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Abstract

Severe Acute Respiratory Syndrome Coronaviruses (SARS-CoVs), causative of major

outbreaks in the past two decades, has claimed many lives all over the world. The

virus effectively spreads through saliva aerosols or nasal discharge from an infected

person. Currently, no specific vaccines or treatments exist for coronavirus; however,

several attempts are being made to develop possible treatments. Hence, it is impor-

tant to study the viral structure and life cycle to understand its functionality, activity,

and infectious nature. Further, such studies can aid in the development of vaccina-

tions against this virus. Microscopy plays an important role in examining the structure

and topology of the virus as well as pathogenesis in infected host cells. This review

deals with different microscopy techniques including electron microscopy, atomic

force microscopy, fluorescence microscopy as well as computational methods to elu-

cidate various prospects of this life-threatening virus.

Highlights

• Structural analysis of SARS-CoVs aids in understanding its nature, activity, and

pathophysiology

• Revealing the surface morphology of SARS-CoVs using scanning electron micro-

scope and atomic force microscopy

• Computational methods help to understand the structure of SARS-CoVs and their

interactions with various inhibitors
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1 | INTRODUCTION

Viruses are intercellular, obligate parasites of different shapes and struc-

tures with genetic materials (DNA or RNA), and consist of a protein-coat

or envelop for protecting the geneticmaterial. They are known to exist in

the helical, icosahedral, viral core, or asymmetrical conformations

(Kuznetsov &McPherson, 2011). Coronaviruses (CoVs) belonging to the

family Coronaviridae, are a large group of viruses primarily known to

cause respiratory, enteric, neurological, and hepatic diseases of varying

severity in humans, mammals, fishes, and birds (Woo et al., 2006). The

International Committee for Taxonomy of Viruses (ICTV) has classified

coronaviruses into four major genera: α-coronavirus, β-coronavirus,

γ-coronavirus, and δ-coronavirus. The Human CoV (HCoV) are positive-

sense single-stranded RNA (+ssRNA) viruses with currently six of them

reported. It includes α-coronaviruses (HCoV-229E, HCoV-NL63),

β-coronaviruses (HCoV-OC43), HCoV Hong Kong University 1 (HCoV-

HKU1), severe acute respiratory syndrome coronavirus (SARS-CoV), and

Middle-East respiratory syndrome coronavirus (MERS-CoV). The
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γ-coronavirus and δ-coronavirus mainly infect birds, fishes, and few

animals (Pillaiyar, Meenakshisundaram, & Manickam, 2020). Although

the identification of these viruses dates back to about 60 years, their

prominence intensified with the epidemic outbreak of SARS-CoV in

2002/2003 surfaced from southern China. With 8,096 SARS affected

cases and 774 deaths were reported to the World Health Organization

(WHO), the fatality rate was estimated to be 9.6% (Chang, Yan, &

Wang, 2020; WHO, 2014). After that, another epidemic outbreak was

recorded in 2012 due to an analogous virus MERS-CoV that emerged in

Saudi Arabia. It was observantly more fatal than the previous outbreak,

claiming the lives of 858 out of the 2,494 laboratory-confirmed cases

globally reported to WHO, reaching the mortality rate of 34.4%

(Guarner, 2020; WHO, 2019; Zaki, Van Boheemen, Bestebroer,

Osterhaus, & Fouchier, 2012). Although the fatality rate was high,

MERS-CoV was contained due to the low intensity of person to person

transmission (R0).

On December 31, 2019 a new strain of CoV as reported by WHO,

showing pneumonia-like symptoms detected in Wuhan, Hubei province

of China. Later it was identified as SARS-CoV-2 after isolation on January

7, 2020. Further named as 2019 novel coronavirus (2019-nCoV;

CDC, 2020) and condition termed as coronavirus disease-19 (COVID-

19), this outbreak was announced as a “Public Health Emergency of

International Concern” on January 30, 2020 and declared as a pandemic

byWHO onMarch 11, 2020, due to the speed and scale of transmission.

TillMarch 20, 2020, a total of 234,073 confirmed cases and 9,840 deaths

due to COVID-19 were reported toWHOworldwide (WHO, 2020). The

rate of increase was rather abrupt, with 100,000 cases registered over

the initial 3 months, and new 100,000 cases reported within the next

12 days. Although the death rate remained very low (about 2–3%), the

R0 is very high, between 2.5 and 3 (Guarner, 2020). Thus, precautionary

measures are to be taken immediately and seriously.

Understanding the structure of a virus is an important aspect of

virological studies. The word “Corona” comes from Latin, meaning

“crown” or “halo.” One of the defining features of these RNA viruses

is the presence of clove-shaped, dumbbell-shaped, or pear-like spiky

projections that looks like a crown (Li, 2016; Siddell et al., 1983). Cor-

onaviruses, in general, have a nearly spherical structure and are mod-

erately pleiomorphic (Masters, 2006). There are four important

structural proteins associated with the virus namely, envelope

(E) protein, spike (S) protein, nucleocapsid (N) protein, and membrane

(M) protein (Figure 1) (Spaan, Cavanagh, & Horzinek, 1988).

Previous studies have shown that the S protein (150 kDa) is a

fusion glycoprotein that facilitates the viral attachment to the host

cell. This structure gives the crown-like characteristic feature to the

virus and is also responsible for the hemagglutinin activity. M protein

(25–30 kDa) is one of the most abundant structural protein and pro-

vides definitive shape to the virion particles (Liu & Inglis, 1991). E pro-

tein (25–30 kDa) triggers the assembly and release of the virus, and

also contribute to viral envelop formation by interacting with M pro-

teins. The N protein binds to the genetic material in a string type con-

formation. β coronavirus has hemagglutinin-esterase (HE) protein that

aids the S protein-mediated cell entry and virus spread through the

mucosa (Spaan et al., 1988). Coronavirus replication is initiated with

the binding of virion particles to the receptors of the cells, further

directing the translation of the viral genome in the cytoplasm and syn-

thesis of membrane-bound proteins. These structural proteins incor-

porate into the endoplasmic reticulum (ER) and are transported to the

ER–Golgi intermediate compartment (ERGIC). Later on, the encapsula-

tion process occurs, leading to the budding of the clustered particles

into the ERGIC, and producing viroid. These viroids are carried to the

plasma membrane of the cells through the formation of smooth-

walled vesicles or Golgi sacs (Masters, 2006). Microscopic techniques

are conventionally practiced for bacterial and viral identification and

classification. They are feasible for observing and confirming the pres-

ence of viral particles based on morphological characteristics. Oshiro,

Schieble, and Lennette (1971) visualized coronavirus particles

(LINDER strain) using transmission electron microscopy (TEM)

(Figure 2) and analyzed the progression of this viral infection by

infecting human fetal diploid lung (HFDL) cells with tissue culture

infectious dose 50 (TCD50) of coronavirus. The virus particles were

F IGURE 1 Schematic representation
of coronavirus virion, displaying structural
protein components. Source: This figure is
adapted with permission from
Masters (2006)
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found spherical of diameter ranges from 80 to 160 nm (Oshiro

et al., 1971).

Previous studies have shown the use of a scanning electron micro-

scope (SEM) for obtaining surface information and TEM for revealing

inner components of the SARS-CoV particle. Also, their surface irregu-

larities were investigated using atomic force microscopy (AFM).

Recently, it was reported that 2019-nCoV (diameter of �120 nm) can

be easily identified under a TEM with its crown-like appearance, a

feature unique to coronaviruses (Monteil et al., 2020; Prasad, Potdar,

Cherian, Abraham, & Basu, 2020). Accurate reconstruction of the viral

particles can help to improve the understanding of science behind

these viruses. Table 1 compares various microscopy techniques for

understanding the structure of SARS-CoV and its effect in host cells.

This review intends to provide an outline of various microscopic tech-

niques used for investigating the structure and pathophysiology of

coronavirus, as well as computational methods for the same.

F IGURE 2 Thin-section electron microscopy images show the various development stages of coronaviruses in the human fetal diploid lung
(HDFL) cells 24 hr after infection. Part figure (a) shows that coronaviruses are in the cisternae of the endoplasmic reticulum of a cell (part of
cytoplasm). Part figure (b) shows that coronaviruses are in the perinuclear spaces in a cell. The virus particles are in spherical shape and its
diameter ranges from 80 to 160 nm. Part figure (c) shows the formation of six particles inside a vacuole in the cytoplasm in various stages of
budding process formation. Part figure (d) shows a tubular structure containing a dense material in cytoplasmic inclusion. Part figure (e) illustrates
the relationship of virus particles to a cytoplasmic inclusion composed of tubular structures. Arrows in the figure point to structures of developing
virus particles which also resemble the tubular structures of the inclusion. Part figure (f) shows that the cytoplasmic inclusion is composed of
densely staining material around the tubular membrane. Source: This figure is adapted with permission from Oshiro et al. (1971)
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2 | ELECTRON MICROSCOPY
VISUALIZATION OF SARS-COVS

Electron microscope (EM) uses an accelerated beam of electrons as the

source of illumination to attain higher magnification and resolution up

to a few nanometers of particle size, making them favorable for viral

studies and diagnosis. The visualization and characterization of viruses

have become easier with the intervention of EM in biology. EM played

a crucial role in characterizing the causative virus during the SARS out-

break in 2002/2003 (Goldsmith & Miller, 2009; Lin et al., 2004) and the

ultra-high resolution SEM was able to visualize the SARS-CoV in three-

dimensional (3D) with 10–20 nm spikes on the virion surface.

The initial identification of coronavirus during the 2003 outbreak

has relied on tissue culture isolation followed by EM visualization. The

TABLE 1 Different microscopic techniques and their significance in SARS-CoV studies

Microscopic technique Principle Significance in SARS-CoV study Reference

Scanning electron

microscope (SEM)

SEM uses a high energy electron

beam to scan the sample surface

and scattered electron from the

sample surface is detected to

obtain the image of the

sampleProvides information about

surface morphology and

composition of a materialThe

acceleration voltage of electron:

40–120 kVInstrument resolution:

�1 nm

Detection of the high resolution

structure of the SARS-CoV

Lin et al., 2004;

Akhtar, Khan, Khan, & Asiri, 2018

Transmission electron

microscope (TEM)

In TEM, an electron beam is passed

through the thin sample and

transmitted electrons are

detectedReveals the internal

composition of a materialThe

acceleration voltage of electron:

1–30 kVInstrument resolution:

�0.1 nm

Morphological analysis of

coronavirus (Linder strain)

development isolated in human

fetal diploid lung cellsIsolation and

characterization of an

oropharyngeal sample of a SARS

patient revealed microstructural

features of the corona

virusDetection of SARS-CoV-2 by

direct throat swap specimen

revealed the presence of stalk-like

projections ending in round

peplomeric structures

Oshiro et al., 1971; Akhtar

et al., 2018; Ksiazek et al., 2003;

Prasad et al., 2020; Williams &

Carter, 1996

Cryo-electron microscope

(Cryo-EM)

A thin layer of flash-frozen sample is

scanned using low energy

electrons to get a 2D image of the

sampleResolution: �3.4 Å

3D reconstruction of the HCoV-

NL63 spike glycoprotein trimmer

Walls et al., 2016; Baker, 2018

Atomic force microscope

(AFM)

AFM works by scanning the sample

surface with a cantilever probe to

which a LASER is pointed to

measure surface

variationsWorking modes—tapping

mode, contact mode, and

noncontact modeResolution: � up

to 30 nm

Study the surface ultrastructure of

SARS-CoVObserve the changes in

the cell membrane during the

release of a virion particleStudy

the absorption of SARS-CoV viral

particles in biopolymeric

vesiclesTo study the structure and

size of spike proteins which is

present in the viral coat

Yang, 2004; Lin et al., 2005; Eaton &

West, 2010; Ng et al., 2004;

Ciejka, Wolski, Nowakowska, Pyrc,

& Szczubiałka, 2017; Lee
et al., 2004

Fluorescence microscope

(FM)

FM detects the fluorescence emitted

by fluorophore when excited with

the specific absorption

wavelength. The fluorophore binds

to the object of interest. The

object is seen against a black

background which provides high

contrastFluorescence source:

LASER, LED, etc.Spatial resolution

of confocal fluorescence � up to

250 nm

Study the endocytosis pathway

involved in SARS-CoV entry into

cellsUnderstand the role of lipid

raft for virion entry into the

cellDetermine the antigenic

morbidity present in SARS-CoV

which gives rise to an immune

reactionInvestigate cell cycle arrest

induced by SARS-CoV in G0/G1

phaseTo show the localization of

viral proteins within Golgi complex

and endoplasmic reticulum during

SARS-CoV infection

Diaspro, 2010; Diaspro, 2010;

Lichtman & Conchello, 2005;

Wang et al., 2008; Lu, Liu, &

Tam, 2008; Manopo et al., 2005;

Yuan et al., 2006; Yuan

et al., 2005; Knoops et al., 2008
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novel coronavirus that was successfully isolated from patients with

SARS and identified them using TEM. The oropharyngeal sample from

the patient was inoculated into Vero E6 mammalian cell lines (Ksiazek

et al., 2003). The E6 cell lines were subjected to thin-layer electron

microscopy and the images revealed typical coronavirus particles

within the rough endoplasmic reticulum, specifically in cisternae, as

well as in vesicles and several large clusters of extracellular particles

were found attached to the surface of the plasma membrane.

Negative-stain electron microscopy images of these particles have

elucidated that the virus particle dimensions were within the diameter

range from 80 to 140 nm and the surface projections with the length

between 20 and 40 nm. The SARS-CoV exhibit similar morphological

characteristics as other members of their family Coronavirida when

observed under TEM. The viral nucleocapsids form new particles that

are lined along the membranes of the rough endoplasmic reticulum

(RER) and the Golgi complex. The envelop formation of virions occurs

in this membrane region and is majorly spherical, sometimes pleomor-

phic in shape. Surface projections or the spikes can be indistinctly

observed in the thin-sections. The virus particles were observed in

membrane-bound vesicles, either individually or in clusters. Tubular

structures with an average diameter of 20 nm, are also seen within

the vesicles (Figure 3). The infected cells have many empty vesicles

and fewer mitochondria compared with normal cells. Further, the

outer membrane and crista of mitochondria appear to be disturbed.

Endoplasmic reticula look swollen and remaining organelles are hardly

seen. The chromatins in the nucleus shrink and assemble along the

margin, with a rare appearance of some tiny granules in the nucleus.

However, in normal cells, there are less empty vesicles and mitochon-

dria which are undamaged. They gradually move toward the cell sur-

face and fuse with the plasma membrane from where the viral

particles are released. The aggregation of particles in the plasma mem-

brane can be viewed as a “knob-like structure” on the cell surface

(Goldsmith et al., 2004).

These SARS-CoV particles have a typical crown structure and a

single virion is surrounded by 15 spike protein (Lin et al., 2005). They

tightly adhere through their projections sticking into each other, and

thus form a mosaic patch and leading to the compression of the

virions. These flower-shaped projections corresponding to the spike

are the main constituent of S protein, have a size ranging from 10 to

20 nm. It was possible to observe the projections with a regular struc-

ture composed of three subunits, like a flower with three petals (Lin

et al., 2004) (Figure 4). Semi-thick sections (100 nm) of cryofixed

SARS-CoV-infected Vero E6 cells were observed through TEM

(Figure 5) to investigate the membrane structure alterations in the

host cell. It was found that RNA synthesis in this virus is associated

with the formation of double membrane vesicles (DMVs). These

DMVs are interconnected through the outer membrane and form a

huge network that is continuous with the rough ER. The DMVs are

8 nm in diameter with “neck-like” connections to other DMVs and cis-

ternae of the RER (Knoops et al., 2008).

HCoV-NL63 is an α-coronavirus causing severe lower respiratory

tract infections. High-resolution cryoelectron microscopy was used to

reconstruct the spike glycoprotein trimer of the virus which is

responsible for entry into host cells and neutralizing antibodies pro-

duced by the body during infection. It is suggested that HCoV-NL63,

HKU1, and other coronaviruses may use a molecular trickery mecha-

nism that involves covering or hiding the epitopes with glycans and

triggering conformational changes, to dodge the immune system of

hosts which has been elucidated by cryoelectron microscopy (Walls

et al., 2016). Thus, EM including SEM as well as TEM is very useful in

investigating the structure of coronavirus with a high spatial

F IGURE 3 Assembly of SARS-CoV particles in host Vero E6 cells.
(a) Depicting nucleocapsids (arrow) measuring 6 nm in diameter along
membranes of the budding compartment are viewed in cross-section.
Pretreatment with Tannic acid improves the visibility of the club-
shaped viral projections with an average length of 14 nm (inset).
(b) SARS-CoV–infected cell with virus-containing vesicles of granular
material interspersed among the virions (arrow), double-membrane
vesicles (open arrow), and nucleocapsid inclusions (arrowhead).
(c) Virus-containing vesicle with dark granular material observed at
higher magnification. (d) Tubular structures in a virus-containing
vesicle. (e) Migration of virions in vesicles toward the plasma
membrane and its fusion with it. The characteristic lining of particles
along the cell surface is observed. Bars: (a), inset; (b–d), 100 nm; (e),
1 μm. Source: This figure is adapted with permission from Goldsmith
et al. (2004)
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resolution which further leads to understanding its development and

effect in the host cells. Also, microscopic characterization of the tri-

meric structure of spikes contributes to the development of future

antiviral strategies.

3 | VISUALIZATION OF SARS-COVS BY
ATOMIC FORCE MICROSCOPY

The AFM is primarily used in the field of material sciences after its

invention in 1986 (Eaton & West, 2010). The emphasis of AFM in

biology surged about a decade later, due to its efficacy in studying

wide ranges of biological materials such as cells, macromolecules, pro-

teins, and nucleic acids (Parot et al., 2007). It has become an important

tool to investigate surface topologies in life sciences research includ-

ing cell morphology, tissue heterogeneity, bacterial and viral charac-

teristics, and structure identification (Yang, 2004). One of the

advantages of using AFM is the atomic and molecular resolution

achieved which is close to that obtained by an EM (Lin et al., 2005). It

can also be used for revealing the inner architecture by scanning the

internal layers using chemical, physical, or enzymatic methods to

expose the interior of the viruses. These applications have proved

AFM to be an important tool in virology.

AFM has been used to study morphology as well as surface struc-

ture of viruses like the influenza virus, herpes simplex virus, and

tobacco mosaic virus (Drygin, Bordunova, Gallyamov, &

Yaminsky, 1998; Epand et al., 2001; Plomp, Rice, Wagner,

McPherson, & Malkin, 2002). SARS-CoV, a highly pathogenic virus

exhibits structural prominence with the presence of crown-like struc-

tures surrounding them as mentioned earlier and can also be

visualized under AFM to investigate the ultrastructure of the virus

along with cell to cell transmission. The surface ultrastructure of

SARS-CoV was studied using AFM. The virus particles appeared

spherical with protrusions, on the surface of micato which they were

attached electrostatically for the study. Single virions were selected

from the AFM images and root mean square (RMS) value of heights of

virion particles was found to be 81.2 ± 10.6 nm as shown in Figure 6.

The presence of crown-like surface structures was confirmed using

high-resolution AFM images by analyzing the surface organization of

the single virion before and after treatment with hydroxyoctanoic acid

and protease, respectively. The phase images of the surface showed

different hard and soft regions. The decrease in surface height after

treatment confirmed that surface particles were proteins. To further

verify that the spherical surface particles were spike protein, immuno-

globulin G (IgG) having the same molecular weight as spike proteins

(�150 kDa) were imaged by AFM and compared with the protein.

The AFM IgG height obtained was same as the surface bumps specu-

lated as spike protein. The AFM images also showed that a virion con-

tains about 15 spike proteins on the surface (Figure 6d) which

indicated the feasibility of using AFM for imaging SARS-CoV particles

(Lin et al., 2005).

Further, the maturation and release of SARS-CoV from the

infected cell were studied. Both SEM and AFM were used to under-

stand the surface changes of the Vero E6 infected host cells with

SARS-CoV, which was grown on coverslips. AFM imaging revealed

that there was the localized breaching of the plasma membrane due

to the fusion of vacuoles carrying the virions, which facilitated the

virus particles to move out of the cells as shown in Figure 7. The

crown appearance of the SARS-CoV virions, confirmed by 3D recon-

struction of AFM images, appeared to be shorter than other

F IGURE 4 Shows the virions with a
diameter of (a) 200, (b) 100 and 200 nm,
and (c) 400 nm. (d) The ultrastructure of
the surface projections. Two typical
spikes are magnified to show the trimer
structure (insets). Source: This figure is
adapted with permission from Lin
et al. (2004)
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coronavirus species. Subcellular examination enumerated that there

was thickening of cell periphery in the case of infected cells. This

modification was supported by the deposition of actin filaments which

made the cell surface puffy providing the force for outward transport

of virus particles (Ng et al., 2004). Apart from the structural analysis of

the virus, AFM was used to study the adsorption of virus particles in

biopolymeric vesicles. The biopolymer was used to concentrate the

virions quantity for various biological experiments as well as for purifi-

cation of virus-contaminated water. After the initial adsorption quan-

tified using reverse transcriptase-quantitative polymerase chain

reaction (RT-qPCR), AFM was used to confirm that the virus particles

were successfully attached to the biopolymer. AFM images revealed

densely distributed particles approximately 140 nm (diameter) on the

surface which were absent in the case of untreated vesicles (Ciejka

et al., 2017).

Hence, AFM studies on coronavirus have provided substantial

evidence on the efficiency of the technique for imaging and identify-

ing coronavirus specifically. The present pandemic 2019-nCoV

exhibits characteristic features very similar to that of SARS-CoV, thus

the findings of these studies can be extended for revealing more

information and further improve our understanding of 2019-nCoV.

4 | FLUORESCENCE MICROSCOPY OF
SARS-COVS INFECTED CELL

Fluorescence microscopy is one of the mainstays for imaging various bio-

logical components and systems with high selectivity and specificity. In

this technique, the object of interest is highlighted with various fluores-

cence probes and viewed in the dark background providing better

F IGURE 5 Membrane
alterations observed in Vero E6
host cells infected with SARS-
CoV under TEM. (a) Early double-
membrane vesicle as observed in
a few sections, showing a
connection (arrow) to a reticular
membrane. (b) Clusters of DMVs
began to form and arrows

depicting connections between
the outer membrane of DMV and
reticular membrane structures
(arrow). Arrowhead depicts
luminal spacing between the
outer and inner membrane of
DMV. (c) Image shows the DMVs
were concentrated in the
perinuclear region (nucleus; N),
often mitochondria (M) present in
between. (d) The cluster of CM
surrounded by groups of DMVs
where these structures are
continuous with the DMV outer
membrane (inset). (e) During the
later stages of infection, DMVs
appeared to merge into VPs,
resulting in developed large
cytoplasmic vacuoles (asterisk)
that contains single-membrane
vesicles (arrowhead pointing to
an example) and budding virus
particles. Scale bars are 100 nm
(a), 250 nm (b and d), or 1 μm
(c and e). Source: This figure is
adapted with permission from
Knoops et al. (2008)
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contrast (Diaspro, 2010).With the rapid development of the fluorescence

technique, various modern microscopies such as laser scanning confocal

microscope and superresolutionmicroscopes are usedmainly for biomed-

ical applications due to less destructive process as comparedwith an elec-

tron microscope (Lichtman & Conchello, 2005). Fluorescence microscopy

has been used for investigating viruses and their interactions in cellular

systems (Beilstein et al., 2019; Dáder et al., 2019; Kumar et al., 2017;

Mazumder et al., 2013; Zgheib et al., 2019). SARS-CoV is a highly conta-

gious virus and various pathological facet of the virus yet unknown.

The virus was initially thought to enter the cell either by fusing

with the plasma membrane but later studies showed that viral entry

also involves endocytosis (Sieczkarski & Whittaker, 2002). In a study,

confocal fluorescence microscopy was used to investigate the

endocytic pathway by the virus and found SARS-CoV enters HEK293E

cells through pH- and receptor-dependent endocytosis. SARS-CoV

functional receptor angiotensin-converting enzyme 2 (ACE2) was

labeled with GFP by the transfection of HEK293E cells. Treatment of

HEK293E cells with SARS-CoV spike protein resulted in the transloca-

tion of the ACE2, from the cell surface to its endosomes. The transloca-

tion of the ACE2 receptor was observed under a confocal fluorescence

microscope on the HEK293E-ACE2-GFP cells proving the endocytosis-

based entry of the virus into the cells (Figure 8a) (Wang et al., 2008).

Due to this endocytic entry, the cellular rate of infection of the virus

has shown to be increased. This finding also contributes to understand

the pathogenesis of the virus and may lead to antiviral drug research.

The above study also pointed out that lipid rafts play an impor-

tant role in endocytosis of the SARS-CoV. Further, the involvement of

lipid rafts in SARS-CoV entry into the Vero E6 cell was studied. Lipid

rafts are domains that concentrate membrane-associated proteins

including receptors and signaling molecules including ACE2 receptors.

The confocal fluorescence images (as shown in Figure 8b) showed the

co-localization of ectodomain (S1188HA) spike protein with raft-

resident ganglioside GM1 and hence lipid rafts play a significant role.

Thus, proving that SARS-CoV requires intact lipid raft for entering into

the host cells (Lu et al., 2008).

F IGURE 6 Topographic two-dimensional (2D) AFM images of the
(a, b) native SARS-CoV particle on mica of scanning areas are 10 and
2 mm2 for the low- (a) and high-resolution (b) images, respectively.
Part figure (b) is the zoomed image of the box areas is displayed in
(a) reveals the presence of SARS-CoV particles. (c, d) 2D AFM image
and contour map of single SARS-CoV virion. Scale bar = 100 nm. The
corresponding cursor profiles (middle and bottom row) provide
quantitative measurements of the dimensions for the spike proteins
(1–15) displayed in (d). Source: This figure is adapted with permission
from Lin et al. (2004) [Color figure can be viewed at
wileyonlinelibrary.com]

F IGURE 7 (a) Shows the AFM image of the thickened, layered
appearance of the edge of Vero cells infected with the severe acute
respiratory syndrome-associated coronavirus (arrows), where active
virus extrusion occurs. Arrowheads indicate the virus particles.
(b) Represents the 3D AFM image showing SARS-CoV extruding out
from infected Vero cell. The arrow indicates the thickening of the cell
membrane observed during this process. Source: This figure is adapted
with permission from Ng et al. (2004). (c–f) The nano/microspheres of
N-(2-hydroxypropyl)-3-trimethyl chitosan (HTCC-NS/MS) bind HCoV
NL63 virions. Height and 3D AFM topography images of H-HTCC-MS

incubated with lysate of mock-infected (c) or virus-infected (e) cells.
The scan size is 2.5 × 2.5 μm for the 2D image. Scan size and the
vertical scale on 3D figures: 2.5 × 2.5 μm and 100 nm (c);
2.0 × 2.0 μm and 50 nm (e), respectively. Source: This figure is
adapted with permission from Ciejka et al. (2017) [Color figure can be
viewed at wileyonlinelibrary.com]
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Apart from studying how the virus enters the cell, immunofluores-

cence was also used to investigate antibody response to the SARS-

CoV and use it as an efficient detection method. A 441–700 amino

acid domain (called the protein C) representing the S1 of the spike

protein was identified to be responsible for the immune response.

Protein C domain expressing baculovirus was allowed to infect

Spodoptera frugiperda (Sf-9) cells and the cells were fixed on coverslips

(forming the antigen part of immunoassay). It was found that there

was fluorescence ring around the Sf-9 cells which were treated with

virus-infected serum but was absent when treated with normal human

serum as shown in Figure 8c. This proved that, protein C gives rise to

an immune reaction. There was a clear difference between the spike

protein based-immunofluorescence assay (IFA) and commercial IFA in

terms of the fluorescence signal when observed under an inverted

fluorescence microscope improving the specificity and sensitivity of

the conducted IFA (Manopo et al., 2005).

Immunofluorescence-based analysis was also used to investigate

the 7a protein in SARS-CoV which is responsible for arresting the

infected cell's cycle at G0/G1 phase. The 7a protein was cloned into

pCMV-myc vector and transfected in HEK 293 cells. Flow cytometric

analysis showed that HEK 293 cells infected 7a/pCMV-myc grew

slower than the ones only with pCMV-myc. Further SARS-CoV 7a

tagged GFP was cloned and allowed to infect HEK 293 cells. This also

showed that the 7a-GFP positive cells had lesser incorporation of

F IGURE 8 (a) Endocytosis mediated entry of SARS-CoV spike-bearing pseudoviruses into the cell; (i) image shows the translocation of the ACE2
receptor when theHEK293E-ACE2-GFP cells were treatedwith spike-bearing pseudovirus, (ii) image shows the absence of translocation of the ACE2

receptor when theHEK293E-ACE2-GFP cells were treatedwith spike-minus pseudovirus, and (iii) shows the co-localization of the spike protein and
ACE2-GFP in cytoplasmic vesicles showing a viral entry. Source: This figure is adaptedwith permission fromWang et al. (2008). (b) The confocal
fluorescence image showed the colocalization of spike proteinwith lipid raft; (i) shows the raft-resident ganglioside GM1, (ii) image shows SARS-CoV S
protein, and (iii) merged image, enumerating the interaction of the viral protein with lipid raft. This figure is adaptedwith permission from Lu
et al. (2008). (c) Immunofluorescence assay based on spike protein containing the Sf-9 cells bearing the protein C domain; (i) when treatedwith virus-
infected human serum shows the presence of fluorescence and (ii) image shows the absence of fluorescence ringwhen treatedwith normal human
serum. Source: This figure is adaptedwith permission fromManopo et al. (2005) [Color figure can be viewed atwileyonlinelibrary.com]
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BrdUrd than the 7a-GFP negative cells indicating that cells are being

obstructed from entering the S-phase. It was also established that

G0/G1 arrest is not an apoptotic inducer in SERS-CoV infected cells.

The study also concluded that the cell cycle arrest was via cyclin

D3/Rb pathway (Yuan et al., 2006). SARS-CoV has shown the pres-

ence of various non-structural proteins between the S and E genes or

the M and N genes and may differ from species to species of the

virus. Among the five nonstructural proteins with more than 50 amino

acids are in the intergenic regions, SARS 3a (ORF 3) is expressed in

the SARS-CoV infected cells. It was found that the SARS 3a protein is

important for the viral life cycle and is found to localize within the

Golgi complex and plasma membrane of the infected cells and is also

an integral membrane protein of the phospholipid bilayer. Confocal

fluorescence microscopy assisted in studying the colocalization of 3a

with the M protein in the Golgi complex of infected cells (Yuan

et al., 2005). Further, being a positive-stranded virus, the replication

of SARS-CoV is linked with a synthesis of the negative strand of the

genome which leads to the formation of various ds structures. Vero

E6 cells were infected with SARS-CoV virus and incubated with an

antibody specific for the dsRNA. It was observed that the fluores-

cence from ds RNA started appearing 2 hr after the infection and the

same was observed located close to the nucleus during the later stage

of infection. Thus, indicating that the replication of SARS-CoV is asso-

ciated with the endoplasmic reticulum. Co-labeling of nsp-3 or -8

(nonstructural protein) responsible for RNA replication, showed its

close association with the dsRNA(Knoops et al., 2008).

Most of the above studies have shown how the virus infects the

host cell and the various proteins associated with the infection pro-

cess. However, SARS-CoV being an RNA virus, the entry of genetic

material into the cell, and getting integrated into the host genome is

also essential to understand its pathogenesis. Recently, the possibility

of imaging a single RNA molecule inside the Cos-7 cells was shown

with the fluorogenic Mango II arrays. The array was found to have a

better signal to noise ratio than existing RNA markers and can be used

to track a single RNA molecule for an extended period. The array can

be used for SARS-CoV related studies to investigate the integration of

RNA in infected cells, and provide deeper insight into the pathology

of the virus (Cawte, Unrau, & Rueda, 2020).

Thus, fluorescence microscope though limited by its spatial reso-

lution to study the ultrastructure of the SARS-CoV, has been used to

understand how the virus infects cells and finds the various domains

of the virus which are essential for its infection. It also helped us to

understand the localization of various viral particles and protein at the

cellular and subcellular location; and with further development of

fluorophores, the movement of viral genetic material after infection

can be observed.

5 | COMPUTATIONAL STUDIES OF
SARS-COVS

Even though the outbreaks of SARS (2003) and MERS (2012) led to

global alert by WHO, there are no approved drugs yet to treat this

deadly coronavirus. The recent pandemic outbreak of the 2019-nCoV

needs to be immediately addressed effectively with an alternative

therapeutic solution as we are experiencing high rates of global mor-

tality. In the future, emerging coronaviruses will still be a global threat

to public health. Thus, narrowing down a wide range of inhibitors to

decrease the effects of coronavirus infection is challenging and the

computational approach contributes to overcome this challenge. Bio-

informatics and computational biology should be utilized to achieve

the aforementioned need as it involves cost-effective and faster

approaches. Therefore, in this section, we present various approaches

and strategies reported to understand the 2019-nCoV.

To start with, the genome sequence of the 2019-nCoV was first

released to the public domain on January 12, 2020 by WHO. There

on, several coronavirus whole genomes were sequenced around the

globe. Analysis of these suggested that it was similar to bat SARS-like-

CoVZXC21 with 89% identity and to human SARS-CoV with 82%

identity. On the construction of phylogenetic trees, it was observed

that proteins of 2019-nCoV such as spike glycoproteins, membrane

proteins, orf1a/b, small envelope proteins, and nucleoproteins were

closely associated with the bat, and human coronaviruses (Chan

et al., 2020). In the third week of January 2020, Cleemput et al. stated

that the Genome Detective Coronavirus Typing tool was used for the

characterization of 2019-nCoV infections by analyzing viral genomes

within a short time. Multiple FASTA sequences can be submitted at

once, which are queried against reference sequences using dynamic

aligner and annotated genome aligner (AGA). It was used for the iden-

tification of viral species and spotting mutations in viruses (Cleemput

et al., 2020). Again, evolutionary studies were performed by con-

structing phylogenetic trees from the genome sequences and this

analysis also reported the close association of 2019-nCoV with SARS-

CoV, and Bat-CoV. The phylogenetic profiling reported that two non-

structural proteins, NS7b and NS8, were conserved among

2019-nCoV, BatSARS-like CoV, and BetaCoV_RaTG. Thus, it was

inferred that the functional changes in these proteins may be respon-

sible for the infective property of 2019-nCoV (Fahmi, Kubota, &

Ito, 2020). Also, the phylogenetic analysis result of coronaviral S pro-

tein showed the closest distance of evolution between MERS-CoV

and HCoV-OC43 in terms of structure and sequence. Both MERS-

CoV and HCoV-OC43 are very contagious. Results of network analy-

sis explained the interaction between human IC1 protein and SARS-

CoV proteins. It was reported that IC1 protein affects the activation

of the complement system and nonstructural proteins of SARS-CoV.

This indicated that the virus affecting the host immune proteins may

also affect the normal immune process (Kim, Cho, Lee, Kim, &

Son, 2019). Further, it was presented that nCoV-2019 and the closest

Bat relative exhibited identities of more than 85% along with the fully

conserved genome (�30 kb) (Ceraolo & Giorgi, 2020). It was also

reported that humans possessed two T and B cell epitopes from

Betacoronaviruses and 398 from SARS-CoV. For B cell epitopes, Dis-

cotope prediction was used and algorithms were used for T cell epi-

topes. B and T cell epitopes were observed to be conserved between

2019-nCoV and SARS-CoV based on phylogenetic analysis (Grifoni

et al., 2020).
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To obtain information based on the molecular level of structures of

2019-nCoV proteins and their function, computational predictions were

used in addition to various experimentally solved structures. In 2016,

Kirchdoerfer et al. reported that N-terminal domain of the spike glyco-

protein subunit 1 of SARS-CoVwasmodeled usingModeller, a homology

tool presents in UCSF Chimera, where bovine CoV NTD with PDB ID-

4H14 was used as a template. The modeled structure was docked with

Human Coronavirus I (HKU1) and refined using Rosetta. Clustering was

performed on refined models dependent on pairwise RMSD. A model

with the least energy was chosen for further refinement (Kirchdoerfer

et al., 2016). Along with this model, C-Terminal Domain from SARSCoV

with PDB ID-2AJF was used to build and refine the model. The available

structure of the target gene Mpro (Main protease) was used to identify

potential drugs for 2019-nCoV using molecular docking and the results

of this study confirmed the earlier preliminary reports that some of the

drugs approved for other viral infections can be used to treat

2019-nCoV infections (Talluri). Another study also focused on the same

drug target, the main protease (Mpro, 3CLpro), and structures of

2019-nCoVMpro and its complex with an α-ketoamide inhibitor

(Figure 9a) were used in this study. The characterization of α-ketoamide

based on its drug-likeness, ADME and toxicity properties reveals that it

can be administered by inhaling (Zhang et al., 2020).

Recent studies have identified Human Angiotensin-Converting

Enzyme 2 (hACE2) as a potential receptor for interacting with spike

F IGURE 9 (a) Main protease interacting with the compound 13b at the binding cavity present between the two domains of Mpro. (b) The
structure of the docking complexes of GRP78 represented in green and COVID-19 spike glycoprotein represented in yellow. (c) The crystal
structure of COVID-19 Mpro in complex with N3 inhibitor. (d) Surface of target Mpro. (e) Binding cavity of Mpro and its key residues interacting
with N3 inhibitor. (f) Zoomed in view of the interaction involving C–S covalent bond between the N3 inhibitor and the target Mpro. Source: This
figure is adapted with permission from Zhang et al. (2020); Ibrahim, Abdelmalek, Elshahat, and Elfiky (2020); and Jin et al. (2020) [Color figure can
be viewed at wileyonlinelibrary.com]
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glycoproteins of 2019-nCoV at the C-terminal domain (2019-nCoV-

CTD). An experimentally solved structure of hACE2 in complex with

2019-nCoV-CTD suggested similar binding that was observed

between hACE2 and SARS-CoV. Although, stronger binding with a

higher affinity toward receptor was observed at the atomic and

molecular level due to 2019-nCoV-CTD mutations. Further, a group

TABLE 2 Various tools and software used for SARS-CoV and 2019-nCoV computational studies

Name of the tool/

software Description Type of license Reference

RAxML Sequential and parallel maximum likelihood based

inference of large phylogenetic trees

Free web-based server Fahmi et al., 2020

MEGA X Analyze evolution and build phylogenetic trees Freeware Fahmi et al., 2020;

Zhou et al., 2020;

Chan et al., 2020;

Wu, Liu, et al., 2020;

Wu, Zhao, et al., 2020

MAFFT Multiple alignment program Free web-based server Fahmi et al., 2020

CLUSTAL omega Multiple sequence alignment tool Free web-based server Chan et al., 2020; Ibrahim

et al., 2020

Clustal W Progressive multiple sequence alignment Free web-based server Wu, Liu, et al., 2020; Wu,

Zhao, et al., 2020

C-I-TASSER Server for protein structure prediction using

multiple threading method LOMETS

Free web server Fahmi et al., 2020

Modeller Homology modeling software for protein

structure determination

Freeware/commercial Kirchdoerfer et al., 2016

AutoDock Vina Molecular docking program Open source Talluri,

ICM-dock Docking software Commercial Wu, Liu, et al., 2020; Wu,

Zhao, et al., 2020

HADDOCK Performs flexible biomolecular docking Freeware Ibrahim et al., 2020

COVID-19

docking server

Dock ligands to COVID-19 targets Free web-based server Kong et al., 2020

VMD Visualize and analyses molecular dynamics

simulations

Freeware Zhou et al., 2019

Nanoscale

molecular dynamics

Charm++ parallel programming model-based

simulation software

Freeware Zhou et al., 2019

AGA Performs local/global alignment Free web-based server Cleemput et al., 2020

JPred Secondary structure prediction server Free web-based server Fahmi et al., 2020; Wu,

Liu, et al., 2020; Wu,

Zhao, et al., 2020

PyMOl Molecular visualization software Open source Ibrahim et al., 2020; Talluri, ;

Kirchdoerfer

Rasmol Molecular visualization software Open source Talluri, 2020

Enrichr Performs gene set enrichment analysis Free web-based server Zhou et al., 2020

TMHMM Transmembrane helices prediction server Free web-based server Chan et al., 2020; Wu,

Liu, et al., 2020; Wu,

Zhao, et al., 2020

ProtScale Compute profile created by amino acid scale on a

specific protein

Free web-based server Ibrahim et al., 2020

PRODIGY Predicts binding affinity Free web-based server Ibrahim et al., 2020

ViPR Sequence alignment and analysis server Free web-based server Grifoni et al., 2020;

Cleemput et al., 2020

Rosetta Model refinement software Academic Kirchdoerfer et al., 2016

Coot Model building and refinement Open source Kirchdoerfer et al., 2016

Genome detective

coronavirus

typing tool

Assemble all viral genome from NGS datasets Free web-based server Cleemput et al., 2020

GLIDE High-throughput virtual screening software Open source Jin et al., 2020
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of murine monoclonal and polyclonal antibodies that interacted with

the SARS-CoV spike protein did not interact with that of 2019-nCoV,

implying distinct peculiarity of antigenicity in 2019-nCoV. Such dis-

tinctions provide profound insight for being responsible for the life-

threatening nature of 2019-nCoV and therefore, must be targeted to

develop a therapeutic solution thereby inhibiting the pathogen (Wang

et al., 2020). Spike glycoprotein interacting with human glucose-

related protein, GRP78 was demonstrated and four distinct regions of

the spike glycoprotein were identified to be highly involved in an

interaction with the candidate receptor as depicted in Figure 9b

(Ibrahim et al., 2020). Host cell surface binding takes place through

the S1 subunit followed by viral fusion. Two domains of S1 subunit of

various coronaviruses accept different host receptors. S1-CTDs rec-

ognize DPP4, APN, and ACE2 protein receptors. S1-CTD, in turn, con-

sists of two subdomains: a core domain and a receptor-binding motif

(RBM). RBM has a concave surface to mediate binding to ACE2.

RBMs in HCoV-NL63, PRCV, and SARS-CoV may have diverged into

ACE1-binding RBDs. The spike protein is present in two different con-

formations, that is, prefusion and postfusion which undergo transition

for membrane fusion. The prefusion structure was determined which

was found similar to the influenza virus hemagglutinin. This provided

information about the evolution of coronavirus S1. Betacoronavirus

S1-NTDs consist of galectin folds which indicate coronavirus

S1-NTDs as host origin. Hence, the evolutionary relationship between

S1-CTD and host galectins is possible (Li, 2016).

The 2019-nCoV Docking Server was established to determine

the binding affinity between the targets and small molecules, pep-

tides, or antibodies using AutoDockVina and CoDockPP software for

docking analysis. The server also helps to visualize the docked com-

plexes and hence, an effective tool for 2019-nCoV drug discovery

(Kong et al., 2020). Jin et al., 2020 claimed that a combination of

structure-based drug design and high-throughput virtual screening

can be effective in discovering new drugs to treat 2019-nCoV. Candi-

date drugs were found to bind at the binding site of the target protein

Mpro. N3 inhibitor bound to the target protein Mpro at its binding

cavity is depicted in Figure 9c. The binding pockets were observed to

be situated between domains I and II (Figure 9d), which seemed to be

highly conserved. Figure 9e depicts the key residues of Mpro involved

in the interaction with N3 inhibitor and Figure 9f highlights the C–S

covalent bond among other interactions. Therefore, binding pockets

located between the domains I and II show good binding with antiviral

inhibitors (Jin et al., 2020).

Wu et al. (Wu, Liu, et al., 2020; Wu, Zhao, et al., 2020) reported

that 21 target proteins of 2019-nCoV, human, and human ACE2 had

undergone virtual ligand screening. An accurate evaluation of the

docking result was done using ICM-Pro software. Potential com-

pounds were screened from the ZINC database and a natural products

database. Compounds such as antiviral drugs, antibacterial drugs,

antiasthmatic drugs, and hepatoprotective drugs were identified from

the drug library. The natural products, such as flavonoids and xan-

thones that interact with 2019-nCoV targets were also identified.

Therefore, herbal medicines with these compounds as a majority can

be used to treat coronavirus infections. Many compounds were found

to bind to ACE2 but ACE2-Spike complex implied the inhibition of

ACE2 rather than viral infection. Natural hesperidin was the only com-

pound found to bind to the receptor-binding domain of the Spike gly-

coprotein to human ACE2. It was observed from the docking results

that spike, RNA dependent RNA polymerase (RdRp), 3C-Like protease,

papain-like protease, and several nonstructural proteins are likely to

be remedial targets of antivirus drugs. Docking results of Remdesivir-

TP and RdRp showed a good binding score of −112.8 indicating to be

a potential candidate drug for the treatment of 2019-nCoV pneumo-

nia. Chloroquine phosphate also showed activity against 2019-nCoV;

however, it requires further validation. Anti-AIDS drugs, ritonavir, and

lopinavir did not bind to the identified targets, thus, they cannot be

used for the treatment of coronavirus infections. Future work will

focus on the further validation of the activities of screened drugs,

drug design, and in vivo and in vitro tests (Wu, Liu, et al., 2020; Wu,

Zhao, et al., 2020). To evaluate receptor and receptor–ligand interac-

tion, simulation mechanisms must be emphasized (Robson, 2020).

Molecular dynamics (MD) simulations conducted by Zhou et al.

suggested changing the intermolecular dynamics in protein–substrate

complexes eliminates the mechanism underlying the protease activity.

The discovery of novel crucial residues for enzyme activity in the

binding pocket could potentially provide more druggable sites for the

design of protease inhibitors (Zhou et al., 2019). Recently, it is

reported that hydroxychloroquine (HCQ) can efficiently inhibit SARS-

CoV-2 infection in vitro (Liu et al., 2020). HCQ is safe and less toxic

compared with chloroquine; however, an overdose of HCQ can cause

poisoning and death.

In conclusion, the process of understanding the underlying mech-

anism of 2019-nCoV protein targets interacting with receptor and

drug candidates at the molecular level is easier due to computational

approaches. Table 2 shows the various computational methods/tech-

niques used. Also, virtually screening various conventional drugs

based on effective inhibition can be immediately effective against

2019-nCoV as they are already FDA approved, and virtual screening

of novel natural lead compounds against 2019-nCoV protein targets

based on pharmacokinetic properties contributes in developing a pro-

found insight for further validation by MD simulation studies, experi-

mental validation involving in vitro and in vivo assays to confirm the

predicted results.

6 | CONCLUSION

EM and AFM were used to track the progress of SARS-CoV in the

Vero E6 cell surface. They have been used to visualize the changes in

the surface topography of SARS-CoV infected cells at late infection

stages. The presence of crown-like surface structures in coronavirus

were observed in 3D under AFM. These observations help in under-

standing the interaction of SARS-CoV with the host cells and the pro-

gression of the infection. Replication studies were performed with

TEM, elucidating thorough intracellular changes in two dimensions.

Also, cryo-EM was used to determine the 3D structure of the HCoV-

NL63 spike protein and its cellular receptor during infection.
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Coronavirus infections can be lethal for cells and the outcome of the

infection depends on virus' strains and cell types. Again, fluorescence

microscopy provides information to understand how SARS-CoV

infects and enters the live host cells which are not possible using an

EM. However, the spatial resolution in the fluorescence microscope is

limited to the objective lens and excitation wavelength used. In this

regard, correlative light electron microscopy (CLEM) can be used in

virus studies, which combines the benefits of fluorescence microscopy

and electron microscopy to overcome the drawbacks with the individ-

ual techniques (Romero-Brey, 2018; Santarella-Mellwig et al., 2018).

Along with these techniques, computational biology contributes to

understanding the viral mechanism at the molecular and atomic levels

paving a path for an alternative therapeutic strategy. Therefore, care-

ful design and clinical trials are required to achieve efficient control of

2019-nCoV.
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