study, the spikes were especially notable in the phase images
(Figure 1c), which were often more sensitive to local structural fea-
tures than the height images (Stark, Moller, Midller, &
Guckenberger, 2001). The typical thickness of the corona in AFM
was 16 + 4 nm (from this point onward, we report the data as the
mean + SD), in agreement with the previous data obtained using
AFM in liquid (Kiss et al., 2021).
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3.2 | Spike structure in the inactivated virus
particles resembles a pre-fusion conformation

The S glycoprotein is the most prominent feature of the coronavirus
virion surface and is crucial for the first stages of virus entry into the
cell. S protein is a typical class-1 fusion protein: it forms a trimer, with
each monomer consisting of a massive ectodomain, transmembrane,
and short cytoplasmic domains (Juraszek et al., 2021; Ke et al., 2020;
Turonova et al., 2020; Yao et al., 2020). The “pre-fusion” ectodomain
is cleaved by the host proteases into the S1 subunit (about 70 kDa),
which binds to the receptor via the RBD, and the S2 subunit (about
60 kDa), which induces the fusion of host and virus membranes. After
cleavage, the two subunits dissociate; S1 remains bound to the recep-
tor and leaves (Song, Gui, Wang, & Xiang, 2018), whereas S2
undergoes a substantial conformational rearrangement, attacks the
host cell lipid bilayer, induces the fusion of viral and cellular mem-
branes, and transitions to the “post-fusion” state (McCallum, Walls,
Bowen, Corti, & Veesler, 2020). It has been shown that only anti-
bodies targeting the S protein can neutralize the virus and prevent
infection (Jiang, Hillyer, & Du, 2020).

We employed TEM to measure the size and reveal the state of
the S protein in the inactivated virions. The S protein spikes on the
surface of the virions were 15 + 2 nm long and 8 + 2 nm wide, consis-
tent with the pre-fusion state (Figure 2a), in a perfect agreement with
the AFM data described above. AFM measurements in liquid yielded
the height of individual S proteins of 13 + 5 nm (Kiss et al., 2021).

Images of inactivated virions were compared to those incubated
with mAbs (Figure 2). The binding of the anti-RBD mAb to the S pro-
tein (Figure 2b,c) was observed around the distal end of the spikes,
where the RBD was presumably located (Juraszek et al., 2021). We
compared the intensity profiles (Figure 2e) along the sections across
an ordinary virion (Figure 2d) and the one incubated with mAbs
(Figure 2f). A single peak about 20 nm thick (marked with “S” on
Figure 2e) was present in both images and, apparently, corresponded
to the S protein density. In the virus samples treated with mAbs, an
additional electron density region was observed, but it was absent in
the non-treated ones. This density most likely corresponded to an

mAb molecule bound to a virion. Moreover, this additional density
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only appeared in contact with the S protein spikes, whereas the virion
surfaces lacking spikes (Figure 2f) were not surrounded by the addi-
tional density. Therefore, the specific binding of mAb only to RBD and

not to the other parts of the virion surface was confirmed.

3.3 | Phosphorus mapping using electron energy
loss spectroscopy

Next, we performed electron energy loss spectroscopy (EELS) experi-
ments to verify the presence of phosphorus (P) inside the virions. For
these experiments, we used a negative stain with 2% (NH4)>,Mo00O,,
rather than uranyl acetate, since the uranium O4, five peak (edge at
96 eV) is close to the P L2, three peak (edge at 132 eV) and interferes
with the accurate background interpolation. The typical distribution of
P within a single virion is shown in Figure 3a. The intensity under the
P peak after the background subtraction was used for STEM-EELS
mapping. We observed the characteristic P signal from the inner part
of the virion but not from the bare grid (Figure 3b). The observed P
signal could arise either from the viral RNA or the lipids of the virus
membrane, and since the P signal was highly heterogeneous, it was
more likely to originate from the RNA. The spatial distribution and
intensity of the P signal differed significantly (Figure 3a, insert). This
clearly reflected a non-even distribution of the genomic RNA, which
apparently accompanied virions' inner heterogeneity, previously
observed by in-situ cryo-electron tomography (Klein et al., 2020).
Authors suggested that the large coronavirus genome was partially
associated with the N protein forming multiple vVRNPs, which enables
their steric separation.

So far, phosphorus mapping in individual virions using EELS was
performed only on the samples prepared using highly specialized tech-
nigues, which minimized the sample thickness, including the substrate
thickness. For example, P mapping was described for free-standing
films made of the A bacteriophage (Nevsten, Evilevitch, &
Wallenberg, 2012) or ultrathin sections of murine leukemia viruses
(Ottensmeyer & Andrew, 1980). These experiments relied on energy-
filtered TEM (EFTEM), which seems to be more prone to artifacts than
STEM-EELS used in the current study. The heterogeneity of the

FIGURE 1

Images of the purified corona-bearing virus particles visualized by (a) TEM and (b,c) AFM—(b) height image and (c) phase image
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nucleic acid inside the virions was also demonstrated for flaviviruses
(Moiseenko et al., 2021; Rey, Stiasny, & Heinz, 2017).

3.4 | The purification technique affects the
morphology of the virus particles

Finally, we compared the methods of virus sample purification. The

sizes of the virions in the TEM images were measured using the

ScanEV online tool (Nikishin et al., 2021). Histograms of size distribu-
tions are presented in Figure 4c. Ultracentrifugation (UC) yielded
more monodisperse and pure samples (mean size Dyc tem = 103
+ 11 nm) than chromatography (Dsgec .+ iec 1em = 107 £ 29 nm). The
difference in size variations was statistically significant, according to
the F-test for variances (p = 6.7 x 10~*2). When the virions were pre-
pared using ultracentrifugation, their size distribution was relatively
narrow; the images showed fewer large particles and almost no debris.

The size heterogeneity of individual virions could be an intrinsic

3

FIGURE 2 Antibody labeling of the S protein on the virions. Raw images of the S proteins (a) on the surface of inactivated SARS-CoV-2
virions, bar size—20 nm. (b) After incubation with mAb. (c) Schematic, illustrating a raw image in (b): antibody—blue; S proteins—yellow; capsid—
orange. (d) Control virion. (f) Virion after incubation with mAb, bar size—50 nm. (e) Intensity profiles across the lines in (d,f), superimposed. Colors
in (e) correspond to the line colors in (d,f). The black arrow at the bottom of the graph shows the direction of the intensity profile's reading. “S”
marks the intensity that corresponds to the S-proteins. ab—density, corresponding to a bound mAb molecule

— Inside the virion
— Outside the virion

FIGURE 3 (a) TEM image of
the virus particle with area for
EELS spectrum acquisition and
corresponding elemental
mapping. The phosphorus
distribution map reveals the
localization of phosphorus inside
the particle (region 1), but not
outside (region 2). (b) EELS

spectra acquired in STEM mode
and summed over areas of
interest (1 and 2) shown in (a)

)
180 200 220
Energy, eV
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FIGURE 4 TEM images of SARS-CoV-2 virions purified using (a) SEC + IEC and (b) ultracentrifugation. (c) Distributions of virion diameter,

depending on the purification method
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FIGURE 5 AFM images of SARS-CoV-2 virions purified using (a) chromatography and (b) ultracentrifugation. The histograms of the (c) height

distributions and (d) width distributions

property of the virus, as shown for flaviviruses (Rey et al., 2017) and
HIV (Pang, Song, Kim, Hou, & Cheng, 2014). Chromatography allowed
to retain the S protein spikes on most particles (Figure 4a), whereas
only a few ultracentrifugation-purified virions retained the spikes on
the surface (Figure 4b).

AFM images of the virions prepared using two purification
methods are shown in Figure 5a,b. The height of the particles was

hsec 1 1ec =24 £ 3 nm and hyc = 25 + 3 nm for the samples purified

using SEC + IEC and ultracentrifugation, respectively (Figure 5c). The
height was far lower than the diameter measured using TEM, and the
difference indicated a flattening deformation of the virions on the
mica surface. When imaged in liquid, the mean height of the virions
was 83 nm (Kiss et al., 2021). In agreement with the TEM observa-
tions, AFM showed that the samples purified using ultracentrifugation
were relatively homogeneous in their lateral size (Figure 5d). The

width of individual virions was Dyc arpm = 114 + 20 nm and Dsgc 4 |ec
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Arm = 127 £ 27 nm. These values were larger than the ones measured
using TEM due to the tip broadening effect. In agreement with the
TEM data, the virions purified using SEC + IEC were more heteroge-

neous than the ones purified using ultracentrifugation.

4 | CONCLUSIONS
SARS-CoV-2 is a Risk Group 3 pathogen, implying specific requirements
on laboratory biosafety measures and personnel training (Kaufer, Theis,
Lau, Gray, & Rawlinson, 2020). Many biological laboratories, which
could contribute to the struggle against the pandemic, are unable to ful-
fill these requirements. However, they can handle the inactivated virus
and make valuable conclusions if the inactivated model captures the
fundamental properties of the active virus. Here, we analyzed the prop-
erties of the B-propiolactone inactivated virions and demonstrated that
they retained the key structural features of the native viruses.
Purification of SARS-CoV-2 virions could be performed in two
major ways, chromatography and ultracentrifugation. Whereas the lat-
ter appeared to provide more uniform and pure inactivated virion par-
ticles, chromatography led to the acquisition of samples with more
intact S protein spikes on the virion surface. Chromatography remains
the method of choice for vaccine production, whereas ultracentrifuga-
tion can be used for pure sample preparation for structural studies.
Here, we demonstrated, using TEM and AFM, that the chromatogra-
phy purification method led to the preservation of the S protein spikes
on the virion surface, which, in turn, could be recognized by the spe-
cific antibodies. The presence of RNA inside the virions was demon-
strated using STEM-EELS based on the phosphorus signal. The virus
inactivation and purification procedures described in the current work
were adopted in the production of the CoviVac vaccine (Kozlovskaya
et al.,, 2021), which is currently in the phase lll of clinical trials.
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