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ABSTRACT

Coronaviruses, including SARS-CoV, SARS-CoV-2, and MERS-CoV, have caused contagious and fatal
respiratory diseases in humans worldwide. Notably, the coronavirus disease 19 (COVID-19) caused by
SARS-CoV-2 spread rapidly in early 2020 and became a global pandemic. The nonstructural proteins
of coronaviruses are critical components of the viral replication machinery. They function in viral RNA
transcription and replication, as well as counteracting the host innate immunity. Studies of these proteins
not only revealed their essential role during viral infection but also help the design of novel drugs targeting
the viral replication and immune evasion machinery. In this review, we summarize the functional studies of
each nonstructural proteins and compare the similarities and differences between nonstructural proteins

from different coronaviruses.
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Introduction

The coronavirus (CoV) outbreaks among human
populations have caused three major epidemics
worldwide, since the beginning of the 21* century. These
are the epidemics of the severe acute respiratory syndrome
(SARS) in 2003 (1, 2), the Middle East respiratory
syndrome (MERS) in 2012 (3, 4), and the coronavirus
disease 19 (COVID-19) in 2020 (5-9).

Coronaviruses belong to the family Coronaviridae in
the order Nidovirales (10). The Coronaviridae family
has four genera, Alphacoronavirus, Betacoronavirus,
Gammacoronavirus, and Deltacoronavirus. Currently,
seven coronaviruses are known to infect humans. These
include two alphacoronaviruses, human coronavirus 229E
(HCoV-229E) (11) and HCoV-NL63 (12), as well as five
betacoronaviruses, HCoV-OC43 (13), HCoV-HKU1
(14), SARS-CoV (15), MERS-CoV (4), and the novel
coronavirus that causes COVID-19 (2019-nCoV) (5, 7, 9).
The 2019-nCoV was later renamed to SARS-CoV-2 by
the International Committee on Taxonomy of Viruses
(16), due to high sequence homology and same receptor
requirements shared with SARS-CoV (9).

The genome of coronaviruses is a nonsegmented,
positive-sense, single-strand RNA of about 28 - 32 nt in
length (17), which encodes for six major open reading
frames (ORFs) and a various number of accessory
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genes (18). The first two major ORFs (ORF1la, ORF1lab)
are the replicase genes, and the other four encode viral
structural proteins that comprise the essential protein
components of the coronavirus virions, including the spike
surface glycoprotein (S), envelope protein (E), matrix
protein (M), and nucleocapsid protein (N) (14, 19, 20).

In the case of betacoronavirus, ORF1la translates
into a polyprotein. It is subsequently cleaved into 11
nonstructural proteins (nspl-11) by itself or by nsp3
and nsp5, which contains the papain-like (21) and
Chymotrypsin-like protease activities (22), respectively.
ORFlab is a polyprotein produced by translational
readthrough of -1 ribosomal frameshift, which occurred
at the coding region of nspll. As a result, ORFlab
polyprotein carries the nspl-10 at its N-terminus and
five more nonstructural proteins (nspl2-16) on the
C-terminus. These nonstructural proteins synergistically
form the cytoplasmic membranous organelle-like viral
replication/ transcription complexes (TRCs) (23). Besides
the essential roles in viral RNA replication and
transcription (18, 24-33), nonstructural proteins also
determine the viral pathogenesis (18, 29, 34) as well as
counteracting the cellular immune responses (21, 34-41).
The coronavirus TRCs are among the most complex viral
replication compartments (VRCs) known for positive-
strand RNA viruses (23, 42, 43).

Besides its complex nature, structures of most of the
nonstructural proteins have been determined (26, 44-58).
These structures not only provide the functional insights
of nonstructural proteins but also help the design of novel
drugs targeting the viral replication and immune evasion
machinery (47, 59-62). These studies facilitate our
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understanding of how viruses establish their infection
and provide the foundations for the development
of efficient antiviral strategies. Here we summarize
current knowledge on each nonstructural proteins of
coronaviruses.

Nspl: the immune repressor

Nspl is the very 5 proximal nonstructural protein of
B-CoVs. It is released by PLpro at conserved proteolytic
sites from polyprotein encoded by ORFlab (63-65)
(Reviewed in Table 1). Due to the severe outbreak of
SARS in 2003, SARS-CoV nspl is among the most
extensively studied. SARS-CoV nspl is 20-kDa in
size and distributed in the cytoplasm when transiently
expressed in 293 cells (66). It was first observed that
SARS-CoV nspl transient expression strongly inhibited
IFN-B mRNA accumulation during Sendai virus infection,
and promoted degradation of overexpressed exogenous
mRNA and host endogenous mRNA, leading to an overall
decrease in protein synthesis (66). Similar results were
then obtained from studies on other B-CoVs including
mouse hepatitis virus (MHYV), bat coronavirus strains
(Rml, 133, and HKU9-1), and on a p-CoV human
coronavirus 229E (HCoV-229E) (67, 68). These findings
suggest that host translation arresting is a common feature
during coronavirus infections.

The nspl-mediated translation inhibition can be
reproduced in the cell-free translation system (69).
SARS-CoV nspl was demonstrated to bind and
inactivate the 40S ribosomal subunits, resulting in
translational inhibition. Meanwhile, the nsp1 protein, in
its 40S ribosomal subunit binding form, could recruit
a cellular endonuclease to mediate mRNA cleavage in
the 5’ untranslated region (5’-UTR) (70). Subsequently,
5’-truncated host mRNAs were degraded by host 5” - 3’
exonuclease Xrnl (71). Interestingly, protein translation
under the control of internal ribosome entry site (IRES)
from hepatitis C or cricket paralysis viruses, but not
encephalomyocarditis virus, could escape from the SARS-
CoV nspl-mediated RNA cleavage, possibly due to
different requirement for translational initiation factors in
forming 48S initiation complex with the 40S subunit (69).

A SARS-CoV nspl mutant with two positively charged
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amino acid substitutions (R124A/K125A) loses the target
mRNA/viral RNA binding and mRNA cleavage function
but remains the ability to inhibit translation (72). MERS-
CoV nspl contains the same RK motif. Nevertheless,
this RK motif is not involved in binding to mRNAs but
is required for the RNA cleavage. Instead, the R13 on the
first alpha-helix of MERS-CoV nspl that is missing from
SARS-CoV nspl is essential for mRNA binding (73).

Another SARS-CoV nspl mutant K164A/H165A was
unable to bind to the 40S subunit and lost the ability to
interfere with host gene expression (69). When the same
mutations (K164A/ H165A) were introduced to SARS-
CoV infectious clone, the recovered virus was replication-
incompetent and unable to suppress innate immune
responses or degrade host mRNA (66). A similar study
was performed with MHV. MHV-nsp1-A99, which lacked
99 nucleotides in the nspl coding region essential for
host translation arresting, could not reproduce well in
wild-type mice (67). Moreover, the MHV-nsp1-A99 mutant
restored its replication to the wt virus level when infecting
mice defected in the type I interferons (IFN-I) recognition,
highlighting the role of nspl in counteracting the IFN-I (72).
Notably, the SARS-CoV-2 nspl shares a high protein
sequence identity of 84.44% with SARS-CoV nspl,
including R124/K125 for mRNA binding (red-colored)
and cleavage (asterisked, Figure 1), K164/H165 for
translation shutoff (green colored, Figure 1), suggesting
a likely same role of SARS-CoV-2 nspl in counteracting
host immune responses.

SARS-CoV genomic RNA and subgenomic RNAs are
somehow resistant to the nspl induced RNA cleavage (70).
The resistant element was mapped to the 5’-end leader
sequence of SARS-CoV RNAs, which contains two
important nucleotides AU at the very 5’ terminal, followed
by AUUA. Coincidently, the SARS-CoV-2 genome also
starts with the same two nucleotides AU, followed by
UAAA. Whether SARS-CoV-2 avoids nspl mediated
RNA cleavage by the same RNA coding remains to be
answered.

Nsp2: fine-tuner of replication
Nsp2 is the most variable nonstructural protein among

Table 1 Proteolysis sites of the ORF1a/ORF1ab polyproteins. The polyproteins were cleaved by the nsp3 papain-like protease and the
nsp5 3C-like protease, resulting in the release of sixteen nonstructural proteins. The position of the scissors represents the cleavage site.

papain-like protease clevage sites

X X X X

nspl nsp2 nsp3 nsp4 nspb
SARS-CoV-2 ++-ELNGG[AYTR---TLKGG|APTK---ALKGG| KIVN---AVLQ [SGFR---VTFQ
SARS-CoV ++-ELNGG|[AVTR---RLKGG|APIK---SLKGG| KIVS---AVLQ [SGFR---VTFQ)
MERS-CoV ++-KLIGG|DVTP---RLKGG|APVK-+-KIVGG| APTW---GVLQ [SGLV---VVMQ)

3C-like protease clevage sites

X X X X R X X X X X X
nspb nspb nsp7 nsp8 nsp9 nspl0 nspll [ nspl2 nspl3 nspl4 nsplb nspl6
SARS—CoV-2 |SGFR--VTFQ|SAVK-+-ATVQ|SKMS---ATLQ|ATAS---VKLQ|NNEL-+-VRLQAGNA---PMLQ|SADA-+| --* TVLQ|AVGA-+-ATLQ|AENV---TRLQ|SLEN-+-PKLQ SSQA---
SARS-CoV SGFR:+-VTFQ|GKFK---ATVQ[SKMS---ATLQ|ATAS---VKLQ|NNEL---VRLQ[AGNA-+-PLMQ| SADA--- [ ---TVLQJAVGA---ATLQ|AENV---TRLQ|SLEN---PKLG{ ASQA---
MERS—CoV__ |SGLV---VVMQ[SGVR---AAMQ[SKLT---SVLQ|ATLS-+-VKLQ|NNET ---VRLQ|AGSN---AALP|QSKD-+*| -+-TVLQ|AVGS--- YKLQ|SQIV---TKVQ|GLEN---PRLQ ASAD---
https://doi.org/10.37175/stemedicine.v1i2.39 2
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Figure 1. Alignment of nsp1 protein sequences of MERS-CoV, SARS-CoV, and SARS-CoV-2. The sequences of nsp1 from MERS-
CoV (accession no. JX869059), SARS-CoV (accession no. AY278741), and SARS-CoV-2 (accession no. NC_045512) were aligned,
and identical amino acids are highlighted. Amino acids essential for mRNA binding are colored in red, while those responsible for host
translation shutoff are colored in green. Asterisked are the sites important for RNA cleavage.

SARS CoV-related viruses (74). A comparative analysis
of the protein sequences of SARS-CoV-2 with SARS-
CoV showed 61 amino acid substitutions in nsp2 between
these two viruses (20). Due to the sequence variability of
nsp2 among coronaviruses, it was speculated that nsp2
protein coevolved with the hosts to acquire host-specific
functions, and modulating infection (75). A study utilizing
nsp2-deleted MHV or SARS-CoV recombinant clones
showed that nsp2 is required for optimal viral replication (30).
When the nsp2 was deleted from the viruses, the viral
titer, and viral RNA synthesis rate moderately reduced
compared to the wild type virus. Nsp2 is shown to localize
to the viral TRCs (43). However, MHV mutant with nsp2
deletion did not affect the morphology and subcellular
localization of the TRCs (30). Importantly, Nsp2
expressed from other genomic loci still could not rescue
the replication deficiency, pointing out that the function
of nsp2 in viral growth depends on its correct genomic
loci between nspl and nsp3 (76). Nsp2 was known to
from nsp2-nsp3 proteolytic intermediate (30). Nsp2 may
regulate protease cleavage in the form of nsp2-nsp3, thus
fine-tuning the viral replication.

Nsp3: the scaffold protein and protease

Nsp3 is the largest among all the nonstructural proteins
of B-CoV. It is cleaved off from ORF1a/ORFlab by the
papain-like protease domain or PL2" domain that is
within nsp3 itself. The function of nsp3 is to mediate the
genome replication/transcription (77-80) and pathogenesis
(81). Due to its large size and complex domain
organization, nsp3 interacts with other nonstructural
proteins (77, 78), structural proteins (79, 80), and host
proteins (62) as a scaffold during viral infection (33).
The SARS-CoV or SARS-CoV-2 nsp3 contains 16
domains (Figure 2), namely Ubiquitin-like domain 1

https://doi.org/10.37175/stemedicine.v1i2.39

(Ubll), Hypervariable region (HVR) or acidic domain,
Macrodomain I/II/IIT (Macl/II/III), Domain Preceding
Ubl2 and PL2™ (DPUP), Ubiquitin-like domain 2 (Ubl2),
Papain-like protease two domain (PL2™), Nucleic acid-
binding domain (NAB), betacoronavirus-specific marker
domain (BSM), Transmembrane domain 1 (TM1), Nsp3
ectodomain (3Ecto), Transmembrane domain 2 (TM2),
Amphipathic helix region (AH1), domains specific to
Nidovirales and Coronaviridae (Y1 & CoV-Y) (82).
These domains function synergistically to regulate viral
infection.

Ubl1 is the first domain that locates on the N-terminus
of B-CoV nsp3. The Nuclear magnetic resonance (NMR)
structure of Ubll showed that the Ubll domain is
structurally similar to ubiquitin-like proteins, albeit two
additional helices (3,, helix and a helix) make the core
structural more oval other than globular, comparing to
human Ubiquitin or ISG15 (58, 82). Ubiquitination and
ISGylation are associated with host regulation of innate
antiviral responses (83-86), but the role of mimicry of
ubiquitin by ubll (as well as ubl2) is currently unknown.
It is reasonable to speculate that the ubiquitin-like
domains of nsp3 could bridge the protease function of
nsp3 to ubiquitination machinery in the cell and interfere
with host antiviral immunity.

Ubll domain of nsp3 was shown to predominantly bind
to single-stranded trinucleotide RNA sequence AUA, as
mass-spectrometry analysis of the purified recombinant
SARS-CoV Ubll from E. Coli. revealed co-purified
unique RNA fragments (58). It is noted that both SARS-
CoV and SARS-CoV-2 have AU-rich 5’-UTR or even 5’
terminus in their genomic or subgenomic RNAs (20, 70).
Whether this coincidence has a functional role remains
to be tested. In addition to the studies on SARS-CoV, the
Ubl1 domain of MHV nsp3 was found to bind to the viral.
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N protein (80). This interaction is essential for N protein-  and glutamic acid (Glu/E). As its name indicates, it is the
mediated enhancement of viral infectivity (79). most variable region found in nsp3. Amino acids sequence

The HVR domain locates at the C-terminus of the Ubll  identity between SARS-CoV HVR and SARS-CoV-2
domain. HVR, also known as acidic domain, is rich in HVR is 47.14%, much lower than the 76.6% overall
negatively charged amino acids aspartic acid (Asp/D) nsp3 amino acid sequence identity. The HVR region is
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Figure 2. Sequence alignment of SARS-CoV nsp3 vs. SARS-CoV-2 nsp3. The domain organization of nsp3 is lined in different colors.
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Figure 3. The HVR region of SARS-CoV-2 and its hypothetical ancestors is intrinsically disordered. A. The degree of disorder

is shown graphically based on the analysis of IUPred2A (226). A score of more than 0.5 is considered disordered. B. The alignment of
HVR region shows a high degree of negatively charged amino acid percentage in conserved amino acids.

intrinsically disordered in SARS-CoV (58) and MHV (57).
The same feature is also observed in SARS-CoV-2 as
well as in three highly similar bat coronavirus isolates
BatCoV RaTG13 (accession no. MN996532) (9), Bat SL-
CoV VZCA45 (accession no. MG772933), and Bat SL-
CoV VZXC21 (accession no. MG772934) (63) which
show high nucleotide identity and protein identity to
SARS-CoV-2 (Figure 3A). There are 45 consensus amino
acids in the HVR among SARS-CoV-2 and these three
bat viruses (Figure 3B), of which 48.9% are Asp/Glu.
In the nonconsensus regions, the Asp/Glu percentage is
20%, 20.4%, 15.2%, and 8.3% for SARS-CoV-2, Bat-
CoV RaTG13, Bat SL-CoV VZC45, and Bat SL-CoV
VZXC21, respectively, and is much lower than that of the
consensus sequence. These differences of HVR Asp/Glu
percentage between consensus and nonconsensus regions
indicate a possible function of negatively charged amino
acids in viral replication that was selected during viral
evolution. But currently, the exact role of HVR in the viral
life cycle is unknown, studies on MHV suggest HVR is
dispensable for viral infection in vitro (79).

Following the HVR is the Macrodomain I (Macl,
previously known as X domain). Macrodomains are
evolutionarily conserved domains that are ubiquitously
existing in prokaryotes and eukaryotes. Three decades
ago, bioinformatic analyses identified that members in
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Coronaviridae, Togaviridae, and Hepeviridae families
encode this conserved domain of an unknown function,
to which the name X domain was given (29, 59, 87-89).
Protein crystallography studies on macrodomains
of SARS-CoV (90, 91), MERS-CoV (54), and other
coronaviruses (55, 56, 90) showed a three-layered
alpha/beta/alpha core fold similar to the C-terminal
nonhistone region of MacroH2A, a variant of human
histone H2A (92). Macrodomains of SARS-CoV and
some other coronaviruses contain in vitro ADP-ribose-
1"-phosphate phosphatase (ADRP) activity (90, 91), de-
mono-ADP-ribosylation (deMARylation) activity (36),
and de-poly-ADP-ribosylation (dePARylation)
activity (93). Studies by using a series of mutations on
SARS-CoV and MHYV showed that ADRP, deMARylation,
and dePARylation activities of Macl are essential to
viral virulence in vivo by suppressing the innate immune
responses (36, 81, 91). These sites are conserved between
SARS-CoV and SARS-CoV-2 (29) (Figure 2, boxed in red).
The SARS-CoV Macll+MaclIII+DPUP forms a
previously recognized SARS-unique domain (SUD),
although more reports on betacoronavirus genome
sequences suggest that this domain is not unique to SARS-
CoV (94). Macll is the second marcodomain locating at
the C-terminal side of Macl, and is dispensable for SARS-
CoV replicon replication, while the third macrodomain
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(Maclll) is required for SARS-CoV replication (32).
MacllIl binds to the G-quadruplexes formed by the
Quadruplex forming G-Rich Sequences (QGRS) located
in the nsp2 and nsp12 coding region (95). The MaclI-III
region also preferentially binds to oligo(G)-strings, which
are present in the 3’-UTR of human mRNAs encoding
defense-related genes (96). These RNA binding features
are possibly essential for viral replication. DPUP is the
domain that follows the Maclll. SARS-CoV lacking this
domain displays reduced viral RNA even though the virus
is still viable (32). Although the DPUP of SARS-CoV
and MHV resembles a frataxin-like structure (95), which
may involve controlling cellular oxidative stress (97,
98), the exact role of DPUP in viral infection is currently
unknown.

UbI2+PL2™ locates immediately downstream of DPUP.
UbI2+PL2™ of SARS-CoV and MERS-CoV were shown
to modulate host innate immune responses (35, 99),
albeit such immune suppression activity was separately
reported to be only restricted in PL2" (41). Papain-
like protease 2 (PL2") is the protease domain within
nsp3, which recognizes conserved motifs (Table 1) in
the conjunction part of nspl/nsp2, nsp2/nsp3, and nsp3/
nsp4. In SARS-CoV and SARS-CoV-2, these motifs share
XLXGG|pattern, in which | is the cleavage site. MERS-
CoV contains the same pattern except for the cleavage
site between nsp3 and nsp4 is KIVGG|. These protease
processing sites resemble the very C-terminal ends of
ubiquitin and ubiquitin-like protein ISG15 (53), which is
RLRGG and can be removed by deubiquitinating enzymes
and deISGylating enzymes. Interestingly, the PL2™ also
possesses DUB and delSGylating activities besides its
proteolytic activity (21, 41, 100-102). Ubiquitination
and ISGylation play a central role in immune responses
against viruses (85, 86, 103). Membrane-anchored SARS-
CoV PL2™ domain (PL2"°-TM) could physically interact
with STING (stimulator of IFN genes) - TRAF3 (The
tumor necrosis factor receptor-associated factor 3) -TBK1
(TANK-binding kinase 1) complex and deubiquitinate
intracellular dSRNA sensor RIG-I, STING, TRAF3,
TBK1, and the transcription factor interferon regulatory
factor 3 (IRF3) which cascadingly activate the IFN-3
production pathway (104). SARS-CoV PL2"™ also
removes Lys63-linked ubiquitin chains of TRAF3 and
TRAF®6, leading to suppression of the TLR7 signaling
pathway (105). Human coronavirus NL63 (HCoV-NL63)
deubiquitinates and stabilizes the E3 ubiquitin ligase
MDM2 to increase the degradation of tumor suppressor
pS53 (40). Besides its DUB and delSGylating activities,
coronavirus papain-like protease also depends on its
interaction with host proteins to counteract host antiviral
responses (106).

The NAB domain, which only exists in betacoronaviruses (94),
forms flexibly extended linkers between the PL2"° domain
and the following domains of nsp3 (52). NAB domain
could bind to RNA, especially repeats of GGGs (52),
similar to the RNA recognition pattern of MacllIl (95).
Betacoronavirus-specific marker (3SM) domain follows
NAB within nsp3. SARS-CoV BSM is intrinsically
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disordered (82), and its role in the viral life cycle is
currently unknown.

Downstream of SM domain is the transmembrane
region that contains two transmembrane domains (TM1/2)
and one luminal loop domain (3Ecto) (94). Subcellular
localization analysis of SARS-CoV nsp3 truncated
mutants revealed that the TM1/2 and the luminal 3Ecto
domain are essential for the recruitment of nsp4 to discrete
ER loci (78). The luminal 3Ecto domain of nsp3, possibly
forming a disulfide bond, was proposed to interact with the
luminal domains of nsp4 to “zipper” the ER membrane and
induce discrete membrane formation (78). This membrane
modification was recognized as the first step in forming
the ER-origin viral replication organelles (28). Nsp3-nsp4
interaction of MERS-CoV also leads to the zippering of
ER membranes and subsequent formation of Double-
Membrane Vesicles (DVMs) (107).

AHI+Y1 & CoV-Y domain is the C-terminal portion of
nsp3 that is facing towards the cytosol. AHI encodes a
predicted transmembrane domain that was shown to be a
cytosolic region in SARS-CoV and MHV (42). Currently,
the functions of these domains are less well understood as
the N-terminal nsp3.

Nsp4: the DVM builder

Coronavirus nsp4 is an integral membrane protein with
four transmembrane domains (42). In partnership with
nsp3, it plays an essential role in the formation of the
membranous structure of TRCs (27, 107, 108). SARS-
CoV or MERS-CoV nsp4 /nsp3 localized to the reticular
ER membrane when expressed separately (78, 107).
However, when nsp4 and nsp3 were coexpressed, the
formation of distinct perinuclear loci representing stacked
double ER membranes was observed (78, 107). Such
membrane rearrangements represent the critical step in
TRCs formation. The N-terminus nsp4, including the first
transmembrane domain and the first luminal loop region
between TM1 and TM2, is required for this membrane
rearrangement (78). The C-terminal TM4 and cytosolic
part of nsp4 are dispensable for either formation of SARS-
CoV induced aggregated ER loci (78), or efficient viral
growth of MHV (27).

This first luminal region of SARS-CoV nsp4 could
interact with the nsp3 luminal 3Ecto domain to bring two
ER membranes in close proximity (109). This region was
predicted to be glycosylated for various of coronaviruses (108).
When glycosylated sites of this region were mutated in
MVH, viral growth was reduced along with deficient
DVM formation (108). Two-amino acid changes (H120N/
F121L) near the SARS-CoV nsp4 glycosylation site
(N131) abolished the nsp4-nsp3 interaction and also led
to reduced genome replication and viral production (109).
Comparing with SARS-CoV, the emerging SARS-CoV-2
contains same sites including both nsp3-interacting H120/
F121 and the N131 glycosylation site (Figure 4).

NspS: the main protease
Coronavirus nsp5 encodes an enterovirus 3C-like
protease (3CL"™) conserved across the Nidovirales (19).
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Figure 4. SARS-CoV-2 and SARS-CoV nsp4 share identical amino acids responsible for DVM formation.

It is a cysteine protease with a chymotrypsin-like fold and
is often referred to as the main protease (Mpro). Similar to
the PL2™, 3CL"™ is essential to the nonstructural protein
processing by cleavage at 11 sites downstream of the nsp4
coding region (Table 1). SARS-CoV nsp5 consists of an
N-terminal domain with proteolytic activity, as well as a
C-terminal domain that contains five alpha-helices (22, 51,
110, 111). SARS-CoV 3CL"™ has at least three formats,
an inactive monomer (22, 112), an active homodimer (22,
51, 111, 112), and a highly active homooctamer (110).
Besides its proteolytic activity, porcine deltacoronavirus
(PDCoV) nsp5 cleaves Signal transducer and activator of
transcription 2 (STAT2) at two locations with glutamine
(Q) residue at the P1 position, leading to the inhibition
on the transcription of IFN-stimulated genes (39).
Deltacoronavirus nsp5 also targets the NF-kB essential
modulator (NEMO) for degradation and also suppresses
type I IFN production (37, 38). Thus, coronavirus nsp5
assists viral infection by proteolytically releasing nsp4-
16, and suppresses innate immune responses by digesting
essential enzymes in the immune signal transduction
pathway.

Nsp6: forming DVM and activating autophagy
Coronavirus nsp6 is a transmembrane protein with
six transmembrane domains (77). When expressed
alone, it localized to ER and induced the generation of
DFCP1 (Double FYVE domain-containing protein 1) -
positive early autophagosomes, or omegasomes. Such
a structure can mature into autophagosomes that are
capable of delivering LC3 for lysosomal degradation
(113). Autophagy is not required for either coronavirus
replication or antiviral responses in vitro. The knockout
of ATGS or ATG7, essential genes in the autophagy
pathway, does not affect betacoronavirus MHV replication
(114, 115). ATGS silencing in Vero cells or treatment
with wortmannin, the class3 PI3K inhibitor, also does
not affect replication of the Infectious bronchitis virus
(IBV), a gammacoronavirus, (113). Although induction
of autophagy is not required for coronavirus genome
replication, the nsp6 plays a vital role in the viral life
cycle. Coronavirus encodes three nonstructural proteins
with transmembrane domains, nsp3, nsp4, and nsp6.
While nsp3+nsp4 only produces aggregated zippered
ER structures or maze-like body, nsp6 expression in
addition to nsp3+nsp4 leads to the DMVs formation (77),
resembling the authentic membranous structures of TRCs
(77). Two HCoV-229E mutants, both contain single amino
acid mutation on nsp6, confer antiviral drug K22 resistant,
and result in partial recovery of drug-related DVMs
loss. These mutations affected progeny infectivities,
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suggesting that nspb6 is critical for the viral life cycle (61).
Although nsp6 expression induces autophagosomes-like
DVMs, coronaviruses do not require autophagy for viral
replication. Nsp6 or coronavirus likely recruits some host
proteins shared with the autophagy pathway for viral
DVMs production. However, such speculation needs
further investigation.

Nsp7+Nsp8: the RdRp cofactor

Coronavirus nsp7 and nsp8 are indispensable and
essential for viral survival (116). The crystal structure
of SARS-CoV nsp7 with nsp8 is a hollow cylinder-like
supercomplex, formed by two asymmetric units. Each unit
includes four nsp7 and four nsp8 (26). In the nsp7+nsp8
supercomplex, a channel structure is apparent (26). The
channel is mainly formed by the bridging of the four
long helices of N-terminus nsp8, of which the structure
resembles the “shaft” of a “golf-club” (26). Mutations
on the positive-charged amino acids on this “shaft”
region significantly reduce dsRNA binding ability of the
supercomplex, while the mutations of positive-charged
amino acids on nsp7 near the channel structure do not (26).

Unlike nsp12, nsp8 is a non-canonical RNA-dependent
RNA polymerase (RdRp) that does not encode the
conserved RdRp motif (117). SARS-CoV nsp8 could
initiate short oligonucleotide (< 6 nt) synthesis at an
internal template cytidine with a distance of at least
two nucleotides from the 3’-end (117). A later study
misinterpreted this internal initiating primer synthesis
ability from nsp8 as the de novo initiation (118). In this
study, the authors also reported that nsp8 has primer
extension activities (118). The association of nsp8 with
nsp7 was shown to enhance thermal stability (117) and
primer extension activity of nsp8 (118). Thus, SARS-
CoV nsp8, together with nsp7, provides RNA primer
internally complementary to the viral genomic RNA for viral
replication, which also requires the “main” RdRp nsp12 (119).

Nsp7+nsp8 complex of feline coronavirus (FCoV),
an alphacoronavirus, is a 2:1 heterotrimer containing
two conformational different nsp7 molecules and one
nsp8 molecule. Two copies of heterotrimers could bind
to each other through nsp8-nsp8 interaction and form a
heterohexamer (120). This nsp7+nsp8 complex is also
capable of synthesizing short oligonucleotides (120).
Similar to FCoV, the alphacoronavirus HCoV-299E nsp7-
10 polyprotein has this noncanonical RdRp activity as
well (120).

However, due to the internal initiation nature of the nsp8
primase, the model including primer synthesis of nsp8
plus the primer-dependent RdRp activity of nsp12 still
could not provide mechanism insights for the viral RNA
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synthesis of the 5’-end. On the other hand, a later study on
the nsp7-+nsp8+nsp12 complex showed that this protein
complex possesses both de novo initiation and primer
extension RdRp activities. In this work, the nsp7+nsp8
complex indeed misses the de novo initiation activity,
suggesting that this activity is mediated by nsp12 (119).
Furthermore, the primase activity of nsp8 was not
observed (119). Recently a single particle cryo-electron
microscopic structure of nsp12 with nsp7 and nsp8 shows
a heterodimer of nsp7+nsp8 as well as second nsp8
subunit binding to the N-terminal region of nspl12 (44).
This structure favors biochemically established de novo
initiation activity of nsp7+nsp8+nspl12 complex (119),
where nsp7+nsp8 does not mediate RNA primer synthesis
or form the higher-order oligomer (26, 117).

In SARS-CoV infected Vero cells, nsp8 can be detected
as two forms, a 22 kDa full-length protein and a ~15 kDa
version (65). The later was confirmed to be N-terminally
truncated version (nsp8C) by western blotting analysis using
an antibody only recognizing the C-terminal part (121).
Nsp7+nsp8C forms a structure that displays the ability to fuse
into the nsp7+nsp8 hexadecamer and was proposed to help
the virus switch the replication to genome assembly (121).

Nsp9: the dimer forming RNA binding protein

Nsp9 is a ~12kDa proteolytic cleavage product of ppla
that has the nucleic acid binding activity (45, 122). It
preferentially binds to single-stranded RNA (45, 122,
123). Biotin pull-down assay showed that IBV nsp9
preferentially interacts with the 3’-UTR region of the
positive-strand viral RNA (124, 125). Nsp9 can interact
with itself as well as the non-canonical RdRp nsp8 (124-
127). Like most of the coronavirus nonstructural proteins,
it locates in the viral TRCs (65, 128).

The crystal structure of the nsp9 monomer revealed
a cone-shaped N-terminal B-barrel composed of seven
B-strands and a C-terminal a-helix that is conserved
among alpha-, beta, and gamma-CoVs (45, 122, 123,
129, 130). However, its dimerization varies among
different coronaviruses. SARS-CoV, IBV, and porcine
delta coronavirus (PDCoV) nsp9 were reported to form
the “parallel helix-dimer” structure that stabilized by
the hydrophobic interactions between two C-terminal
a-helices. PDCoV nsp9 dimer is slightly different in that
it also requires the N-terminal extended finger motif
to stabilize the dimer structure. Besides, SARS-CoV
nsp9 can form the “sheet-dimer” structure formed by
interactions between B-strand five from both subunits (45).
HCoV-229E nsp9 forms an “anti-parallel helix dimer” that
requires interaction between two a-helices in the opposite
direction with disulfide-bond from two nsp9 subunits (123).
The porcine epidemic diarrhea virus (PEDV) nsp9 forms
two possible dimer structure resembles the “parallel
helix-dimer” and “sheet-dimer” stabilized by a disulfide-
linkage (129).

Albeit various of dimerization structures, the dimer
formation could enhance the nucleic acid binding and
viral replication (123, 129-131). Mutations of the protein-
protein interaction motif GXXXG on the C-terminal
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a-helix of SARS-CoV nsp9 disrupted dimer formation,
and significantly decreased RNA binding of nsp9. The
corresponding mutations in the SARS-CoV genome
were either lethal to the viral growth or reverted to wt
type amino acid coding (131). Similarly, the G98D
mutant of IBV nsp9 significantly destabilized homodimer
and also abolished the activity of RNA binding. The
incorporated viral mutant was deficient in subgenomic
RNAs transcription as well as viral growth. Interestingly,
IBV nsp9 mutation 195N showed almost no effect on
the RNA binding activity but moderately destabilized
dimer formation, while the virus with this mutation has
severe growth defects(132). Nsp9 dimerization may have
essential roles in replication beyond the RNA binding.

Nsp10: cofactor in viral replication

Nspl0 is a zinc finger protein that contains two zinc
finger domains conserved among coronaviruses (49, 50,
133). Several oligomer forms were reported for nsp10.
MHYV nsp10 shows the monomeric form in reducing SDS-
PAGE and gel filtration analysis. At the same time, it
also forms ~80 kDa and ~19600 kDa protein complexes
when supplemented with zinc ions in dynamic light
scattering assay (133). SARS-CoV nspl0 was reported
to form a dimer in solution analyzed by gel filtration
(50). A simultaneous report on SARS-CoV nspl0 also
revealed a dodecameric structure (49). Currently, no
evidence confirmed the biological relevance of nsp10
oligomerization in viral replication.

Nspl0 is essential to coronavirus infection. A
temperature-sensitive mutation of nspl0 (Q65E)
significantly inhibited MHV RNA synthesis at the
nonpermissive temperature (134). Furthermore, the
reverse-genetics study identified 16 nspl10 mutants of
MHYV clone, of which eight were viable but displayed
attenuated viral growth, while the other eight clones were
inviable (135). One of the nsp10 mutant (D47A/H48A)
was studied into depth and had subtle effects on nsp4-
10/11 polyprotein processing.

During viral replication, nsp10 enhances the enzyme
activities of other replication proteins (136-138). SARS-
CoV nspl0 interacts with the exoribonuclease domain of
nspl4, resulting in significantly increased exoribonuclease
activity (136). Mutations on MHV nsp10 (R80A/E82A)
led to increased sensitivity of the virus towards RNA
mutagen treatments (25), suggestive of the involvement of
nsp10 in coronavirus proof-reading function, which relies
on the exoribonuclease activity of nspl4. A heterodimer
complex structure was also identified for nsp10/nsp16 (137).
Nspl0 interacts with the nsp16 S-adenosyl-L-methionine
(SAM)-binding pocket and stimulates the association of
both the methyl donor SAM and capped RNA acceptor to
nspl6 (137), thus activates nsp16 to methylate coronaviral
mRNA cap at the 2°O-site (139).

In addition to the role as a part of viral TRCs, nsp10 is
involved in the development of viral cytopathic effects.
SARS-CoV nspl0 interacts with human NADH 4L subunit
and cytochrome oxidase II and alters the activity of the
NADH-cytochrome (140). Through these interactions,
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nsp10 caused an impaired oxidoreductase system and
induced the depolarization of the mitochondria inner
membrane (140).

Nspl1: small peptide with unknown function

Nspll is a small peptide located at the C-terminus of
ORFla. A three-stemmed mRNA pseudoknot containing a
typical hepta-nucleotide sequence UUUAAAC is situated
in the nspl1 coding region (141). This RNA structure
results in a programmed -1 ribosomal frameshift, which
leads to the production of ORF1lab (141, 142).

A proximity-labeling experiment identified the
existence of nearly all nonstructural proteins in the
microenvironment of MHV replication complexes, except
for nsp11 (128). SARS-CoV nspl1 does not interact with
other nonstructural proteins in the mammalian two-hybrid
assay (124). Currently, no known function was discovered
for nspl1. According to these data, nspll is likely not a
member of the replication complexes. However, the exact
role of nsp11 remains to be explored.

Nsp12: the main RdRp

Nspl2 is the first nonstructural protein encoded by
ORF1b and functions as the primary RNA-dependent
RNA polymerase of coronaviruses. Nsp12 is at the center
of the viral TRCs, which participate in both the synthesis
of new full-length genomic RNA and the discontinuous
transcription of subgenomic RNAs (18, 143-146).

Coronavirus nspl2 mainly contains two functional
domains. The C-terminal portion of nsp12 is the canonical
RdRp domain that resembles a cupped right hand with
fingers, palm, and the thumb holding the template RNA
(44, 147). The palm subdomain is the catalytic core that
contains a conserved SDD motif in the active site. Like
other positive-strand RNA viruses, mutations on the SDD
motif abolished its RdRp activity (148). Asides from the
C-terminal polymerase domain, nspl2 also contains a
Nidovirus RdRp-associated nucleotidyltransferase (NiRAN)
domain, which is unique to the Nidovirales (44, 147).
The arterivirus equine arteritis virus (EAV) nsp9 is the
homolog of coronaviruses nspl2. The NiRAN domain
of EAV nsp9 can be nucleotidylated, as a phosphoamide
bond can be formed in between the protein and a GTP or
UTP molecule (149). Single-particle cryo-EM imaging
shows a structure where the NiRAN domain of nsp12
interacts with an nsp7+nsp8 heterodimer as well as a
second nsp8 (44). The interaction with nsp7 and nsp8
cofactors seems to help stabilize the nsp12 RNA binding
region as well as extending the RNA-binding surface (44).
Genetic studies also supported the essential role of this
nucleotidylating activity of nspl12 in EAV and SARS-
CoV replication (149); however, the exact function of this
activity is still unknown.

The SARS-CoV nspl12 RdRp activity was investigated
after the outbreak of the SARS epidemic in 2002-2003
by several groups. Early studies using recombinant nsp12
showed a primer-dependent RNA polymerase activity
(118, 119, 150). This primer-dependent RdRp activity of
nspl2 was proposed to work with the nsp8 primase for the
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viral genome synthesis (118, 150). However, biochemical
data of nsp8 lacking the de novo initiation RNA synthesis
activity could not fill the gap in virus replication cycles, as
to how the virus maintains its 5’-end can not be explained.
The biochemical assay by using recombinant nsp12 and
nsp7/nsp8 cofactors showed de novo initiation ability of
nspl2 (119), while the nsp8 primase activity could not be
detected. Cryo-EM structure of this complex supported
the de novo initiation activity for the nsp12 polymerase.
This structure clearly showed that the active site of the
nsp8 primase could not fit into the nsp12 RNA synthesis
pocket (44), further confirmed the biochemical finding
that nsp8 does not have primase activity.

Nsp13: the helicase

Helicases are the enzymes that unwind double-stranded
DNAs or RNAs (151, 152). RNA viruses encode RNA
helicases (153) or recruit host alternatives (154-156)
to promote their genome replication and viral gene
expression. Apart from the “pro-viral” functions, RNA
helicases are also involved in host antiviral responses (157).
Explicitly, both animal and plant host innate immune
systems encode RNA helicases to recognize and respond to
foreign double-stranded RNA in the cytoplasm (157-160).

Coronavirus nsp13 encodes a C-terminal helicase domain
that belongs to the superfamily one helicases (152). While
at the N-terminus of nsp13 is a zinc-binding domain
(ZBD), which is conserved among the members in
Nidovirales (142, 161, 162). Nsp13 exhibits both RNA
and DNA duplex unwinding activities in vitro shown by
the biochemical study of recombinant nsp13 from HCoV-
229E (163, 164) and SARS-CoV (165, 166). Nspl3
unwinds its substrates in a 5’- 3’ direction by using the
energy generated from NTPs and dNTPs hydrolysis,
with the most effectivity towards ATP, dATP, and GTP.
Transient kinetic analysis showed that SARS-CoV
nsp13 unwinds nucleic acid in discrete steps of 9.3 bp
each, with a catalytic rate of 30 steps per second (167).
Moreover, the unwinding activity can be enhanced 2-fold
by nsp12 through nsp12-nsp13 interaction (167). Nsp13
preferentially binds to 5’-overhang and processes the
double-strand with higher activity (168). ZBD is essential
for helicase activity, and replacement of conserved
ZBD Cys and His residues disrupted ATPase activities
of HCoV-229E nsp13 (161). In addition to NTPase and
dNTPase activities, RNA 5’-triphosphatase activity was
discovered for HCoV-229E and SARS-CoV nsp13, which
may catalyze the first step in the formation of the 5’-cap
structure of viral RNAs (164, 165). The NTPase activity
of arterivirus nsp10, the homolog of coronavirus nsp13,
is essential to the viral survival (169). While mutation
(A335V) on the RNA binding channel of MHV nsp13
conferred decreased viral replication both in vitro and in
vivo (170).

Nsp14: dual-functional RNA modifier
The CoV nspl4 has dual functions in viral RNA

processing (142). The N-terminus of nspl4 is a 3°-5°
exonuclease (ExoN) (19). Nspl4 ExoN belongs to the
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DEDD superfamily of exonucleases. The exonuclease
activity that acts on both ssSRNA and dsRNA, but can
not hydrolyze DNA or ribose- 2’-O-methylated RNA
substrates in vitro (171). The ExoN activity can be
stimulated to >35 fold by interacting with nsp10, and this
complex can release one mismatched nucleotide from
the 3’-end of the newly synthesized RNA strand (172).
Coronavirus nspl4 ExoN activity is involved in the
RNA proofreading machinery during viral replication.
Mutant MHV or SARS-CoV with deficient ExoN activity
displays a higher mutation rate and lower replication
fidelity (173, 174). Moreover, ExoN is related to the host
innate immune response. MHV lacking ExoN activity
showed increased sensitivity to cellular pretreatment with
IFN-B (175). On the contrary, TGEV nsp14 probably is
responsible for the induction of IFN-f production through
interaction with cellular RNA helicase DDX1 (176).

The C-terminus of nspl4 encodes for the guanosine
N7-methyltransferase activity (177). When SARS-
CoV or TGEV nspl4 was overexpressed in yeast null
mutant of mRNA guanine 7-methyltransferase abdl,
the growth-deficient phenotype was restored (177). The
nspl4 specifically methylates GTP, dGTP, or the inverted
guanosine molecule attached to the 5’-end of RNA (178).
When a point mutation at the MTase domain (D331A)
was incorporated into SARS-CoV replicon carrying a
luciferase reporter, the luciferase activity dropped to 10%,
and the subgenomic RNA accumulation dropped to 19%
of the wt level (177). The defect in viral transcription and
gene expression is likely due to the unstable viral RNA
produced by the virus.

Nspl15: endoribonuclease

Nspl5 is a uridine-specific endoribonuclease (EndoU)
that processes RNA in the viral replication/transcription
complex (RTC) (31). It is a signature molecular marker
for vertebrate Nidovirales (179, 180), as insect nidoviruses
and viruses outside the Nidovirales do not encode such
endoribonuclease (19, 181-183).

Nspl5 forms a hexamer (46, 48, 184) that depends on
manganese as a cofactor for its ribonuclease activity
(185-187). Nsp15 can process both ssRNA and dsRNA,
but not DNA (185). Blocking the 5’- or the 3’- ends of
substrate RNAs did not prevent the RNA degradation,
suggestive of the activity is mainly towards the middle
(endo) portion of the RNA substrate (185, 188). A mass
spectrometry analysis of SARS-CoV nspl5 digested
RNA products revealed that the major RNA cleavage site
is the 3’ of the uridylate. The 3’ of cytidylate in favored
sequence contexts can also be the site for cleavage (189).
The hexamer form of SARS-CoV nspl5 was found to
be responsible for RNA binding (189). Other studies on
MHYV nspl5 showed a higher binding affinity to RNA and
similar ribonuclease activity of the monomer form (47).

Early genetic attempts using mutations of the vital
amino acids in the MHV nspl5 catalytic pocket found
that nsp15 deficient caused decreased RNA replication
and viral growth in cell culture (190). Breakthrough in
understanding its unique function was made a decade
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later by testing viral replication in mouse macrophages
and in vivo (24, 191). The nsp15 EndoU-deficient mutant
MHYV stimulated an early induction of cytosolic dsSRNA
during infection, led to robust induction of IFN-I and
PKR-mediated apoptosis, and exhibited impaired viral
growth (24, 191). Moreover, the infection of the mutant
virus was restricted in primary cells in vivo and could not
efficiently spread (24). Thus the endoribonuclease activity
of nspl5 promotes digestion of excessive viral dsSRNAs
at the replication sites and mediates viral evasion of host
dsRNA-mediated innate immunity at the early stage of
infection (186).

Nsp16: 2’-O-methyltransferase

Nspl6 encodes 2'-O-methyltransferase, which can
methylate the RNA cap at ribose 2°-O positions resulting
in a cap-1 structure (192). The 2°-O-MTase activity was
predicted for SARS-CoV nspl6 by 3D modeling soon
after the SARS epidemic in 2003 (192). However, the
2’-O-MTase activity was first demonstrated for FCoV
nspl6 (193). On the contrary, SARS-CoV nspl6 along
is inactive. It requires nsp10 as a cofactor to bind to
SAM and m7GpppA-RNA substrate (137) and depends
on nspl0 for its 2°-O-MTase activity (139). The crystal
structure of SARS-CoV nspl6 posts a non-canonical
SAM-dependent 2°-O-MTase structure lacking two out of
seven o-helices, which may explain the requirements of
nsp10 for its activity (60, 137).

SARS-CoV or MERS-CoV nspl6 mutants that contain
mutations on conserved KDKE motif strongly attenuated
viral infection in vitro and in vivo (34, 194). As common
strategies among various RNA viruses to counteract
innate immunity (192), the cap-1 type of modification
help coronavirus evade the RNA recognition machinery
and the antiviral responses mediated by IFN-I (34, 194).
Viruses defective in the 2°-O-MTase activity showed
increased sensitivity to IFN-I treatment comparing to the
wt virus (34, 194). Host cytoplasmic RNA sensor Mda5
was shown to recognize those viral transcripts produced
by the nspl6 mutant virus, as in the absence of Mda5,
the replication and virulence of the mutant virus was
restored (34, 194).

Nonstructural proteins are useful drug targets
Phylogenetic studies and serological evidence shows that
the human-infecting betacoronaviruses, including highly
pathogenic SARS-CoV, SARS-CoV-2, and MERS-CoV,
have animal origins (9, 63, 195-197). Bats are identified
as the natural reservoirs for human coronaviruses (198-
200). Bats usually do not display signs of disease when
infected with coronaviruses and have evolved an immune
system that allows virus propagation (201, 202). Due to
the increasing human activities and global warming that
result in the changing of bat habitats, the emergency of
new zoonotic coronaviral diseases are very likely to occur
(199-201). This consensus demands the development
of novel anticoronaviral medicines. The nonstructural
proteins or the viral replication processes of coronaviruses
have been shown as potential antiviral drug targets (203).
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During the epidemic of SARS in 2003, structure
simulation of SARS-CoV nsp5 3CL"™ suggested that the
nsp5S substrate-binding sites are conserved with rhinovirus
3C"™ and can be targeted with the antirhinoviral drug
AG7088 (204). Although AG7088 was soon demonstrated
to be ineffective in inhibiting SARS-CoV replication (205),
the HIV protease inhibitor lopinavir-ritonavir showed
broad-spectrum antiviral activity targeting SARS-CoV,
MERS-CoV 3CL™, HCoV-229E, and HCoV-NL63 (64,
206-212). Immediately after the COVID-19 outbreak,
several clinical studies for the use of protease inhibitors,
such as lopinavir-ritonavir, darunavir-cobicistat, and
ASCO9F were started (213, 214). Unfortunately, one
recently finished clinical trial showed that lopinavir-
ritonavir treatment provides no therapeutic benefit to
hospitalized severe COVID-19 adult patients (215).
Similar to nsp5 3CL™, the PL" domain of nsp3 is also
a drug target (216-218). Among the PL" inhibitors,
disulfiram is clinically available for chronic alcohol
dependence relief (216).

The coronaviral nsp12 RdRp serves as an important
drug target. Nucleotide analogs can directly compete with
nucleotide substrates of RdRp, resulting in the halt of the
reaction as well as disruption of the viral replication (147).
A recent report showed that remdesivir, an adenosine
analog, can efficiently inhibit viral infection in SARS-
CoV-2 sensitive Huh-7 cell (219). The first SARS-CoV-2
patient in the United States administered remdesivir
under the protocol of “compassionate use” and showed
improved clinical conditions in about 24 hours and finally
discharged from hospital, suggestive of a possible efficacy
of remdesivir against coronavirus in this individual case (8).
The uses of remdesivir and several other RdRp inhibitors
for the treatment of COVID-19 are currently in clinical
trials (213, 214).

Helicase domain of nspl3 also showed promise
as a potential target. SSYA10-001, a 1,2,4-triazole
derivative, can block the unwinding activity of nsp13 in
a non-competitive manner (220), while myricetin and
scutellarein suppress the ATPase activity of nspl13 (221).
Furthermore, the adamantane-derived bananins can inhibit
both ATPase and helicase activity of nspl13 and cause
decreased viral infection in cell culture (222). However,
none of these drug candidates went to clinical trials by the
end of February 2020 (214).

Summary

Significant progress has been made in the understanding
of the coronavirus nonstructural proteins, especially after
the SARS epidemic in 2003. Most of the studies utilized
cultured cells to investigate coronaviral infection, but the
transgenic humanized mouse model also played critical
roles in dissecting viral pathogenesis as well as aiding
drug discoveries (223-225). These studies of coronaviral
nonstructural proteins provided in-depth knowledge of
how the viruses establish their infection and will continue
to aid the discovery of new drugs effectively against
coronaviruses.
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ABSTRACT

The last thirty years of progress of atomic force microscopy (AFM) applied to living matter is reviewed
with a focus on potential uses in drug discovery or screening of patient samples. AFM-based technologies
are still at Proof of Concept level - or below, however, they are particularly promising for i) live imaging
of unlabeled membrane proteins and ii) nanomechanical screening of biological samples, e.g. cancer

biopsies.

Keywords: Atomic force microscopy - Cell membranes - Membrane proteins - Unroofing - Applications

1. Background

The progress of science is usually a graded process,
but once in a while it shows discontinuities due to some
disruptive revolutions. In physics, there have been
mostly conceptual revolutions: theories that allow to link
experimental results that were previously uncorrelated;
in modern biology, on the contrary, there have been
mostly technological revolutions: techniques that enable
(previously) unthinkable experiments.

The invention of the Atomic Force Microscope (AFM) (1)
(Figure 1) is one of these revolutions.

2. AFM is an enabling technology still under
development
2.1 AFM is a special kind of microscope

The word microscope derives from the Greek words
mikros - “small” - and skopein - “to look”. If we took
literally this definition, it wouldn't be right to call the AFM
really a ‘microscope', because AFMs are metaphorically
much closer to touch than to sight. Indeed, the basic
working principle of the AFM is a tip that touches and
moves on top of a surface (Figure 1).

The working principle is simple, but the necessary
technology to bring it to sub-nanometric precision
is all but not trivial. Broadly speaking, the goal is to
raster scan the surface of the sample with a tiny probe
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(cantilever tip), to record the scanned information as
X-Y-Z coordinates, and to reconstruct this map into a
topographical image true to the original sample. A modern
AFM (2) is constituted by a micrometric cantilever with a
sharp tip on one side, and connected to a cantilever holder
on the other (Figure 1). The cantilever holder is fixed
to a piezo tube (a piezoelectric crystal fused in a tubular
volume) necessary to move the cantilever tip in the X-Y-Z
directions. The piezo tube is a key element because it
uses the special property of piezo crystals to deform in a
very accurate manner under high electric voltages, thus
to move the cantilever with sub-nanometric precision.
The forces to which the cantilever is subjected are
constantly monitored through a laser beam that points to
the cantilever and reflects into a photodetector (Figure 1):
in this way, even the smallest deflections of the cantilever
are detected by the photodetector as movements of the
laser spot. Moreover, in the regime of small deflections,
the cantilever behaves like a spring, therefore the AFM
can be used not only to raster scan a surface, but also to
measure forces applied to an extremely small area (i.e.
the apex of the tip). The power of the AFM comes from
the fine intercombination of these elements and from the
miniaturization that started in the 1960s, on the wave of
the silicon revolution.

To summarize, an AFM is the combination of
three advanced technologies: piezoelectric crystals,
microfabrication for the cantilever tip, laser and
electronics for the control device. In the following, the
advancements of microfabrication and electronics that
represent the domains of major gain of AFM performance
of the last few years are briefly reviewed.
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2.2 ‘Make it smaller and faster’ (microfabrication &
electronics)

The resolution of the AFM depends on the size of the
probe that is used to scan the surface of interest. In order
to follow nanometer features, tips with an apex with
nanometer radius of curvature are essential. Moreover, if
the sample presents densely packed hills and holes, the
tip necessitates to enter the holes and follow every detail
to generate a faithful topographical representation of the
sample. For these reasons, scientists developed methods to
grow on top of the cantilever - or on top of the cantilever
tip itself (Figure 2a) - an additional ultra-sharp tip made
of carbon atoms. This additional tip can be several pm
high and can have a radius of curvature of 1-2 nm (3), in
order to follow the finest details of the sample.

But it is not only a matter of tips, indeed the quality
of the topographical reconstruction depends also on the
size of the cantilever. As a general principle, the smaller
the better, because a small lever is softer (less invasive)
and lighter (less inertia). The challenges were a) to
manufacture small and precise levers and b) to fit the
AFM accordingly. The advancements in microelectronics
allowed to have the right technology to build small
probes, and these small probes were also modified
(sculptured) with Focused Ion Beams to make them even
softer and lighter (Figure 2b) (4). Once small probes were
made, a standard AFM became inadequate, in particular
in the laser-photodetector coupling. In order to focus the
laser beam onto these new small probes, the AFMs were
customized with an optical objective necessary to focus
the light onto the smaller reflection area of the new levers.

Now that all the ingredients for better AFMs were ready,

Photodetector
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the last step was to make them faster. An AFM image
used to require several minutes to be recorded. Therefore,
AFMs were equipped with special ultra-fast electronics
giving birth to what is now called High-speed AFM (HS-
AFM), which can be considered a second revolution in the
field (5).

2.3 AFM is used to generate images or to probe the
nanomechanics

There are two kinds of output that an AFM can generate:
images or force curves.

AFM can be used to scan a surface, thus to record the
surface topology of a sample (Figure 4a). These images
can be collected in the so called ‘contact mode’ i.e. when
the tip literally touches the surface moving laterally
like in Figure 1; but the images can be generated also
in the so called ‘non-contact’ mode or in ‘intermittent
contact’” mode. In these cases, the tip, in addition to a
lateral movement, is forced to oscillate in the vertical
direction. These last modes of operation are particularly
advantageous with soft samples, to prevent their damage.

But AFM is also a force probe, therefore the tip
can also be used in one single location to probe the
nanomechanical properties of the material. The tip is
forced to move downwards and then upwards, while
collecting the deflection of the cantilever. In this way it is
possible to collect indentation curves or unfolding curves
of a protein (Figure 6c¢).

In Section 3 I will present the applications in biomedicine
of the AFM image generation, while in Section 4 and 5 1
will discuss the use of AFM as a force probe of biological
matter.

Laser

Cantilever

Figure 1. Sketch of an AFM probe moving on top of the imaged surface and basic scheme of an AFM device.

https://doi.org/10.37175/stemedicine.v1i2.15
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b

Cantilever with special shapes

Standard  Shaped cantilever

(bottom view)

Figure 2. a: ultra-sharp tip (with carbon nanotube grown on top of a silicon tip; like in ref. (5)). b: bottom views of modified

cantilevers for enhanced temporal resolution (like in ref. (4)).

3. AFM is a microscope for unlabeled molecules

Biology and modern medicine make extensive use of
imaging techniques, and in particular of fluorescence
microscopy (6,7) (Figure 3c¢). The general idea underlying
fluorescence microscopy is to obtain signals from the
specific biomolecule of interest, and to associate it with its
spatial distribution within the sample, sometimes also for
quantitative assessments. The biomolecule of interest is in
almost all cases not fluorescent - i.e. invisible - therefore
it needs to be labeled with another fluorescent molecule
to be detected. In any case, with the exception of Forster
Resonance Energy Transfer, no structural information
of the biomolecules can be obtained with fluorescence
microscopy.

To obtain structural information, structural biology
and pharmacology use X-ray crystallography, nuclear
magnetic resonance, and more recently cryogenic electron
microscopy (cryo-EM) to investigate the internal structure
of the biomolecule of interest (8,9) (Figure 3a). With
these techniques it is possible to reach sub-nanometer
resolution of the 3D arrangements of the amino acids
in the case of proteins, which is very relevant in drug
design. To gather this structural information there are
some experimental steps which include the purification of
the biomolecule, or its freezing, that necessarily does not
allow to keep the molecules in a physiological (not even
almost-physiological) environment.

There are situations, or scientific prerequisites,
where either the label cannot be applied, or the project
necessitate structural and dynamical information of the
biomolecule in an almost-physiological environment. For
these kinds of situations, the AFM is the ideal microscopy
technique because it sits exactly in between fluorescence
microscopy and crystallography/cryo-EM (Figure 3b).

https://doi.org/10.37175/stemedicine.v1i2.15

3.1 Purified proteins reconstituted in membranes

Despite of being the target of about 50% of modern
drugs (10), structural studies have been particularly
complicated, with membrane proteins that are not prone
to crystallization because they have a biphasic surface
(hydrophilic at the poles and hydrophobic at the equator
to accommodate the membrane), therefore it is difficult to
measure the structural effect of a ligand.

In the late 1980s, the newborn AFM that was invented
for applications on semiconductors or insulators also
entered the biology departments, and the first pioneering
studies on membrane proteins began. The first membrane
protein for which it was developed a protocol for AFM
imaging was bacteriorhodopsin (11), a membrane
protein that form 2D crystals called purple membranes.
Some years later it was possible to reach sub-molecular
resolution and compare the AFM topographs with the
atomic model derived from electron microscopy (12). The
real AFM advantages over electron microscopy started to
be evident at this point: indeed, AFM could be operated in
liquid, i.e. emulating the physiological conditions of the
membrane proteins environment. For instance, Muller et
al. (12) showed that by changing the pH of the imaging
solution, the purple membrane displayed conformational
changes in its structure. Later studies demonstrated also
that the application of forces induced changes in the
bacteriorhodopsin structure (13), opening the way for
“multidimensional” molecular imaging. In this regard,
a more recent study of bacteriorhodopsin mechanical
response (14) reached such a high level of precision
that allowed the authors to determine the stiffest and the
softest domains within a single protein. But the class
of membrane proteins that is the most natural subject
of investigation for a technique involving forces are
the mechanosensitive proteins, e.g. PIEZO channels. In
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mechanosensitive proteins, the application of forces
is thought to be responsible for key structural changes
(like channel gating). This is exactly what a recent study
searched for in a combination of cryo-EM and AFM
experiments, where the authors were able to propose
a mechanism that translates the forces applied to the
membrane to channel gating (15).

What was lacking in these experiments was a dynamical
point of view in the time-scale of seconds. The slow
operation mode of conventional AFMs was boosted
starting from the year 2010 when Toshio Ando and his
group introduced the technical improvements described
in section 2.2 and built the first HS-AFM, which could
acquire several frames per second. The fast frame rate
enabled the visualization of fast molecular mechanisms,
for instance, the first direct imaging of the movements of
myosin (16) and the diffusion of membrane proteins in
membranes (17).

I believe that HS-AFM will become increasingly
prominent for practical applications in drug discovery
because it allows to directly probe the structural effects
of ligands on the membrane protein of interest with a
relatively simple machine (18) (Figure 4a and b). In the
next section I will describe how AFM has been applied to
real cell membranes.

3.2 Imaging native cell membranes (from electron
microscopy to AFM)

The question “how does a real cell membrane look
like?" started to be answered only from the 1970s when

a b

Cryo-EM / Crystallography

Protein structure (high resolution)
Purified conditions

Protein conformations (low resolution)
Protein dynamics
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the first rudimentary technique to break the cells and
to create membrane-only samples was developed (19).
Given the length-scale of the membrane features, the only
microscopy technique available for their investigation
was electron microscopy. This microscopy technique
was extensively adopted in the following years, in
particular thanks to a radical change that made the sample
preparation more reliable: the use of sonic waves to break
the cells to obtain the so called “unroofed" membranes
(20). From these investigations we have learned how the
membrane skeleton is arranged by looking directly into it
from the cytoplasmic side of the membrane. For instance,
it was possible to shed light on how the actin filament
arrangements partition the plasma membrane, decreasing
the lateral diffusion of lipids and proteins (21).

The versatility of AFM discussed also in the previous
section comprises a relatively simpler instrument
compared to the electron microscope and, more
importantly, the possibility to work at room temperature
with the sample under the physiological medium. Despite
of these theoretical advantages on paper, the AFM was
applied to native membranes relatively late, and starting
with special compartments of the cell constituted just by
membranes. An example of these applications is the rod
outer segment disc, key for vision and rich in Rhodopsin
(22). AFM was able to resolve the macromolecular
structures of Rhodopsin in discs that form nano-domains
with an average size of 500 nm’ (23).

Only more recently, a group in Japan revisited the
unroofing technique developed for electron microscopy (24)

C

Fluorescence microscopy

b

Protein localization
+ invivo/in vitro

Supramolecular structure in almost-physiological

conditions

Cell and membrane mechanical properties
in vitro /ex vivo / purified conditions

1A 1 nm

100 nm

1 ym 100 pm

Figure 3. Comparison of imaging techniques for biomolecules and their domains of application. a: for structural, high-resolution,
imaging. b: for intermediate molecular imaging with dynamics (AFM image obtained from JPK). c: for cellular imaging of biomolecules

localization.
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CNG + cGMP

Figure 4. a and b: HS-AFM of conformational changes of an homolog of CNG channel in presence of cAMP and cGMP (adapted

from (18)).

and imaged these samples after fixation with AFM,
obtaining molecular resolution at room temperature
(Figure 5a and b).

After having tested many of these methods, one of
the major disadvantages of using AFM with native cell
membranes is the fact that, the position of the isolated
membrane itself is difficult to be found and requires time
consuming scanning of the sample that also affects the
quality of the tip. For this reason, inspired by an earlier
study (25), I have developed an unroofing method that
breaks only one single cell (or a few) on the very corner
of a triangular coverslip (26) (Figure Sc and d). In this
way, the identification of the position of the membrane is
straightforward, and the membrane seems to be isolated
without the membrane skeleton that was observed with
other techniques. The very last goal in this case would be
to image single membrane proteins with sub-molecular
resolution in their complex macromolecular organization,
potentially to recognize the signatures of diseases that
affect directly the cell membrane.

4. AFM as a force probe for cells and cell membranes

In the previous sections I discussed the imaging
capabilities of the AFM, but we cannot forget that the
AFM is also an instrument able to measure forces at the
micro- and nano-scale level. In the next sections I will
present the major results of the past two decades obtained
with the application of AFM-based force spectroscopy to
biological materials.

4.1 Single-cell force spectroscopy

Cells are soft objects that range from 1 to 50 microns
in size. As opposed to inanimate objects, cells are active
entities constituted by a complex internal structure, they
can duplicate and mix with other cells forming tissues, and
finally organisms. The biochemical signals that the cells
use to communicate and function have been the subject
of molecular biology investigations which have made an
enormous progress in the last 70 years. Different cell types
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are characterized by different biochemical signatures,
and a question that one may ask is: are different cells
characterized by different mechanical properties?

AFM can answer this question as the AFM tip can
be used to indent a cell while recording the cantilever
deflection. The recorded curve is informative of the
cell stiffness and from the same curve it is possible to
extrapolate conventional mechanical properties like the
Young modulus (27). There is a vast scientific literature
on this topic which focused very early on the attempt to
find biomedical applications, in particular for cancer cell
detection (28-30). The general conclusion of these studies
is that cancer cells [lung, breast, pancreas (31), ovarian
(29)] are softer and with a narrower standard deviation of
the Young modulus compared to non-malignant cells of
the same body cavity. Being softer may help cancer cells
to be more dynamic and therefore successful in infiltrating
tissues, but a definitive explanation of the problem is still
to come.

More recently, people developed also some alternative
operating mode to expand the range of mechanical
properties that AFM can investigate. Yango el al. (32),
for instance, introduced cycles of indentation and
relaxation to measure both the Young modulus and the
internal viscosity of the cell. An interesting advancement
is the one introduced by Rigato et al. (33), where they
measured the cell viscoelastic properties at different time
scales, stimulating the cells from 1 Hz to 100 kHz. This
is important because the cell is an active object whose
constituents (e.g. cytoskeleton filaments) can rearrange at
different time scales, therefore defining the ‘mechanical
fingerprint' can help to sort cells more accurately.

Being able to uniquely identify cancerous cells (or
specimens) just by probing their mechanics, without the
use of biochemical markers, seems to be a challenge that
may be completed in relatively few years.

4.2 Nanomechanics of lipid bilayers: from synthetic
to native membranes
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The mechanical properties of the lipid bilayer - i.e. the
component that separates the cell interior from the external
environment - were not accessible with the standard
biochemical techniques available until the invention of the
AFM. AFM opened the way for the direct investigation
of the strength of molecular interactions among lipids in
supported membranes. In these experiments, synthetic
lipids (e.g. dipalmitoylphosphatidylcholine and
dioleoylphosphatidylcholine) are mixed in solution and
deposited on atomically flat surfaces (e.g. cleaved mica),
then they are imaged with AFM to confirm their correct
assembly, and finally indented with the AFM tip to probe
the nanomechanical properties of the membrane. The
prototypical indentation curve recorded by the AFM shows
an initial elastic behavior of the membrane (deformation
of the bilayer), until the compression force of the AFM
tip reaches a critical value that causes the breakage of the
bilayer. After the breakage, the tip is retracted while the
membrane self-assembles back, closing the hole.

To my knowledge, the first experiments on lipids
nanomechanics were performed in 1999 by Dufrene
et al. (34): they demonstrated the versatility of AFM
to probe the chemical and physical properties of lipid
membranes. After these pioneering studies, many labs
around the world started to apply AFM to membranes,
characterizing their behavior in many different conditions
of physiological relevance. For instance, it was shown
that the stiffness of the membrane increases by reducing
its temperature (35) or by increasing the percentage of
cholesterol (36), with important consequences for our
understanding of the dynamic of processes at cellular and
sub-cellular levels. It is surprising how, from relatively
crude indentations and enough statistics, it is possible to
extrapolate very detailed physical quantities of the bilayer
like the line tension and the spreading pressure, quantities
that are essential in coarse grain simulations of the cell.

d

Cell culture
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I would like to mention two noteworthy recent
experimental advancements in the field of membrane
biophysics. Goncalves et al. (37), instead of studying
supported membranes, developed a substrate with sub-
micrometric holes where the membrane could remain
free-standing, emulating a real cell surface. In this way,
they were able to precisely measure the breaking point
of a membrane that could bend under the AFM tip push.
While Al-Rekabi et al. (38), similarly to Rigato et al.
(33) as described in the previous section, introduced a
multifrequency AFM mode that allows to capture the
viscoelastic properties of the membrane and demonstrates
how cholesterol concentration is a key ingredient in
changing membrane properties from viscous to elastic.

The goal of the recently developed single-cell unroofing
(26) is to transfer the application of the powerful methods
described above (and benchmarked with synthetic
membranes) to native cellular membranes, in order to
gather information of the real nanomechanics generated
by the native complexity. Indeed, with single-cell
unroofing it is possible to tear the cell membrane of cells
(Figure 5¢) and directly probe their indentation force,
deriving elasticity and viscosity of cells of patients.

5. AFM as a force probe for single proteins

Measuring the mechanical properties of cells or cell
membranes is definitely a technological leap, but it does
not represent a conceptual breakthrough, in the sense that
these results could be somehow expected. What really
represents a practical revolution for an unsolved problem
in biology is the possibility to record the unfolding of
single proteins - one at a time - with AFM-based single-
molecule force spectroscopy (SMES).

In fact, the physico-chemical process that guides a
linear sequence of amino acids into the three-dimensional
precise structures that (almost) every protein shows may

Figure 5. a & b: unroofing preparation through sonic waves and AFM imaging of actin filaments and clathrin (24). c & d: single
cell unroofing through the gentle squeezing of a single cell and the resulting isolated membrane like (26).

https://doi.org/10.37175/stemedicine.v1i2.15
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Figure 6. a: unfolding of a tandem of globular protein. b: unfolding of a trans-membrane protein. c: prototypical unfolding

curve od a protein.

be taken for granted, but it has been a puzzle for physicists
since the 1950s (39). The number of variables that should
be taken into account to simulate with atomic resolution
the folding of a protein is simply intractable for modern
computational power, and therefore, in the past years
many computational “shortcuts" have been invented to
tackle the problem in an approximate manner (40). On
the other hand, from the experimental point of view, the
only way to study protein folding and unfolding was by
chemical denaturation (41), thus at the ensemble level
and not at the single-molecule level. There was no certain
mechanistic understanding of how the dynamics of protein
folding should work.

This is the context where SMFS, starting from the
late 1990s, revolutionized the way people study protein
folding. The experimental setup consists in an AFM
cantilever tip that, instead of being used for imaging as
discussed in section 3.1, is approached and retracted form
a flat sample onto which many copies of the same protein
of interest are deposited. The AFM tip pushes the sample
and binds one of the terminus ends of the underlying
protein. Then the tip is retracted while recording the
force experienced by the cantilever, so that it is possible
to form a force vs distance spectrum (F-D curve). If the
other terminus of the protein is bounded to the sample
surface, the tip will literally stretch the protein, forcing
denaturation. The prototypical unfolding curve of a
sequence of immunoglobulin domains was observed
for the first time by Rief et al. in 1997 (42) (Figure 6a)
showing the so called saw-tooth like shape, i.e. a sequence
of rising phases followed by vertical jumps to the baseline
at zero-force.

How can we describe this behavior? The rising phases
can be fitted with the worm-like chain model, i.e. a model
developed in polymer physics that describes the stretching
of an ideal semi-flexible chain (43). The sudden jump to
zero-force is instead representative of the abrupt unfolding
of a complete protein domain, which is unexpected. The
unfolding of the protein does not happen in a continuous
way, but rather in an all-or-none fashion. This two-state
behavior (folded vs unfolded) is typical for the majority of
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globular proteins investigated so far, e.g. GFP, Xylanase,
Fibronectin and many others (44). Moreover, these
globular proteins - when unfolded - tends to fold back into
their original 3D structure even in vitro (42).

Membrane proteins, and in particular trans-membrane
proteins, are topologically very different from globular
proteins because, instead of being fully immersed in the
cytosol, they perform their function embedded in the cell
membrane. They are also more difficult to be studied since
they are laborious to be purified and they don't crystallize
well (it is often necessary to study homologous proteins
that are easier to be handled). The fact that they operate
across the membrane introduces an additional complex
ingredient to the problem of folding, indeed it was
discovered that trans-membrane proteins need the help of
other proteins (translocon) to be correctly folded into the
membrane (45).

SMFS has what it takes to be very powerful when
applied to membrane proteins, possibly being
informative also of membrane protein structure. The
first experimental observation dates back to the year
2000 when Oesterhelt et al. (46) used AFM-based SMFS
to unfold bacteriorhodopsin. The unfolding curve of
bacteriorhodopsin (see Figure 6b and c) resembles the
unfolding of a tandem of globular proteins (Figure 6a)
but it has a slightly different interpretation. As opposed
to what happens to the majority of globular proteins that
unfold in an all-or-none fashion, in bacteriorhodopsin the
different domains of the same molecule unfold separately
and consecutively, one after the other. A general empirical
observation is that these domains correspond to pairs of
alpha helices (or beta hairpin). This observation is actually
quite general, since further studies of other membrane
proteins tend to support this empirical “rule", also in beta-
barrel membrane proteins. E.g. aquaporin (47), sodium-
proton antiporter (48), FhuA (49), etc. The unfolding
behavior of membrane proteins is somehow reminiscent
of the mechanistic intuition of how these proteins should
exit the membrane when pulled.

However, thanks to a recent improvement in resolution
of the AFM probes, it has been shown that the single and
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Figure 7. a: schematic of a biopsy of a patient. b: sample preparation: cell membrane isolation from biopsy cells. AFM force
measurements performed on the biopsy or on the cell membranes reveal signatures that are characteristic of cancerous samples.

separated peaks of unfolding that was reported in the past,
that correspond to the unfolding of pairs of alpha helices,
are actually decorated by a rich series of minor unfolding
events, indicating that the complexity of the process is
still highly unresolved (50).

But with SMFS it is possible to test not only the detailed
physics of folding, but also to obtain biological insights
on the structure-function of specific proteins. An example
is the work by Serdiuk et al., where they directly observed
the action of chaperon proteins acting on membrane
proteins that were previously unfolded, showing that
without the help of these chaperons, a membrane protein
cannot autonomously fold back into the membrane (51).

In the previous paragraphs I described how SMFS can
be used to explore the problem of protein folding, but I
strongly believe that the major applications of SMFS are
to problems at the intersection with biomedicine. SMFS
can be exploited to investigate protein behaviors where
other techniques cannot be applied. I will now report
some applications in this direction. One way to use SMFS
to tackle a biomedical problem is to study the differences
of a membrane protein and a mutated one that may be
involved in a disease. Kawamura et al. (52) took a similar
direction studying the differences between rhodopsin
and opsin, which is the same protein not bounded to
the chromophore that enables vision. In this case they
detected slightly differences in the unfolding behavior,

https://doi.org/10.37175/stemedicine.v1i2.15

showing that SMFS can resolve these changes. Another
approach is to study the mechanical differences induced
by the binding of a ligand to a membrane protein, and
how it affects the structure (53).

What seems a highly unexplored area of research is the
one touched by Otten et al. (44), i.e. trying to change
the scale and the throughput of the SMFS experiments.
They developed an interesting platform that can express
proteins in vitro, and then screen them in order to create a
SMES resource to test the most various hypothesis related
to protein mechanics or folding, for instance malfunction
due to misfolding.

6 Future perspectives

Much of the research presented in this review deals with
new knowledge generated by AFM applied to biological
samples. This knowledge has direct implications in real
life problems.

It is estimated that the amount of funding that has been
spent in basic and applied research involving bio-AFM is
in the order of some billion dollars. Given the tremendous
collaborative efforts of the last 30 years, it is reasonable
to believe that a certain amount of organizations will
eventually succeed in commercializing an AFM-based
device, sold to hospitals. To my knowledge, the practical
implications that nowadays are at the proof-of-concept
level, and that could help the diagnosis of diseases are the
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ones depicted in Figure 7:

i. direct indentation measurements of biopsies for
automated tissue diagnostics (30) (technology readiness
level 7-8, e.g. ARDITIS AG (Swiss company));

ii. indentation measurements of the cell membranes
isolated from biopsies (26) (technology readiness level
3-4);

iii. single-molecule force spectroscopy the native cell
membranes isolated from biopsies (54) (technology
readiness level 3-4).

The direct indentation of biopsies and the correlation of
these data with the state of the patient is with no doubt
the technology closest to a commercial device. This tool
seems to help the physicians to identify the malignancy
of different cancer biopsies from patients. There are clear
substantial advancements also in hybrid systems of AFM
plus Raman spectroscopy (55). In these cases, the benefit
manifests in terms of chemical recognition of the material
with sub-micrometer resolution; but these techniques
are at the moment still difficult to be operated and still
unmatured, but with high potential.

It is improbable that only one of these techniques
will revolutionize the diagnostics by its own, but it is
most likely that the intercombination of the mechanical
signatures of each of these approaches, together with
parallel diagnostic tools, will substantially help the
decisions of physicians, even in a near future.
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ABSTRACT

In the absence of external stimuli, the nervous system exhibits a spontaneous electrical activity whose
functions are not fully understood, and that represents the background noise of brain operations.
Spontaneous activity has been proven to arise not only in vivo, but in in vitro neuronal networks as well,
following some stereotypical patterns that reproduce the time course of development of the mammalian
nervous system. This review provides an overview of in vitro models for the study of spontaneous network
activity, discussing their ability to reproduce in vivo - like dynamics and the main findings obtained with
each particular model. While explanted brain slices are able to reproduce the neuronal oscillations typically
observed in anaesthetized animals, dissociated cultures allow the use of patient-derived neurons and
limit the number of animals used for sample preparation. Moreover, dissociated neurons can be cultured
on three-dimensional (3D) substrates that mimic the extra-cellular matrix of the brain. Depending on the

material used, 3D substrates are able to increase neuronal connectivity and synaptic strength.

Keywords: Cortical oscillations - Up states - Calcium transients - Neuronal cultures - Brain slices

1. Introduction

Spontaneous neural oscillations have been observed
by researchers as early as the 1930s, when the
electroencephalography (EEG) machine was invented
(1). Specifically, slow oscillations in the frequency of
delta waves (0.4 - 5 Hz) have first been observed in
the cortex of sleeping patients by W Gray Walter (2).
Subsequently, slow oscillations in the same frequency
range were recorded in anesthetized mammals as well
(3). Nevertheless, their function remained one of the most
mysterious questions in neuroscience.

A first characterization of neuronal spontaneous
oscillations was provided by Steriade ef al. in 1993.
Measuring the electrical activity of cortical and thalamic
neurons in anesthetized cats, they observed oscillations
composed of a slow depolarizing phase (0.8 - 1.5 s)
followed by a long-lasting hyperpolarization. These
oscillations had an even lower frequency than the one
of delta waves, i.e. less than 1 Hz. Therefore, they were
referred to as slow oscillations (4). The duration of the
depolarizing phase was reduced by administration of the
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N-methyl-D-aspartate (NMDA) blocker ketamine.

In the hippocampus of anesthetized rats, instead,
neuronal oscillations have been observed mainly in the
higher, theta frequency range (4 - 8 Hz). Hippocampal
theta waves are generated by the entorhinal input and
by CA3 collaterals, through the activation of voltage-
dependent Ca’" currents in pyramidal cells. GABAergic
and cholinergic neurons contribute as well to the
generation of theta waves by feed-forward disinhibition of
CALl pyramidal cells by the interneurons, and cholinergic
activation of CA3 (5).

Subsequent studies revealed the mechanisms of neuronal
oscillations at the cellular level. In particular, some in
vivo intracellular recordings of neostriatal spiny neurons
showed fluctuations between a depolarized and an
hyperpolarized membrane potential that were referred to
as Up and Down states, respectively (6). Subsequently,
Constantinople and Bruno demonstrated that this two-state
behavior observed in anesthetized rats was eliminated
during wakefulness. In addition, they showed that the
dynamics of the awake state and under anesthesia were
unaltered even after elimination of afferent thalamic
input, suggesting an internal cortical neuromodulation
(7). In fact, it was subsequently proven that - in both humans
and rodents - the large majority of excitatory synapses onto
cortical excitatory neurons come from other cortical excitatory
neurons, giving the cortex a vast recurrent connectivity (8).
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Synchronized Up and Down states are the cellular
equivalent of the slow waves observed - at the network
level - from human EEG data (9) to anesthetized
animals, and even in in vitro brain slices isolated from
the rest of the brain (10) (Figure 1). Since they arise in
such different systems, Up and Down states have been
proposed to be a default activity pattern resulting from
the basic architecture of the network. Nevertheless, they
may still have a functional role. From experimental
observations of their pathways, Up and Down states are
supposed to transfer information across brain regions
and to consolidate memories. A current hypothesis is
that cortical Up states travel through the entorhinal
and visual cortex to the hippocampus phasing the
hippocampal rhythm, which in turn transfers its activity
pattern - acquired during learning - back to the cortical
networks for memory consolidation (5,11). Moreover, the
hippocampal theta rhythm is believed to be critical for
temporal coding/decoding of active neuronal ensembles
and the modification of synaptic weights. Down states, as
periods of low synaptic inputs, are thought to be necessary
for metabolic restoration (see for review 12).

Spontaneous oscillations have been observed also
in developing neuronal networks. An example is
represented by synchronous plateau assemblies (SPAs)
and giant depolarizing potentials (GDPs) in the immature
hippocampus. Driven by synchronized GABAergic
neurons, GDPs are thought to shape synaptic currents in
the immature network (13,14).

In the regulation of this rhythmic activity, a key role is
played by inhibitory interneurons. In fact, interneurons
were proven to synchronize the spiking of hippocampal
pyramidal cells, thus maintaining homeostatic levels of
activity in the brain (15). Moreover, spike-triggered local
field potentials measured in humans and monkeys were
proven to be composed by inhibitory neurons for the
largest part, suggesting that the onset of Up states is more
driven by a decrease in inhibition rather than an increase
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in excitation (16).

Not only Up and Down states, but also spontaneous
calcium signals were frequently observed in neuronal
networks. In fact, intracellular calcium ions increase
as a consequence of action potentials and membrane
depolarization, entering the cytosol through voltage-
gated calcium channels. Spontaneous calcium transients
can be considered as indicators of Up and Down states
since they follow parallel dynamics, despite being slower
(17) (see Figure 1 for a representation). Calcium imaging
techniques have become a diffused method for studying
network dynamics, since they allow the simultaneous
recording of a large number of neurons.

Many of these findings were obtained in vitro. In
this review, I discuss the commonly used methods for
preparing neuronal samples, the patterns of spontaneous
activity that typically arise from each one of these
networks and their similarity with in vivo neuronal
oscillations. Network disorders are at the basis of several
pathologies starting from epilepsy, where an increased
synchronization of excitatory neurons is causing seizures.
Altered network dynamics are also reported in sleep
disorders such as narcolepsy, where a specific neuronal
population (hypocretin neurons) is reduced in number,
and the EEG rhythms normally observed during sleep
are modified (18). Moreover, an impaired connectivity
of resting-state networks was observed in schizophrenia
by functional magnetic resonance imaging (19). In
vitro experimental models can be a powerful tool for a
deeper understanding of network disorders, and for drug
screening of new neuroactive compounds.

2. “Traditional” dissociated cultures — Methods,
applications and spontaneous activity

Neurons preserve the ability to generate spontaneous
electrical pulses even when disrupted from their original
connectivity and cultured in vitro. In fact, primary
dissociated cultures, obtained from embryonic or postnatal

Calcium transients
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v

Figure 1. Schematic representation of spontaneous Up and Down states and calcium transients. The red trace on the left
represents an example of a typical intracellular recording from a neuron in spontaneous conditions. Up and Down states are visible as
rhythmic oscillations between membrane depolarization and hyperpolarization. The blue trace on the right depicts some typical calcium
transients recorded from a single neuron in spontaneous condition. The time scale is the same for both traces. Note the increased
duration of a single calcium transient comparing to a single Up state event.
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rodent brain regions such as the hippocampus or the
cortex, represent a well-established in vitro model for
studying neuronal networks, both on a short (network
formation) and a long term (differentiation, maturation)
scale (20,21). When cells are enzymatically dissociated,
plated on suitable substrates and cultured in appropriate
media, they grow processes and form ex-novo a functional
network. Dissociated cell cultures are traditionally
plated on glass-made flat surfaces, allowing a fine space
resolution for morphological investigation of small cellular
structures, like neurites and growth cones. Neurons attach
to surfaces through their anionic phospholipids (e.g.
phosphatidylserine) (22), therefore the surface needs to be
positively charged. Previous coating with polyaminoacids
such as polylysine and polyornithine have since long
been used for this purpose, together with the addition of
components mimicking the extracellular matrix in situ
(i.e. Matrigel® (23)). The morphology and development
of dissociated neurons as well as their network activity
are strongly influenced by the culturing conditions
and, in particular, the culturing medium used (24).
Different chemical compositions have been tested and
are commercially available for neuronal cell cultures, all
based on a physiological solution added with a particular
supplier of nutrients and growth factors. Fetal bovine
serum, for example, provides neurons with sufficient
factors for short-term cultures. As any animal-derived
product, however, it is prone to batch-to-batch variability
(25) and, most of all, it results in a low differentiation of
neuronal types (26). For this reason, serum-free media
were tested with different additives. A very commonly
used one is B27 Supplement ®, aimed at obtaining almost
pure neuronal cultures (27). Another option is to use glial
cells, specifically astrocytes, as the intrinsic source of
growth factors in the neuronal culture. For this purpose,
it is possible to plate neurons on a glial feeder layer (28)
or, in order to avoid the spatial interference of astrocytes
while maintaining the soluble factors released by them, to
grow neurons in an astrocyte-conditioned medium (ACM).
ACM is supposed to contain lipids, thrombospondins
and Brain Derived Neurotrophic Factor (BDNF), that are
essential components for neuronal growth and survival
(29). In fact, it was demonstrated to increase the life span
of dissociated cultures up to several months (24,30).

Once established the optimal plating and growing
conditions for the specific experimental purposes, it is
possible to explore the properties of dissociated networks
with a fine, single cell resolution. A common application
is to analyze different neuronal populations optically
labeled. A comparison of spike parameters between the
GABAergic and glutamatergic neurons has been possible,
in fact, because of the labelling of the former with a green
fluorescent protein (31,32).

Network (i.e. synchronized) activity in dissociated
neurons emerges at 3 - 7 days in-vitro (DIV) and matures
over the following several weeks in culture, as shown
by electrophysiological and imaging measurements
(33,34). Synchronized neuronal activity has been proven
to be mediated by the NMDA receptor, by serotonin
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and acetylcholine (35). Network activity is also strongly
dependent on the initial plating density of neurons:
neurons plated at high density present higher rates of less
synchronized activity comparing to sparse networks (28).
In fact, there is an inverse relationship between the density
of the network and its synaptic strength, such as sparse
neurons establish less but stronger synaptic connections,
as shown also by the longer duration of their bursts.
Interestingly, dense neuronal cultures present a peak in
synchronicity at DIV15-16, followed by a decrease (36)
that resembles the one observed in the intact cortex during
development (37).

Recent studies showed some differences in spontaneous,
single-unit spike activity between dissociated neurons
and awake animals: in vitro, neurons were more likely to
fire in synchronized bursts; while in vivo the firing events
were mainly composed by single spikes. Moreover, a
greater variability was observed in vitro when quantifying
the frequency of firing (38). However, as previously
mentioned, the variability in spontaneous activity of
dissociated neurons can be minimized by adopting a
consistent culturing method and, most of all, the same
plating density among different preparations.

Dissociated neurons served as a model for studying
the progression of neuronal disorders. In a recent study
(39), neurons dissociated from a mouse model of Fragile
X syndrome (Fmrl KO) were recorded by means of
microelectrode arrays (MEAs) from 7 to 35 DIV, and
exhibited an abnormally increased synchronization of
spontaneous firing events at mature stages. Moreover, they
showed oscillations in the beta frequency range, which
were not observed in controls. These results are in line
with previous studies showing network hyperactivity and
neuronal hyperconnectivity in the intact cortex of Fmrl
KO mice (40,41).

Finally, dissociated cultures represent the only method
for growing human—induced pluripotent stem cells
(hiPSCs). These precursors can be differentiated into
neurons, allowing the investigation of their molecular and
electrophysiological properties (42,43). Most of all, they
can be derived from patients for the purpose of specific
drug development or cell therapies. Using appropriate
differentiation methods, hiPSCs can generate three-
dimensional (3D) brain organoids composed by neurons
and glial cell types (44).

3. 3D neuronal cultures — methods, applications
and spontaneous activity

Traditional, 2D neuronal cultures have been replaced
in many studies by more recent 3D architectures for
several reasons. First, neurons cultured on glass coverslips
are prone to artifacts due to the flat condition in which
they grow. Glass coverslips are in fact distant from the
physiological extra-cellular environment of the brain,
which is 3D and soft (less than 1 kPa in Young modulus,
while the stiffness of the glass is in the order of GPa).
Neurites forced to grow in a planar region present
indeed an abnormal excitability (45). Moreover, using
plastic materials instead of glass allows for directing the
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differentiation of stem cells towards bone, muscle and
neuronal cell types by progressively decreasing the
stiffness of the substrate (46). Therefore, 3D substrates
with appropriate stiffness were developed for neuronal
cultures, and called neuroscaffolds.

An interesting example is represented by the carbon-
based neuroscaffolds, engineered for interfacing the cell
membrane structures. Carbon-based materials have since
long raised the interest of neuroscientists because of the
electrical conductivity of the material, that might find its
most obvious application in restoring/improving neuronal
connectivity (47,48). These materials can be assembled in
the form of wrapped graphite sheets, and therefore called
carbon nanotubes (CNTs), or in the form of graphene
foams. Both cases were proven to be biocompatible
and conductive scaffolds not only for culturing primary
neurons, but also for neural stem cell differentiation
(49,50).

Interestingly, primary hippocampal neurons plated on
3D graphene showed a more frequent and synchronized
spontaneous activity comparing to both 2D graphene and
traditional 2D glass substrates (51). These results suggest
a specific role of dimensionality in network dynamics
that is independent from the material where neurons
grow. However, a recent study demonstrated that a
single layer of graphene modifies the ionic concentration
at the interface with neurons so that they will exhibit
stronger potassium currents and will shift from adapting
to tonically firing. This effect was not observed when
neurons were plated on different conductive materials
(52). Taken together, these results suggest that both the
3D structure and the electrical properties of the substrate
can increase neuronal firing and connectivity. In fact,
adding CNTs as a coating to a 3D substrate was proven
to boost the synaptic activity of dissociated neurons, as
shown by calcium imaging experiments (53). For these
reasons, carbon-based materials have been tested in in
vivo implants for restoring nerve mechanical or chemical
injury (54,55) as well as for deep brain stimulation and
monitoring (56,57).

Polydimethylsiloxane (PDMS) and other plastic
materials represent another interesting category for
neuronal studies: while not electrically conductive, these
materials have the advantage of being highly ductile and
with a Young modulus closer to the one of brain tissues.
The fabrication of these types of scaffolds usually requires
photolithography techniques combined with micro/nano-
patterning (58). Some preliminary treatments - such as
plasma cleaning and polylysine/polyornithine coating -
are necessary to reduce the hydrophobicity of the plastic
and ensure neuronal attachment. Plastic micropillars have
often been used as substrates for cell cultures in order to
decrease the stiffness of the original material: while a flat
surface of PDMS has a Young modulus of around 1 MPa,
PDMS micropillars have a stiffness of 5 - 20 kPa depending
on their diameter and height (59). For these reasons,
micropillars are useful for determining the mechanical
responses and forces exerted by cells (60). Plastic

https://doi.org/10.37175/stemedicine.v1i2.35

STEMedicine 1(2).e35. APR 2020.

materials can also be molded at the nanoscale: the use of
nanopillars with different dimensions and stiffness has
been proven to control the adhesion and differentiation of
neuronal precursors (61). Moreover, the addition of plastic
nanofibers made of poly (lactic-co-glycolic acid) to PDMS
micropillars was proven to increase the frequency and
amplitude of spontaneous calcium transients in primary
hippocampal neurons (62). Due to their biocompatibility,
PDMS-based microchannel electrodes have successfully
been implanted in rodents for monitoring neural activity
over time and for providing a mechanical support for
peripheral nerve regeneration (55).

In addition, scaffold-free 3D cultures can be derived
from hiPSCs to generate brain organoids. HiPSC-
derived organoids have been used for drug screening and
modeling of central nervous system diseases (63).

In summary, 3D neuronal cultures recapitulate several
aspects of in vivo brain tissue, from synaptic properties
of individual neurons to network synchronization.
Moreover, comparing to 2D cultures, they offer the unique
advantage of recreating organoids with neuronal and glial
types interconnected in a cyto-architecture that is able to
reproduce the one of the brain.

4. Explanted brain slices — methods, applications
and spontaneous activity

Slices of the brain or spinal cord can be isolated
from the region of interest and directly used for
electrophysiological measurements and imaging (17,61).
These preparations are referred to as acute slices and,
in contrast to dissociated cell cultures, they preserve the
native cyto-architecture of the tissue. Acute cortical slices
are able to reproduce the most characteristic feature of
the cerebral cortex, i.e. slow oscillations between Up and
Down states, as shown by the work of Sanchez-Vives
starting from the 2000s (65,66). In this work, intracellular
recordings from ferret visual and prefrontal cortical slices
were performed using microelectrode arrays. While no
spontaneous activity was recorded in the “traditional”
slice bathing medium (2 mM Ca®’, | mM Mg™", 2.5 mM
K"), some rhythmic oscillations were observed after
changing the bath solution to a composition more similar
to the brain interstitial fluid (1.0 or 1.2 mM Ca’", 1 mM
Mg”* and 3.5 mM K"). These oscillations were initiated
by pyramidal neurons of layer V, had a periodicity of
once every 3.5 seconds and were stable for the life of the
slice (12 hours). The cortical slices were prepared from
3 to 8 month-old ferrets and showed a close similarity
to those observed in adult, anesthetized cats. In fact, the
spontaneous activity of slices was studied as the most
likely in vitro equivalent of the activity of the brain in the
absence of external stimuli, i.e. during quiescent sleep or
under anesthesia. In a more recent study from the same
group, variable propagation modes of Up states were
observed, suggesting a memoryless generation of slow
oscillations (10).

Slices of tissue cultured in vitro for several days are
instead referred to as organotypic slice cultures. These
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Cultures

Dissociated neurons grown on scaffolds:

Substrate made of conductive or non-conductive
biomaterials.

Connectivity between neurons depends on the plating
density and the topographical cues of the substrate.
Life span = up to several weeks as currently reported.
Possible to use human-derived neurons.

Network activity was reported from P7, with increased
synchronization and synaptic activity than
corresponding 2D dissociated cultures.

3D models

Organotypic brain slices:

Substrate can be a glass coverslip or a semi-porous
membrane.

The original connectivity between neurons is preserved.
Life span = up to weeks/month(s) as currently reported.

Possible to use human-derived tissues only after
surgical operations.

Network activity develops over time from SPAs (DIVO0)
to GDPs (DIV1), and to in vivo — like firing rates by P6.

Dissociated neurons (traditional method):

Substrate made of glass coverslips.
plating density.

culturing medium.

Possible to use human-derived neurons.

Network activity is visible from DIV3 and the
synchrony peaks at DIV1S5 in dense cultures (later,
the synchronization decreases in a way similar to in
vivo cortical networks).

2D models

Connectivity between neurons depends on the

Life span = up to several months depending on the
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Acute preparations

Acute brain slices:

No substrate.

The original connectivity between neurons is
preserved.

Life span = 12 hours.

Possible to use human-derived tissues only after
surgical operations.

Network activity is visible in cortical slices
prepared from adult mice (17).

Figure 2. Summary and comparison of in vitro neuronal network models. 3D models include brain slices and dissociated neurons
grown on scaffolds. 2D models are represented by dissociated neurons grown on glass (traditional method). The only preparation that

does not require culturing is represented by acute brain slices.

preparations were proven to regrow synaptic processes
and to restore the functions potentially impaired during
the cutting procedure. There are two commonly used
methods for preparing organotypic cultures from nervous
tissues. In the Gdhwiler method (67), slices are cut and
attached on glass coverslips by coagulating chicken
plasma with thrombin; the coverslips are then inserted
into plastic tubes and kept in serum-added culturing
medium on a roller drum (ensuring balanced time of
oxygenation) at 37 °C. The Stoppini method (68) follows
a similar procedure, but the slices are placed on sterile,
transparent semiporous membranes in Petri or multiwell
dishes, and kept at the interface between air and culturing
medium at 37 °C. In this case, it is possible to culture the
slices in Neurobasal medium added with B27 supplement,
with no addition of animal serum. However, organotypic
slices grown in the absence of serum have been reported
to develop spontaneous epileptiform activity (69).

The use of organotypic cultures allows to perform
chronic multineuron imaging. For example, daily
morphological analyses and calcium imaging in
hippocampal slices revealed that GABAergic interneurons
are involved in the generation of SPAs at DIVO; starting
from DIV1, the spontaneous activity of the slice switches
to giant depolarizing potentials (70), as in line with
previous findings on the development of hippocampal
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networks (71).

Interestingly, in 2014, Okamoto et al. demonstrated that
organotypic hippocampal slices exhibit firing rates and
excitatory synaptic activity more similar to those observed
in vivo comparing to acute slices (72). In fact, cutting
several neurites during the preparation might affect the
network activity of acute slices, which do not have time to
regrow these processes.

Without the technical issues presented by in vivo
measurements (i.e. background noise, the interference
of anesthetics and the need of complex surgeries),
experiments on slices have been useful to address
questions like how inhibitory neurons coordinate
synchrony in the network. In a study of 1995 (73),
GABAergic neurons were anatomically identified
from hippocampal slices and depolarized to produce
fast inhibitory postsynaptic potentials: the excitatory,
pyramidal neurons synaptically connected to them
exhibited some sub-threshold oscillations in the theta
frequency range, demonstrating that these spontaneous
oscillations in the hippocampus are tuned by the
inhibitory activity of GABAergic neurons. Subsequently,
a reconstruction of functional connectivity in acute
hippocampal slices was performed by Bonifazi et al.,
combining electrophysiological recordings with calcium
imaging: connections in between neurons were assumed
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on the base of the temporal correlations of their activation.
Stimulating some specific, highly connected neurons
in the network, they observed a higher occurrence
of spontaneous GDPs in the network, suggesting the
existence of functional hubs that were identified as a
subpopulation of GABAergic neurons (64). Results
obtained in cortical slices also showed that networks of
fast spiking, electrically coupled interneurons coordinate
the spontaneous activity (74).

These results are in line with subsequent studies in
behaving mice, characterizing the membrane potential
dynamics of fast-spiking inhibitory neurons vs excitatory
ones (75), and also in human and monkeys during sleep,
when the local field potential of the neocortex was
measured with MEAs (16). Taken together, these results
confirm that brain slices are a suitable in vitro model
for investigating network dynamics. They are prepared
typically from animal models. However, the use of human
brain slices is possible from resected or postmortem
tissues (76,77).

5. Conclusions

Both dissociated and organotypic cultures exhibit a
spontancous neuronal firing with in vivo-like patterns
in their course of development (quantified by days
in vitro). Acute and organotypic slices were used for
the most remarkable studies on spontancous neuronal
oscillations, given the fact that they preserve the original
cyto-architecture of the region of interest. On the other
side, 3D substrates made of carbon-based or plastic
materials can compensate for the lack of architecture
in traditional neuronal cultures and boost the synaptic
activity of dissociated neurons, opening the way for
neural prostheses and cell culture implants in the
central and peripheral nervous system. However, there
is no strong evidence that differentiated neurons plated
on neuroscaffolds can reproduce the time course of
development of intact neuronal networks. HiPSCs, as
opposite, are able to reproduce some aspects of human
brain development when differentiated into scaffold-free,
3D organoids. HiPSCs offer in fact a powerful model for
drug screening and customized therapy. Finally, the use of
dissociated neurons and hiPSCs can diminish the number
of experimental animals used, making it a more ethical
tool for scientific studies and even a pre-clinical test
platform for screening of new neuroactive compounds.

For a summary and comparison of the properties of the
in vitro models discussed within this review, see Figure 2.
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ABSTRACT

analysis.

The SARS-CoV-2 outbreak has spread rapidly and widely since December 2019, and the effective drugs
are urgently needed. The two key proteins, Mpro and Spike, are attractive therapy targets for developing
drugs against SARS-CoV-2 infection. In this study, we searched for the potential inhibitors targeting Mpro
and Spike based on protein sequences and structural pharmacological analysis. We found that both
Mpro and Spike of SARS-CoV-2 were homologous with bat SARS-like-CoV. SARS-CoV-2 Mpro showed
high conservation (sequence similarities >99%), and the existing few point mutants in different patients
from diverse cities suggested that SARS-CoV-2 probably underwent adaptive evolution when the virus
infection transmitted from Wuhan patients to other non-Wuhan patients. Moreover, some inhibitors for
SARS-CoV Mpro could probably inhibit the activity of SARS-CoV-2 Mpro, because they do not target
conserved mutated sites of SARS-CoV-2 Mpro, such as SDJ, ACE-THR-VAL-ALC-HIS-H, B4Z inhibitor,
Beclabuvir, Saquinavir, and Lopinavir. In contrast, Spike of SARS-CoV-2 had more mutations and
some mutant sites were distributed in the interaction domain between Spike and ACE2. A new peptide
FRKSNLKPFERDISTEIYQAGSTPC, based on interactions between Spike and ACE2, could be a potential
drug to treat SARS-CoV-2 patients. In summary, our study provided potential new inhibitors for targeting
Mpro and Spike in SARS-CoV-2 virus-infected patients based on sequence and structural pharmacology

Keywords: SARS-CoV-2 - Mpro - Spike - Structural pharmacology analysis - New peptide inhibitor

Introduction

In December 2019, a pneumonia associated with
the 2019 novel coronavirus (SARS-CoV-2) occurred
in Wuhan, Hubei Province, China (1). And the new
coronavirus pneumonia (NCP) named as COVID-19 has
spread rapidly over many countries around the world
(2, 3). As of 30 March 2020, >730,000 cases have been
confirmed and the number of patients is still increasing,
with an estimated mortality risk of ~ 4.6% (3, 4).
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However, the source of the virus, the effective drugs, and
the pathogenesis are still not clear (5, 6).

SARS-CoV-2 has a single-stranded RNA, with distinct
clade from the f-coronaviruses associated with the human
severe acute respiratory syndrome (SARS) and was
classified in the B-coronavirus 2b lineage (7, §). Similar
to SARS, SARS-CoV-2 genome encodes non-structural
proteins, structural proteins and accessory proteins (7).
Non-structural protein, such as 3-chymotrypsin-like
protease (3CLpro, also known as main protease Mpro),
is one of the key enzymes for the viral life cycle (9).
Structural protein-Spike protein, responsible for viral
entry, binds to the cellular receptor angiotensin-converting
enzyme 2 (ACE2) and mediates the fusion between the
viral and cellular membranes (10). There are two regions
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(S1 and S2) in the Spike protein (11). In the S1 region,
there is a receptor binding domain (Spike-RBD) that
interacts with ACE2 (12). The functional importance of
the Mpro and Spike in the viral life cycle has attracted a
lot of interests for developing drugs against SARS-CoV-2.

Many scientists have envisaged that vaccines,
monoclonal antibodies, peptides, interferon therapies
and small-molecule drugs might be used to control and
prevent emerging infections (13-15). However, there is
no evidence to support specific drug treatment against
the NCP in suspected or confirmed cases. Hence, our
objectives were to search for potential drugs based on
sequence and structural pharmacological analysis from
Mpro and Spike of SARS-CoV-2.

Materials and Methods
Data preparation

Whole genome sequences of SARS-CoV-2 were
downloaded from CNCB/BIG (https://bigd.big.ac.cn/ncov)
and NCBI. According to gene locations, the nucleotide
sequences of Mpro, Spike and Spike-S1 of SARS-CoV-2
and their corresponding amino acids were acquired by
BioEdit software (16). To explore the origin of proteins,
each of Mpro, Spike and Spike-S1 in SARS-CoV-2 was
employed in BLAST search. The 100 sequences with
the highest similarity to Mpro/Spike/Spike-S1 of SARS-
CoV-2 were downloaded from the BLAST results,
redundant sequences were deleted (17). Subsequently, 93
Mpro sequences of SARS-CoV-2 and 87 Mpro sequences
of SARS/SARS-like, and 82 Spike/Spike-S1 sequences of
SARS-CoV-2 and 98 Spike/Spike-S1 sequences of SARS/
SARS-like were obtained.

Three-dimensional (3D) spatial structure of Mpro of
SARS-CoV-2 was downloaded from the PDB database
(18). And 72 Mpro structures in the PDB database were
download for comparing the Mpro structure of SARS-
CoV-2 with other coronavirus. Meanwhile, structures
of Mpro-ligand complex and Spike-ACE2 complex for
SARS-CoV were downloaded from the PDB database
(PDB ID: 5i08) (11).

Genetic and phylogenetic analysis

Weblogo was implemented to find the conserved sites/
area in Mpro/Spike/Spike-S1 (19). The sequences of
proteins and the similarities between sequences were
aligned by the BioEdit software. Unrooted tree topology
based on multiple alignments of amino acids was
established with the neighbor-joining method in MEGA
6.06 (20). Consistency of branching was tested using a
bootstrap analysis with 500 resamplings of the data in
MEGA 6.06.

Structural pharmacology analysis

The I-TASSER (Iterative Threading Assembly
Refinement) algorithm was utilized to predict the
structures of Spike and Spike-S1 of SARS-CoV-2 (21).
The RMSD (root-mean-square deviation) between two
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structures was computed by the Rosetta software. Physical
and chemical parameters for a protein were predicted by the
ProtParam tool (https://web.expasy.org/protparam/) (22).

To investigate differences in the electrostatic properties
between proteins, adaptive Poisson-Boltzmann solver
(APBS) and PDB2PQR were applied to each protein
(http://nbcr-222.ucsd.edu/pdb2pqr_2.1.1/) (23). The pqr
file of each structure was generated using the PDB2PQR
program. The dx file of each structure was generated
by utilizing APBS. The pqr file and dx file were then
uploaded in VMD to render the molecular surface
electrostatic potential map.

The largest possible binding pocket of these proteins,
i.e., Mpro and Spike-S1, was predicted by Discovery
Studio 3.0, respectively. These predicted pockets were
utilized to construct an initial coarse model of the Mpro-
ligand and Spike-S1-ACE2 complexes. Then, structures
of complexes were refined by the Rosetta software
(RosettaDock and FelxPepDock module), respectively
(24). The final structure was obtained based on energy
scores. The interactions between proteins and molecular
ligands were calculated by Discovery Studio 3.0 (25).
Meanwhile, interactions between proteins were computed
based on distances between atoms and type of residues.
Expression levels for ACE2 in human tissues were
obtained from The Genotype-Tissue Expression (26).
High quality 3D images of the proteins were drawn by
PyMOL (27).

Results

Sequence analysis could be helpful to evaluate the
repurposing of existing antiviral agents to treat SARS-
CoV-2. Phylogenic trees were built (neighbor-joining,
bootstrap = 500) for three proteins (Mpro, Spike,
Spike-S1) based on selected 185 virus sequences obtained
from CNCB/BIG (https://bigd.big.ac.cn/ncov) and NCBI
blast results (Figure 1A, B and C, access date 7 March
2020). The results indicated that all of these three proteins
of SARS-CoV-2 probably originated from bat SARS-like-
CoV, and pangolin as a mammal is probably a potential
intermediate host (Figure 1A, B and C). According to
homologous analysis, Mpro sequences of SARS-CoV-2
had very high conservation (100% identify for 93 Mpro),
and they were remarkably close to corresponding proteins
of bat SARS-CoV and SARS-CoV (sequence similarities
> 95%) (Figure 1D). However, Spike and Spike-S1
protein sequences of SARS-CoV-2 already displayed
point mutants (SARS-CoV-2 to SARS-CoV-2 sequence
similarities > 99%), and all their corresponding sequence
similarity values for bat SARS-like-CoV and SARS-CoV
are between 0.6 and 0.8 (Figure 1D, F). These results
indicated that Mpro is much more conserved than Spike
proteins in SARS-CoV-2. Compared to SARS-CoV, twelve
conserved amino acids mutations, i.e. 35V, 46S, 65N, 86V,
88K, 94A, 134F, 180N, 202V, 267S, 285A, and 286L,
were detected in the Mpro sequences of SARS-CoV-2
(Figure 1E, Figure 2A and Figure 2B). Meanwhile,
six point mutations (46, 65, 86, 88, 134 and 180 sites)
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were distributed in the inhibitor binding pocket of SARS-  which interacts with mammalian ACE2. Point mutation
CoV Mpro (Figure 1F). It suggested that inhibitors of occurred in this domain may affect the interaction
Mpro for SARS which target these sites probably could between Spike and ACE2, and then impact the capability
not inhibit the activity of Mpro for SARS-CoV-2. of coronavirus entry into mammalian normal cells with

On the other hand, Spike-S1 has a conserved domain  ACE2. In 82 sequences of SARS-CoV-2 Spike-S1, there
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Figure 1. The evolution and conservation for Mpro and Spike of SARS-CoV-2. (A), (B) and (C) represent phylogenetic trees of
Mpro, Spike, and Spike RBD. (D) Amino acid sequence similarity among SARS-CoV-2, bat SARS-like-CoV, and SARS-CoV. L- and H-
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were 11 sequences with amino acid point mutation (11/82,
13%) and up to three mutation sites for each mutation
sequence (Figure 1D). Eight key mutation sites (F191,
H36Y, S234R, N341D, D351Y, V354F, T5591, and
D601G) located in different regions (Figure 1F). F191
and T5591 were only distributed in SARS-CoV-2 that
were from Wuhan, China. N341D and D351Y were only
presented in SARS-CoV-2 that were from Shenzhen,
China. H36Y, S234R, V354F, and D601G only occurred
in Spike-RDB domains of SARS-CoV-2 that were from
Guangdong (China), Australia, France, and Germany,
respectively. These results indicated SARS-CoV-2
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probably underwent adaptive evolution in the human
body.

It was well-known that protein sequence determines its
structure, which in turn decides its biological function,
such as pharmacological properties. According to
sequence analysis, we tested the hypothesis that the Mpro
structure of SARS-CoV-2 was very close to that of SARS-
CoV. Then, Mpro of SARS-CoV-2 (PDB ID: 6LU7,
https://www.rcsb.org/structure/6LU7) was utilized to
compare with other Mpro proteins in the PDB database.
We found that Mpro of SARS-CoV (PDB ID: 5¢50) was
very close to Mpro of SARS-CoV-2 (RMSD = 0.41A)

83

mmmmmmmmmmmmmmmmmmmm

0o

B4Z inhibitor

Figure 2. Sequence logos and inhibitors for Mpro in SARS-CoV-2 and SARS-CoV. (A) The sequence logo for Mpro in SARS-CoV-2;
(B) The sequence logo for Mpro in SARS-CoV; (C) The complex for peptide and Mpro-SARS-CoV-2.
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Figure 3. Structural pharmacology analysis of Mpro and Spike. (A) Structural alignment of SARS-CoV-2 Mpro and corresponding
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parameters, including theoretical pl (isoelectric point), GRAVY (grand average of hydropathicity), negatively/ positively, and instability
index of Spike-S1 for SARS-CoV-2 and SARS-CoV. (F) The complex of Spike-S1 for SARS-CoV-2 and ACE2, and the interaction sites
between two proteins. (G) The interaction force type of Spike-S1 and ACE2 in SARS-CoV-2 and SARS-CoV. (H) ACE2 expression levels

in different human organs.
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(Figure 3A). This result indicated that the inhibitors of
this protein probably also inhibit the activity of Mpro of
SARS-CoV-2. After screening, a unique ligand for 5c5o,
i.e. SDJ (phenyl-B-alanyl (S, R)-N-decalin type inhibitor:
(2S)-3-(1H-imidazol-5-y1)-2-({[(3S, 4aR, 8aS)-2-(N-
phenyl-B-alanyl) decahydroisoquinolin-3-yl] methyl}
amino) propanal, was utilized to dock with Mpro of
SARS-CoV-2 (Figure 3B). The interaction sites between
the inhibitor and Mpro of SARS-CoV-2 were almost the
same (Figure 3B, PDB ID: 5c50) (9), and there is no
conserved amino acid mutations for Mpro. Hence, this
inhibitor of SARS-CoV Mpro could act as an effective
inhibitor for Mpro of SARS-CoV-2. Furthermore, based
on other proteins that were close to Mpro of SARS-CoV-2,
we also found that peptide ACE-THR-VAL-ALC-HIS-H
[Biologically Interesting Molecule Reference Dictionary
(BIRD), ID: PRD_000815] and B4Z inhibitor (BIRD ID:
PRD 000910) could probably inhibited SARS-CoV-2
infection (Figure 2C). Meanwhile, electrostatic potential
values for the surface of Mpro proteins of SARS-CoV and
SARS-CoV-2 were almost the same as well (Figure 3C).
These results indicated that inhibitors (molecules and
peptides, such as, Beclabuvir, Saquinavir, and Lopinavir)
for Mpro of SARS-CoV probably could be utilized to
inhibit the activity of Mpro in SARS-CoV-2, if these
inhibitors do not target conserved mutation amino acids of
Mpro SARS-CoV-2.

For drug design based on the interaction between
Spike-S1 and ACE2, we obtained protein structures of
Spike and Spike-S1 by utilizing the I-TASSER algorithm.
Compared to SARS-CoV, five factors were different from
Spike-S1 proteins of SARS-CoV-2: 1) surface electrostatic
potential values (Figure 3C); 2) 3D spatial structure
(RMSD = 7.54 A, aligned based on 367 atoms)
(Figure 3D, PDB ID: 5i08); 3) physical and chemical
parameters (theoretical pI, GRAVY, negatively/ positively,
and instability index) (Figure 3E); 4) interaction sites
between Spike-S1 and ACE2 (Figure 3F, PDB ID:
5108) (11); 5) interaction force type between Spike-S1
and ACE2 (Figure 3G, PDB ID: 5i08). These factors
play important roles in designing inhibitors for ACE2.
Therefore, some inhibitors of ACE2, effectively inhibit the
entry of SARS-CoV into normal cells, might not perform
well for SARS-CoV-2. However, peptides for SARS-
CoV-2 could be designed based on predicted structure
of the Spike-S1-ACE2 complex. For example, such as a
predicted peptide, FRKSNLKPFERDISTEIYQAGSTPC,
could interact with ACE2 with one ionic bond and four
H bonds according to predicted Spike-S1-ACE2 complex
(Figure 3F). Meanwhile, according to ACE2 expression
level in human tissues (Figure 3H), we should pay more
attention to the functional changes of intestinal tract,
testis, liver, lung and kidney, during clinical diagnosis and
treatment for SARS-CoV-2 patients.

Discussion
Our results showed that both Mpro and Spike of SARS-
CoV-2 were homologous with those of bat SARS-
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like-CoV. Although protein sequence and structure for
SARS-CoV-2 Mpro were conserved, Spike of SARS-
CoV-2 had many mutations and some mutant sites were
distributed in the Spike-S1. Based on sequence and
structural pharmacology analysis, we found that some
Mpro inhibitors for SARS-CoV probably also inhibit
activity of Mpro if they do not target conserved mutated
sites for Mpro of SARS-CoV-2 (Figure 1). In addition,
we found that SARS-CoV-2 probably underwent adaptive
evolution when the virus spread from Wuhan patients to
other non-Wuhan patients, which could be helpful for
discovering potential drugs for the treatment of NCP
cases. Furthermore, a potential peptide, that was predicted
based on interactions between Spike-S1 and ACE2,
could probably serve as a potential drug, and further
study can be conducted for its function test and peptide
modification.
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ABSTRACT

Background: The usage of plants as a source of medicine begins with the isolation of active bio-
compounds which are responsible for their therapeutic action. Research on flavonols has flourished in the
last decade, fuelled by the recognized importance of natural antioxidants on health.

Methods: Based on the meagre information reported on the effect of stress treatment on the production
of flavonol metabolites, the current research attempted to investigate if heat (one-day for 6 hours at 45 °C)
and drought stress (one week) could be used to enhance the production of three flavonols, including rutin,
quercetin and kaempferol, in the tropical medicinal plant Emilia sonchifolia. The study focused on a novel
elicitation approach to improve the therapeutic value of medicinal plants.

Results: The increment in the antioxidant levels of Emilia sonchifolia was attributed to the increased
accumulation of the three flavonols and total flavonoid content with strong scavenging ability against free
radicals.

Conclusion: Short-term heat stress and moderate water deficit proved as effective strategies to increase

the rutin, quercetin and kaempferol contents in Emilia sonchifolia.

Keywords: Lilac tassel flower - Antioxidant activity - Rutin - Quercetin - Kaempferol

1. Introduction

Tropical countries are home to a variety of different
medicinally important plants, due to the presence
of bioactive compounds which are secondary plant
metabolites. The latest interest in secondary plant
metabolites lies in obtaining new sources of compounds
that have promising potential to function in therapeutic
systems (1, 2). Medicinal plants are usually assessed
based on their therapeutic value. The therapeutic effects
of these metabolites have been associated with their
antioxidant activity, which could be the scientific basis
of traditional herbal-based treatment of diseases (3). The
isolation and characterization of drugs are based on the
pharmacologically active plant secondary metabolites (4).
Root, bark, stem and leaves are the primary sources of
different and unique secondary metabolites in plants, of
which the most widely distributed bioactive groups are
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flavonoids that exist both in free state and as glycosides
(5). Flavonols belong to the most abundant group of
flavonoids, with most prominent antioxidant activity by
possessing the chemical structure of 3-hydroxyflavone
skeleton (6). The presence of flavonols in the form of
fruits (quercetin in blueberries, strawberries), leafy green
vegetables, onions and beverages (tea and red wine) is
inversely associated with the incidence of breast cancer,
diabetes, heart disease and neurodegenerative diseases
including Alzheimer's. Moreover, medicinal plants such as
Moringa oleifera, Azadirachta indica, Aloe barbadensis,
Ginkgo biloba and Calendula officinalis are reported to
contain higher level of flavonols (7). Flavonols such as rutin,
quercetin and kaempferol (Figure 1) are unique reactive
oxygen species (ROS) scavengers with antiplatelet,
anti-neural, cancer preventive, antioxidant and anti-
inflammatory properties (7, 8). Consequently, they possess
beneficial pharmaceutical, nutritional and therapeutic
effects in humans. Rutin is usually recommended
for treatment of haemorrhoids or internal bleeding,
varicose veins and reducing the risk of arteriosclerosis
(9). Quercetin could contribute significantly
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to the antioxidant defenses present in the blood and
plasma as it is only slowly eliminated in humans (10). It
is a lipid peroxidation inhibitor and reduces oxidative
stress produced as a result of chronic diseases. Among
the three flavonols, quercetin exhibits a wide range of
biological activities and therapeutic applications (11, 12).
Kaempferol is responsible for decreasing thrombin that
prevents clot formation and inhibits blood clotting (13).
Due to its anti-thrombotic property, it has the potential to
serve as a therapeutic agent for cardiovascular patients.
In plants, flavonol metabolism dates back during the
evolution of terrestrial plants mostly in mosses and
liverworts, and it has been reported to have relevant
function in the responsive mechanism of plants under
stressful conditions (14). They respond to abiotic stresses
by increasing their production and detoxifying the free
radicals through donation of hydrogen atom from the
hydroxyl moiety thereby rendering tolerance (15).

Indeed, the exploitation of more medicinal plants is
demanding due to the health hazards associated with
the use of synthetic drugs. Even though the potential of
medicinal plants are boundless, there are many challenges
for the large scale utilization in pharmaceutics (16).
Among them are the lack of reproducibility due to
the variation in secondary metabolites and the limited
production of metabolites (less than 1% dry weight). In
medicinal plants, environmental conditions regulate the
production of these complex active constituents, and their
type and quantity of metabolites are often determined by
the changing environmental conditions (17). When wild
plants are procured and cultivated under optimal growing
conditions without exposure to natural stressors, the
content and therapeutic activity of secondary metabolites
are reduced (18). The production of secondary metabolites
should be increased to acquire maximum medicinal and
nutritive values. Heat and drought are abiotic elicitors
that stimulate stress responses in plants and increase the
amount of secondary metabolites produced (19). This
strategy helps to induce the desired chemical response by
establishing a relationship between phytochemistry and
plant stress. This technique is known as elicitation which
not only increases the therapeutic activity of medicinal
plants but also enhances the health benefits of edible
plants that are consumed as food.
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Comparatively, little information has been gained
in recent years regarding the methods to improve the
therapeutic activity in whole medicinal plants. There is
also not much updated knowledge on the antioxidant
metabolism under heat and drought stress in medicinal
plants. It seems necessary to study the connection
between medicinal plants and abiotic stresses. Therefore,
we aimed to test the medicinal plant Emilia sonchifolia
(E. sonchifolia) for its antioxidant activity and study its
abiotic stress response on flavonol metabolite production
through the elicitation process. Under thermal stress
flavonols could be either increased, unaffected or
decreased depending upon the degree/intensity, duration
of the temperature, flavonoid structure and finally the
plant species. The accumulation of flavonols under water
deficit conditions could be attributed to the severity of
drought, growth stage of the plant and the stress tolerant
level inherent in each species. To date, there hasn’t been
sufficient data to conclude on the impact of temperature
or drought on flavonols. The present work also aimed to
understand the adaptability of flavonols in response to
environmental stresses and find out effective methods
for their natural production. The choice of investigated
medicinal plant depends on four reasons: firstly, availability
as it is a locally available and easily grown weed plant.
Secondly, it is a good source of flavonols (20) and widely
used in traditional medicine. Thirdly, it is tolerant to abiotic
stresses like heat and drought. Fourthly, no elicitation
studies have been reported in this plant species.

E. sonchifolia belongs to family Asteraceae and is
known by the names ‘Cupid’s shaving brush’ and
‘Lilac tassel flower’. It is listed in the Indian system of
Ayurveda and traditional Chinese medicine (TCM) (21).
It is widely present in tropical regions of India, China and
Southeast Asia as weeds in grassy fields, crop fields and
along roadsides. The leaves of E. sonchifolia proficiently
treat night blindness, wounds and abscesses, roundworm
infestations, snake bites, burns, cough, sore ears, fever
and bronchitis, while the roots are used for treating
diarrhoea (22). Various studies also have documented the
pharmacological activities of E. sonchifolia extracts against
microbials, inflammation (23), cataract (24), oxidation (25),
diabetes (26) and virus (27).

Figure 1: Chemical structures of (A) rutin, (B) quercetin, and (C) kaempferol.
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2. Materials and Methods
2.1 Plant Materials

The tropical medicinal plant E. sonchifolia (3-month-
old) was used for the study. The seeds of E. sonchifolia
were obtained from Molecular Genetics Lab at National
Institute of Education (NIE), Singapore. The seedlings
of uniform size were transplanted to black polythene
bags (21x12 cm) containing a mixture of peat moss and
vermiculite (3:1). The plants were grown under natural
light conditions of photosynthetic photon flux density
(PPFD) 300 pmol m™s” in the NIE greenhouse, watered
once daily for three months.

2.2 Experimental conditions

The experiment was conducted at NIE. Plants grown in
optimal temperature and watered regularly were used as
reference or control for each treatment. For the heat treatment,
five replicates of the plant were transferred to an incubator
with white fluorescent light of PPFD 50 pmol m™s™ and
exposed to heat stress for 6 hours continuously in a single
day under temperature stress set at 45 °C. For the drought
treatment, another batch of five replicates of the plant
was subjected to a continuous water deficit for 7 days.
The drought stress experiment was conducted in the NIE
greenhouse. The leaf samples for analysis were harvested
at time 0 (control) and at the end of respective treatments.

2.3 Determination of relative water content (RWC) in
drought-stressed plants

The leaves of E. sonchifolia were harvested and
immediately transferred to a sealed plastic bag to avoid
moisture loss. The sample leaves were cut into small
pieces and immediately weighed with an analytical balance
to record the fresh weight (FW). The weighed leaves were
then submerged in water for 24 hours in the dark to record
their saturated weight (SW). Subsequently, the samples
were wrapped in aluminum foil and dried in an oven at
80 °C for 4 days. The dry weight (DW) of the leaves was
recorded. The RWC of samples was calculated using the
formula: RWC = (FW-DW) / (SW-DW) x 100% (28).

2.4 DAB staining for the qualitative detection of ROS
(H,0,) under the influence of heat and drought stress
treatments

The DAB staining solution of concentration 1 mg/ml
was prepared freshly in a 50 ml falcon tube according
to the standard protocol (29). Harvested leaves of
E. sonchifolia were placed inside the petri plates
and covered with aluminium foil as DAB is light
sensitive. 1 mg/ml DAB staining solution was added
to keep the leaves fully immersed. They were then
vacuum infiltrated for 15 minutes. The treated leaves
were incubated inside a standard laboratory shaker for 8
hours until the leaves were thoroughly infiltrated with the
staining solution at 100 rpm. Following the incubation,
the DAB solution was replaced with 80% (v/v) ethanol.
The plates were carefully placed in 80 °C water bath for
15 minutes to remove chlorophyll. DAB-stained leaves
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were visualized as brown colour. It was then stored in a
solution of ethanol:acetic acid:glycerol in a ratio of 3:1:1
until photographed.

2.5 Preparation of Extracts

The air-dried leaves were subjected to freeze-drying
or lyophilization to remove the moisture content. The
thoroughly dried leaves were then ground into a fine
powder using a pestle and mortar. Using 5 ml of extracting
solvent 80% (v/v) methanol-water, approximately 200 mg
of leaf powder was extracted using an ultrasonic cleaner
(37 kHz, 150W, S70 Elmasonic Germany) for 30 minutes
at room temperature. Following the extraction, the
mixture was centrifuged at 3500 rpm, 25 °C for 5 minutes.
The supernatant was recovered and filtered using 0.45 pum
syringe filters, followed by solid phase extraction (SPE)
using the Sep-Pak C18 cartridge. To start the process, the
cartridge was saturated with methanol. Around 400 pl of the
plant sample was then added into the cartridge with the
help of vacuum pump, followed by eluting with 50 ml of
methanol solvent and then rotary evaporated. The residue
was then re-dissolved in 1 ml LC/MS grade methanol,
before being injected to the column, Following the
modified method from Neves, Stringheta (30).

2.6 LC-MS analysis

The detection of three flavonol compounds was
performed using an Agilent 1100 series (Agilent
Technologies, CA, USA) liquid chromatography coupled
to ion trap mass spectrometer (LC/MSD Trap XCT)
with ESI interface. The mobile phase was degassed
ultrasonically following a gradient program using solvent
A: 0.1% formic acid (FA) in water and solvent B: 0.1% FA
in methanol. The flow rate used was 0.7 ml/min while 15 pl
of sample was injected into the Phenomenex Kinetex C18
reverse phase column (¢ 100 mm x 4.6 mm X 2.6 um). The
column temperature was maintained at 30 °C. The samples
were passed through a 0.45 pm syringe filter before being
injected into a column. The system was run with the
following elution program: 18% to 95% B for 31 minutes,
then hold at 95% B for 3 minutes before re-conditioning
back to the initial composition in 1 minute. Mass spectra
of analyses were performed with the scan range of m/z
200 - 650 in a negative ion mode. The mass spectrometric
parameters including nebulizing gas pressure, capillary
voltage, dry gas temperature and flow rate were set to
40 psi, 4.5 kV, 350 °C and 10 L/min, and kept constant
throughout the analysis. LC/MS Chemstation software
was used for data analysis. The detection of the eluted
peaks of rutin, quercetin and kaempferol was performed at
360 nm. The retention time obtained based on triplicates
for rutin, quercetin and kaempferol were 27.2, 29.2 and
30.2 minutes, respectively.

2.7 Quantification of total flavonoids using
spectrophotometry

The total flavonoid content (TFC) was determined
spectrophotometrically following the aluminium
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chloride (AICl;) method (31). The flavonol standard rutin
(1 mg/ml) prepared in 80% methanol was used to generate
a standard curve with four concentrations of 0.0125, 0.025,
0.05, and 0.1 mg/ml, respectively. 0.5 ml of dried plant
extract from SPE was mixed with 1.5 ml of 80% methanol,
0.1 ml of 10% aqueous dilution of AICI;, 0.1 mL of 1 M
potassium acetate and finally with 2.8 ml of distilled water.
The mixed contents in each tube were allowed to incubate
at 22 °C for 30 minutes. The blank was prepared for each
sample which consisted of all reagents except AICI;. The
absorbance was measured at 415 nm. The total content
of flavonoids in plant extracts in rutin equivalent was
calculated by the following equation: C = (¢ X v) /m. C =
Total content of flavonoid compounds, mgg" DW, in rutin
equivalent (RE), ¢ = Concentration of rutin established
from the calibration curve, mgg" DW, v = Volume of
extract, ml, m = Mass of extract, gm.

2.8 Measurement of antioxidant activity using DPPH
method

Different concentrations of leaf extracts (1 mg/ml) of
E. sonchifolia were prepared in methanol equivalent to
50, 100, 200 and 400 ppm. 80% methanol was used as a
solvent. Ascorbic acid was used as the positive control. A
stock solution of 0.06 mM methanolic solution of DPPH
was prepared by weighing 5.91 mg of DPPH powder
in an Eppendorf tube containing 1 ml of methanol. The
tube was centrifuged at 3000 rpm and then transferred
to 250 ml volumetric flask, with the volume of methanol
adjusted accordingly. 5 ml of 0.06 mM solution of DPPH
was mixed with 0.5 ml of plant samples and standard
solutions, separately. These solution mixtures were kept
in a dark place for 30 minutes, and the optical density was
measured at 517 nm. The blank control was prepared for
each sample which consisted of all reagents except the
tested extracts. Each analysis was done in triplicate. The
radical scavenging of the methanolic extract of E. sonchifolia
leaves was calculated from the formula: Percentage radical-
scavenging activity = (OD control - OD sample / OD
control) x 100. OD control = Absorbance of the control,
OD sample = Absorbance of the tested plant extract.

2.9 Statistical analysis

ANOVA (one-way analysis of variance) was performed
to test for the significant difference between optimal and
the treated conditions. The Dunnett's test was also used
for multiple comparisons and to determine differences
among treatment means at significance levels of P < 0.05.
The Pearson’s correlation coefficient (r) was calculated
(between +1 and -1) using the SPSS software (version 16;
SPSS Inc, Chicago, USA) that measures the strength of
linear correlation between two variables. The Origin Pro
software was used to plot the graph. The Graphpad Prism 8
was used to plot the graph for antioxidant studies.

3. Results and Discussion
3.1 RWC in drought-stressed plant leaves
The plant E. sonchifolia at optimal conditions recorded
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leaf RWC value of 97.5%. At the end of water deficit
stress, RWC was reduced to 80% (Figure 2). The RWC of
E. sonchifolia tended to decrease slightly with increased
water stress level. However, the percentage drop of 18%
suggested that the stressed leaves of the plant experienced
a slow rate of water loss that developed acclimation to
drought stress. The results showed that RWC was an
indicator of water deficit stress, consistent with previous
observation in Stellaria dichotoma (32).

3.2 DAB staining for ROS (H,0,) under heat and
drought stress treatments

The DAB-stained leaves of E. sonchifolia were visually
detected (Figure 3). The brown colour developed on the
leaves directly correlated with H,O, accumulation, and
it was evident that the leaves of stressed plants appeared
more brownish and hence, accumulated more H,0O, than
the leaves of unstressed plants. The appearance of dark
spots was more visible in heat-stressed (Figure 3C) and
drought-stressed (Figure 3B) plants, with no dark spots
accumulated in control plants. The pattern observed
in DAB staining suggested that the stressed plants
accumulated more ROS. The data indicated that stress
developed in all treated plants at the time of biochemical
evaluations, and the visibility of ROS depended on the
stress tolerance of the species.

3.3 Detection of flavonols rutin, quercetin and
kaempferol using LC-MS

Using LC-MS method, the three flavonol compounds
in E. sonchifolia were confirmed by comparing their
respective characteristic fragmentation patterns with the
corresponding flavonol standards at a specific retention
time (Figures 4-5). The distinctive fragmentationpattern
of each flavonol standard was studied using both
alternating positive [M+H]" and negative [M-H] ion ESI-
MS. The negative ion mode was selected for the detection

Day 0
Day 1
Day 3|
Day 5|
Day 7|

100

[REN|

H %

60

40

Relative water content (%)

20

E.sonchifolia

Figure 2. RWC of E. sonchifolia leaves during drought stress.
The height of each bar and the error bar show the mean and
standard deviation from 5 replicates. The column with single
asterisk (*) adhered indicates significant differences (P < 0.05) as
compared with day 0, determined by Dunnett’s test.
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of three flavonols as these compounds were more stable
as deprotonated adducts. Furthermore, the deprotonated
ions (precursor ions) of rutin, quercetin and kaempferol
were detected from the methanolic extracts of leaves of
each plant species that were subjected to optimal and
stressed conditions (via heat and drought) at retention
time 27.2, 29.2, and, 30.2, respectively. The deprotonated
ions detected for rutin, quercetin and kaempferol were
m/z 609.2 [M-H]', m/z 301 [M-H], m/z 285 [M-H]
, respectively (33). The m/z of each compound was
compared with previous data analysis, including rutin (34,
35), quercetin (35, 36) and kaempferol (36, 37). The MS
analyses of rutin, quercetin and kaempferol in E.
sonchifolia were represented in Figures 6-8. The data of
ESI-MS analysis were summarized in Table 1.

The LC-MS analysis was carried out in E. sonchifolia to
evaluate the flavonol contents under normal and stressed
conditions (heat and drought) and to validate the influence
of stress level on the bioactive metabolites. In non-treated
E. sonchifolia plants, the rutin content was observed in
higher intensity than quercetin and kaempferol (Table 1).
In heat-stressed and water deficit E. sonchifolia plants,
the relative intensity of rutin was higher by 5.3-fold and
4-fold, respectively than control. Furthermore, the relative
intensity of quercetin in heat-stressed ones was higher
by 4-fold. Similarly, an increasing trend of quercetin was
followed in drought-stressed plants with 3.3-fold higher
than control. The relative intensity of kaempferol in heat,
drought treated plants was higher by 3.4-fold and 2-fold,
respectively than control (Table 1).

3.4 Total flavonoid content (TFC)

The TFC of E. sonchifolia plants under heat, drought
and optimal conditions was shown in Table 2. Among
the stressed and optimal E. sonchifolia plants, highest
TFC was detected in heat-stressed samples (8.66 +
0.73 mgREg-1DW), followed by drought-stressed

\

(A) control
/(B) Drought stressed \
a4d
(C) Heat stressed \
ho b

Figure 3. DAB-stained leaves of E. sonchifolia (3-month old).
(A) control plants, (B) drought-stressed plants (1 week), and (C)
heat-stressed plants (45 °C for 6 hours in a day).
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Figure 4. HPLC-UV chromatogram of flavonol standards
rutin, quercetin, and kaempferol (10 ppm) with the respective
retention times detected at 360 nm.
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Figures 5 (A-C) Indicates the ESI-MS analysis of the mass
spectra fragmentation patterns of the flavonol standards rutin,
quercetin, and kaempferol with x-axis of mass to charge ratio
(m/z) (amu) and y-axis indicated intensity or the ion abundance
(cps). The deprotonated ions detected for rutin, quercetin and
kaempferol were m/z 609.2 [M-H, m/z 301 [M-H], m/z 285 [M-HT,
respectively at respective retention times.

(6.01 £ 0.85 mgREg-1DW) and then control (3.52 +
0.84 mgREg-1DW). The data indicated that heat and
drought stress enhanced the TFC in all treated plants
(per gm dry weight of leaf material) compared to control
plants. A notable fold change of TFC was observed
in heat-stressed E. sonchifolia (1.5-fold increase). An
investigation revealed that apart from the increase in
flavonols, drought stress also stimulated the production
of other flavonoids and hence influenced the TFC
(38). Water stress is known to augment the TFC in
Chrysanthemum morifolium as compared to normal
(39). Xiaolu, Jie showed an increase in TFC in stems of
Dendrobium moniliforme after 5 days of drought stress (40).

In conclusion, quercetin, rutin and kaempferol were
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Figure 6. ESI-MS analysis of rutin in E. sonchifolia. 1. rutin, with m/z
609.2 [M-H], indicated above at retention time 27.2. (A) control plants, (B)
heat-stressed plants, and (C) drought-stressed plants.
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Figure 7. ESI-MS analysis of quercetin in E. sonchifolia. 2. quercetin,
with m/z 301 [M-HJ, indicated above at retention time 29.2. (A) control
plants, (B) heat-stressed plants, and (C) drought-stressed plants.

found to increase in stressed E. sonchifolia plants
compared to the control ones, and the abiotic stresses
such as drought and heat had a significant impact on
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the three flavonol metabolites as evident from their
increasing trends. The variation in metabolite contents
is due to the growth conditions, the difference in
genotypes and the plant stress tolerance (41). In plants
grown under optimal growing conditions, the intensity of
natural stressors on the plant is lower compared to the wild
plants, and the content of secondary metabolites is therefore
reduced, leading to decreased therapeutic activity (18).
In the study, optimal E. sonchifolia plants grown under
greenhouse condition had lesser TFC than stressed plants
(Table 2). As stated by Agati, Azzarello, A. thaliana grown
under low light irradiance (less than 200 pmol m™s™)
was unable to stimulate the biosynthesis of quercetin,
unless triggered by temperature and high light (42).
In E. sonchifolia plants, rutin and quercetin increased
under water deficit conditions (Table 1). The result was
in agreement with the report of Nacif de Abreu and
Mazzafera (43). Another study by Hodaei, Rahimmalek
demonstrated that drought stress for 3 days stimulated
the synthesis of rutin and quercetin in “Taraneh” cultivar
of Chrysanthemum morifoilum plant (39). However,
prolonged drought stress for 7 days was accompanied
by a decrease in quercetin content while an increase in
rutin. In another study of drought stress in two related
species of hawthorn, Kirakosyan, Kaufman revealed
that quercetin increased in Crataegus monogyna and
decreased in Crataegus laevigata whereas rutin increased
in both species (38). Rutin is a glycoside that is composed
of aglycone quercetin and disaccharide rutinose (Figure
1A). Although rutin is derived from quercetin with the
inclusion of rhamnoside residue in the third position,there
are variations among the compounds even in related
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Figure 8. ESI-MS analysis of kaempferol in E. sonchifolia. 3.
kaempferol, with m/z 285 [M-HJ, indicated above at retention time 30.2. (A)
control plants, (B) heat-stressed plants, and (C) drought-stressed plants.
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species. Quercetin is O-glycosylated by rhamnose units at
C, position to form quercetin-3-O-rutinoside (Figure 1A
and Figure 1B). It is clear from the studies that flavonols
are mostly glycosylated in the majority of tissues to favour
their storage and transport and even to protect the OH
group from oxidation (44). In the study, it is evident that
during heat and drought stress, rutin was dominated likely
due to the induced rhamnosylation process that resulted
in the conjugation of rhamnose to aglycone quercetin
forming rutin to attain stability and tolerance against
stress conditions. According to Le Roy, Huss, the pile-up
of flavonol glycosides acted as a reserve of flavonols that
could be utilized at any time under stress conditions like
UV (44). Hectors, Van Oevelen emphasized on the role
of rhamnosylated quercetin and kaempferol glycosides
against UV stress in 4. thaliana (45). According to
the study by Nacif de Abreu and Mazzafera, although
temperature stresses negatively affected the plant growth
including reduced photosynthetic rate, lower biomass
and premature leaf senescence, these thermal stresses
significantly increased the concentration of rutin by
3-fold at 17 °C, and 7-fold at 36 °C and also 4-fold during
drought stress (43). Moreover, many authors considered
the positive response of metabolites as a means to improve
product quality in medicinal plants (46).

3.5 Antioxidant activity in E. sonchifolia leaf extracts
The antioxidant activity of E. sonchifolia plants was
examined using the DPPH method. Figure 9 shows the
radical scavenging activity of E. sonchifolia extracts
at increasing concentration. The maximum percentage
inhibition was observed in heat-stressed plants,
followed by drought-stressed and finally the optimal
ones, i.c., the stressed plant extracts exhibited higher
antioxidant activity. Among the various concentrations
of E. sonchifolia extracts tested, the concentration of
400 pg/ml showed the highest scavenging activity of
95.5%, and it was observed in extracts of heat-stressed
E. sonchifolia samples. Meanwhile ascorbic acid at the
same concentration showed 98.57% which showed close
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similarity to each other. The IC;, values, which correspond
to the plant extract concentration required to scavenge
50% of the free radical, of E. sonchifolia were calculated
from the percentage scavenging curve plotted against the
concentration (Table 3). The IC,, value was inversely
related to the antioxidant activity. The lesser ICs, value
and higher radical scavenging activity indicated higher
antioxidant activity. The plant extract that exhibited the
highest reducing capacity was the heat-stressed £. sonchifolia
extracts as determined by the neutralization of DPPH with
the IC;, value of 40.65 pg/ml. Also, the highest TFC was
found in heat-stressed E. sonchifolia extracts.

The results in Figure 9 indicated that the 80%
methanolic extracts of E. sonchifolia showed strong
radical scavenging activity compared to vitamin C. The
medicinal plant E. sonchifolia has been found to be
promising in terms of antioxidant activity, hence the plant
can be considered as a source of natural antioxidants
for medicinal uses. The superiority demonstrated by
E. sonchifolia extracts in scavenging free radicals
therefore could be attributed to the presence of flavonoid
metabolites. According to Nakabayashi, Yonekura-
Sakakibara, quercetin and its glycosides containing
more hydroxyl group exhibited more antioxidant
activity than kaempferol (47). Therefore, the higher
rutin and quercetin contents in E. sonchifolia plants
might contribute to the enhanced antioxidant activity
of E. sonchifolia plants, which counterbalanced the
negative factors and protected plants against oxidative
damage. The visible signs of stress were prominent in E.
sonchifolia (Figure 3), indicating that these plants were
more exposed to severe oxidative stress surpassing their
defence mechanism during their initial encounter with
ROS. Since ROS generation is an indication of stress,
it has been postulated that biosynthesis of flavonoids is
triggered as a supplementary defense mechanism, aimed
at detoxifying ROS (48). Under severe stress conditions,
secondary flavonoid metabolites function as a secondary
or auxiliary scavenging system in plants, complementing
the inefficient enzymatic defense mechanism in cells (42).

Table 1. LC-MS analysis of rutin, quercetin, and kaempferol in E. sonchifolia under heat-stressed and drought-stressed

conditions.
Species Condition | Compounds | Intensity(cps) RT | Molecular formula | Calculated [M-H]" | Observed [M-H]
Control 75x10°
Heat Rutin 4x10* 27.2 C,7H5016 609.5 609.2
Drought 3x10*
Control 4.5x 10
E. sonchifolia | oot Quercetin 2x10° 29.2 C1eHiO, 3012 301
Drought 1.5x10°
Control 1.2x10°
Heat Kaempferol 41x10° 30.2 CisH1006 285.2 285
Drought 2.3x10°

https://doi.org/10.37175/stemedicine.v1i2.33




RAJI & CHEN

Therefore, the stress conditions might trigger the
production of more flavonoids, supporting the results
obtained in this study. The results indicated that the three
flavonols (Table 1), and the TFC (Table 2) were higher in
stressed E. sonchifolia plants than other plants.
Flavonoids are excellent ROS scavengers, including
quercetin and its glycosides. The stable glycosylated
flavonol rutin responded positively to both heat and
drought stresses regardless of the species, whereas
the metabolites quercetin and kaempferol responded
differently to two types of stresses, indicating the role

100
control
80 heat

drought
60— 9

I K

ascorbic acid
404

Inhibition rate (%)

20+

T 1 1 1
0 100 200 300 400
Concentration ( pg/ml)

Figure 9. DPPH scavenging activity of methanolic extracts
of E. sonchifolia with ascorbic acid. Data were represented as
mean + standard deviation of triplicate experiments.

of the three flavonols in plants as stress protectors.
According to Nakabayashi, Yonekura-Sakakibara,
the increased production of flavonoids reduced the
accumulation of H,0, and exhibited enhanced oxidative
and drought tolerance (47). A study by Zhu, Li suggested
that anthocyanins, a flavonoid class, acted as a secondary
ROS scavenger in sugarcane leaves under chilling stress,
that compensated the ineffective activity of antioxidant
enzymes and contributed to chilling tolerance (49). These
evidences suggest that flavonoids have a protective role
during stress, and different species have specific molecular
mechanisms to synthesize a variety of secondary
metabolites to cope with the impact of stress.

Correlation coefficient (r) analysis between the TFC and
the DPPH free radical scavenging activity (ICs, values) of
E. sonchifolia extracts was determined using the data from
triplicate experiments. According to data analysis using
SPSS, it was found that there was a negative significant
correlation between TFC and antioxidant activity of
E. sonchifolia extracts (ICs,) (r = -0.998, P<0.01). The
negative correlation coefficient indicated that the lower
the value of DPPH (ICj), the higher the TFC. The data
suggested that flavonoids had a stronger influence on
the antioxidant activity of E. sonchifolia extracts. In
conclusion, heat and water stress has a higher impact on
the radical scavenging activity of E. sonchifolia which
eventually leads to the increased antioxidant activity. As
the stress level increases, the oxidative stress in plant
tissues is elevated causing peroxidation of lipids. The
increment of the antioxidant levels is attributed to their
higher radical scavenging ability, which can prevent
oxidative stress due to the presence of bioactive flavonol
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metabolites.

Factors such as the severity of stress, the time duration
of exposure and the type of species should be taken into
consideration. In a study by Guo, He on Scaevola aemula,
it was shown that with short time high-temperature
stress of 46 °C for 6 hours in a day, the biosynthesis of
photosynthetic pigments chlorophyll and carotenoid in
the leaves increased (50). However, the prolonged high-
temperature intensity in the subsequent two days resulted
in the denaturation of the biosynthetic process of pigments
and caused a further decrease in soluble protein content.
In contrast, moderate and short-term deliberate stresses
proved to be effective without much reduction in the
biomass and thereby increasing product quality (51). The
results from this study showed that following the severe
short-term temperature stress and extended moderate
drought stress (as the severity of stress was moderate in
plants), serious leaf injuries were not visible in plants
under study. Also, it is understood that the removal of
elicitation treatment before the onset of the appearance of
wilt would be advantageous for the increased production
of flavonol metabolites without much injury to the plant.

Furthermore, the glycosylated flavonol production was
prominent in analysed medicinal plant E. sonchifolia,
which warrants future analysis looking for more
glycosylated compounds in this medicinal plant. The LC-
MS/MS could be a better option for identification and
structural characterization of glycosylated compounds,
as it can ionize polar compounds readily. Various
pharmacological studies revealed the potent antioxidant and
anticancer effects of flavonoids present in E. sonchifolia
(52, 53). Another study suggests that the flavonoids
present in E. sonchifolia extracts can modulate lens
opacification and oxidative stress in selenite-induced
cataract (54). Furthermore, Maikaeo, Chotigeat reported
that E. sonchifolia leaf extracts, when fed to shrimp,
acted as immunostimulants that protect them against virus
(white spot syndrome virus and yellow head virus) induced
diseases (55). The bioactive metabolites in E. sonchifolia
had significantly high biological activities and in the
future, the plant can be actively used in preclinical, clinical
andtherapeutic trials investigating new treatments of
diseases.

4. Conclusions
Elicitation through short-term heat stress and moderate

Table 2. Total flavonoid concentration in E. sonchifolia plants

Treatment Total flavonoid Concentration
(mgREg-1DW)
E. sonchifolia
Control 3.52 +0.84
Heat 8.66 +0.73 *
Drought 6.01 +0.85 *

Data was represented as mean + standard deviation of triplicate
experiments. The treated samples with single asterisk (*) adhered
indicate P < 0.05 and were statistically significant from control as
determined by Dunnett’s test.
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Table 3. IC,, values of E. sonchifolia extracts

Treatment 1C50 values (ugml™)
E. sonchifolia
Control 46.9
Heat 40.6 *
Drought 426 *

The IC4, values of the plant extract, as shown above, were
calculated from Figure 9. The control and treated samples were
statistically significant (P < 0.05) as determined by Dunnett’s test,
indicated by an asterisk (*).

water deficit stress proved to be an effective strategy
to enhance the production of flavonols including rutin,
quercetin and kaempferol in medicinal plants, well
known for their potential benefits in therapeutic and
nutraceutical industries. The results from this study
inferred E. sonchifolia as a promising source of natural
antioxidants. With reference to various pharmacological
studies, it could be used for the development of natural
product-based therapies against cataract as well as in the
treatment of cancer. The water deficit results suggest that,
non-severe or moderate stress applied before the harvest
of medicinal plants can induce a significant increase in
secondary metabolites without detriment to biomass
accumulation. However, each plant species responds to
stress differently. Consequently, further research is needed
to optimise metabolic production in each species before
applying these simple methods.
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