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Learning from the Past: Possible Urgent Prevention and
Treatment Options for Severe Acute Respiratory Infections

Caused by 2019-nCoV**

Jared S. Morse®, Tyler Lalonde*, Shiging Xu,* and Wenshe Ray Liu*"

With the current trajectory of the 2019-nCoV outbreak un-
known, public health and medicinal measures will both be
needed to contain spreading of the virus and to optimize pa-
tient outcomes. Although little is known about the virus, an
examination of the genome sequence shows strong homology
with its better-studied cousin, SARS-CoV. The spike protein
used for host cell infection shows key nonsynonymous muta-
tions that might hamper the efficacy of previously developed
therapeutics but remains a viable target for the development
of biologics and macrocyclic peptides. Other key drug targets,

Introduction

The 2019 novel coronavirus (2019-nCoV) is a newly emerged
human-infectious coronavirus (CoV) that originated in a Wuhan
seafood market but has quickly spread in and beyond China.™
As of February 4th 2020, there have been more than 20000
diagnosed cases and 426 confirmed deaths (Xinhua News). As
the pathogenesis of this virus is yet to be understood, there
are few treatment options available to healthcare professionals
who are fighting this epidemic at the front line. Praise needs
to be given to Chinese researchers who have acted quickly to
isolate and sequence the virus. The availability of the virus
genome sequence (GenBank ID: MN908947.3) makes it possi-
ble to identify treatments. Although it is essential to develop
vaccines, small molecules, and biological therapeutics to spe-
cifically target the 2019-nCoV virus, it is unlikely that any effort
made at the moment will benefit patients in the current out-
break. However, 2019-nCoV shares 82 % sequence identity with
severe acute respiratory syndrome-related coronavirus (SARS-
CoV, GenBank ID: NC_004718.3) and more than 90% sequence
identity in several essential enzymes (see figures below). There-
fore, what we have learned from several medicinal chemistry
studies on SARS-CoV and the Middle East Respiratory Syn-
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including RNA-dependent RNA polymerase and coronavirus
main proteinase (3CLpro), share a strikingly high (>95%) ho-
mology to SARS-CoV. Herein, we suggest four potential drug
candidates (an ACE2-based peptide, remdesivir, 3CLpro-1 and
a novel vinylsulfone protease inhibitor) that could be used to
treat patients suffering with the 2019-nCoV. We also summa-
rize previous efforts into drugging these targets and hope to
help in the development of broad-spectrum anti-coronaviral
agents for future epidemics.

drome (MERS-CoV) may be directly used to help us treat 2019-
nCoV. CoV relies on its spike proteins to bind a host cell-sur-
face receptor for entry (Figure 1).! For 2019-nCoV, it is evident
that this receptor is angiotensin-converting enzyme 2 (ACE2).”
After the virus’ entry into the host cell, its positive genomic
RNA attaches directly to the host ribosome for the translation
of two large, coterminal polyproteins that are processed by
proteolysis into components for packaging new virions.”! Two
proteases that participate in this proteolysis process are the
coronavirus main proteinase (3CLpro) and the papain-like pro-
tease (PLpro).”’ In order to replicate the RNA genome, the CoV
encodes a replicase that is an RNA-dependent RNA polymerase
(RdRp)."” These four proteins are essential for the pathogen.
Therapeutics currently targeting spike, RdRp, 3CLpro, and
PLpro are possible treatments for 2019-nCoV. In this viewpoint,
we shall analyze similarities in spike, RdRp, 3CLpro, and PLpro
proteins between 2019-nCoV and SARS-CoV, and suggest pos-
sible prevention and treatment options. Most compounds dis-
cussed will be experimental compounds and drug candidates;
for a review of repurposed drugs for treating coronaviruses
and other viruses, see Li et al.” As little is known so far about
the virulence of this virus, we shall also discuss the interactions
between spike and ACE2 that might challenge the current
view that 2019-nCoV is less virulent than SARS-CoV owing to
weaker interactions between spike and ACE2.

The Spike Protein

Both 2019-nCoV and SARS-CoV encode a large (2019-nCoV:
1253 aa; SARS-CoV: 1273 aa) spike protein. The sequence iden-
tity of this protein between the two origins is 76%. A large
variation exists at the N terminus (Figure 2 A). The spike protein
has two regions, ST and S2. For the SARS-CoV, there is a recep-
tor binding domain (RBD) in the S1 region that interacts with
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Figure 1. Lifecycle of a coronavirus entering a host cell and replicating inside. The (4)-stranded RNA is released upon viral entry; this starts the process of
generating the viral coat and replicating the RNA genome.
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Figure 2. A) Sequence alignment for the amino acids between the 2019-nCoV and SARS-CoV spike RBD domains. Conserved (pink arrows) and nonconserved
(black arrows) mutations are highlighted. Gray: hydrophobic aliphatic, orange: neutral aromatic, yellow: thiol and sulfide, green: hydroxy, red: basic, blue: car-
boxylic acid, brown: primary amide, pink: proline. B) Various binding interactions between the 2019-nCov spike protein (pink) and ACE2 (blue; spike protein
homology model built by using Modeller, based upon PDB ID: 2AJF) in regions 1 and 2. C)-E) Zoomed in views of several spike protein—ACE2 interactions
depicted in (B). Residues before the forward slash refer to 2019-nCoV; the amino acid after the slash refers to its corresponding identity in SARS-CoV.
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ACE2 with high affinity. The current assumption is that 2019-
nCoV also engages this RBD to bind ACE2 for entry into its
human host cell. The alignment of the RBD from the two ori-
gins shows 73.5% sequence identity (Figure 2A). However,
many nonconserved mutations that interact directly with ACE2
have accumulated in the two structural regions (1 and 2 in Fig-
ure 2B)."” Both crystal and cryo-EM structures of the SARS-CoV
spike-ACE2 complex (PDB IDs: 2AJF and 6ACD) have showed
that only regions 1 and 2 engage in hydrogen bonding and
hydrophobic interactions with ACE2. As many residues in these
two regions have been replaced in 2019-nCoV, this will lead to
a loss of some of these interactions. It has also been predicted
that the 2019-nCoV RBD interacts with ACE2 more weakly than
the SARS-CoV RBD.®! However, both regions are highly looped
structures. Large variations in the two regions will inevitably
lead to structural rearrangements that potentiate novel and
possibly even stronger interactions with ACE2. For region 2,
there is almost no similarity in the sequence between the two
virus origins; however, it is premature to presume that the pro-
tein will fold in the same way to interact with ACE2. Assuming
that region 2 of 2019-nCoV folds in the same way as that in
SARS-CoV, F486 will be placed right at the position that engag-
es in strong hydrophobic interactions with both L79 and M82
in ACE2 (Figure 2C). These interactions do not exist in the
SARS RBD-ACE2 complex due to the significantly smaller L472
in that position. Another residue that potentially engages in
strong hydrogen-bonding interactions is Q474, which is at the
correct distance to engage a rearranged Q24 in ACE2 (Fig-
ure 2C). In region 1, the critical residue Y484 in SARS-CoV is re-
placed by Q498 in 2019-nCoV. However, P499, a proline that is
a known secondary-structure disruptor, is expected to lead to
a structural rearrangement of region 1 in the SARS-CoV RBD. In
combination with Q498 and N501, new hydrogen-bonding in-
teractions that might involve K353 and other residues in ACE2
could form (Figure 2D). Another notable difference between
2019-nCoV and SARS-CoV in the RBD is K417(2019-nCoV)/
V404(SARS-CoV). This is a residue in the middle of the concave
RBD binding surface that involves no interaction between
SARS-CoV and ACE2. However, the long, positively charged
K417 could potentially engage in strong hydrogen bonding
and salt-bridge interactions with H34 and D30, respectively, in
ACE2 (Figure 2E). Although molecular simulation may be used
to analyze all these possible interactions in detail, uncertainty
about them will persist until the structure of the 2019-nCoV-
RBD-ACE2 complex is determined by crystallography or cryo-
EM. Given the urgency of the matter, there must be multiple
research groups working on this. We hope to see their results
within a short time. Alternatively, the 2019-nCoV RBD could be
expressed, and its affinity toward ACE2 could be independent-
ly determined biochemically and compared with that of the
SARS-CoV RBD. Before any solid experimental results are avail-
able, any claims about the weaker binding of the 2019-nCoV
RBD toward ACE2 than that of the SARS-CoV RBD is prema-
ture.

The roles of the SARS-CoV spike protein in receptor binding
and membrane fusion make it an ideal target for vaccine and
antiviral development. The development of SARS vaccines
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based on the spike protein has been summarized in several
previous reviews.®'? Several strategies including live-attenuat-
ed SARS-CoV, killed SARS-CoV, DNA vaccines and viral vectored
vaccines have been successfully used to vaccinate against
animal SARS-CoVs.®B'>' Similar ideas could be applied in de-
veloping 2019-nCoV vaccines. Alternative approaches are to di-
rectly use the 2019-nCoV RBD in combination with immunity-
promoting adjuvants as a vaccine to trigger the human body
to develop antibodies for the 2019-nCoV RBD, thereby neutral-
izing the virus.™

Although there are published results about therapeutic anti-
bodies and peptides developed to neutralize the SARS-CoV
spike protein, they are expected to have little use in neutraliz-
ing 2019-nCoV. As discussed above, the two engaging regions
in the spike RBD for binding ACE2 are very different between
SARS-CoV and 2019-nCoV. Antibodies and peptides targeting
two regions in the SARS-CoV RBD are expected to interact
weakly with the 2019-nCoV RBD. Novel antibodies and thera-
peutic peptides that interact potently with the 2019-nCoV RBD
can be used to block its interaction with ACE2. Several re-
search groups, including ours, have developed methods for
building macrocyclic peptide libraries and applying them to
the quick identification of macrocyclic peptide ligands for drug
targets."*2"! Application of these libraries to search for potent
ligands for the 2019-nCoV RBD or the two ACE2-engaging pep-
tide regions will potentially lead to rapid discovery of anti-
2019-nCoV macrocyclic peptides. Although our group has initi-
ated this effort, the lengthy drug-discovery process will not
make it possible to help patients in the current epidemic in
this way. Learning from the study of SARS-CoV, a possible alter-
native is the direct use of peptides derived from the 2019-
nCoV RBD and ACE2. Peptides derived from both the SARS-
CoV RBD and ACE2 have been developed as novel therapeutics
against SARS-CoV infection by blocking SARS-CoV RBD-ACE2
binding. For example, a peptide that overlaps the RBD se-
quence (aa 471-503) can specifically block the binding of ACE2
to the SARS-CoV RBD and inhibit the entry of SARS-CoV into
Vero cells with an ICs, of 41.6 um.*? One peptide comprising
two ACE2 motifs (aa 22-44 and 351-357) linked by glycine
exhibited potent anti-SARS activity with an 1Cs, value of
0.1 um.”® Before any potent therapeutics to neutralize the
2019-nCoV RBD-ACE2 interaction are available, a possible
quick solution to blocking this interaction is to use 2019-nCoV
RBD-based peptides and cocktails thereof.

RNA-dependent RNA polymerase

Although 2019-nCoV and SARS-CoV share 82% sequence iden-
tity at their genomic RNA level, their RdRp proteins share a
remarkable 96% sequence identity (Figure 3A). RdRp involves
a very large and deep groove as an active site for the polymer-
ization of RNA. Residues that show variations between the
2019-nCoV and SARS-CoV RdRps are mostly distal to this active
site (Figure 3B).”¥ This high sequence conservation between
the two enzymes makes it very likely that any potent agents
developed for the SARS-CoV RdRp will exhibit equal potency
and efficacy on the 2019-nCoV RdRp. Although not extensively
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Figure 3. A) Sequence alignment for the amino acids between the 2019-nCoV RdRp and the SARS-CoV RdRp. Conserved (pink arrows) and nonconserved

(black arrows) mutations are highlighted. Gray: hydrophobic aliphatic, orange: neutral aromatic, yellow: thiol and sulfide, green: hydroxy, red: basic, blue:
carboxylic acid, brown: primary amide, pink: proline. B) Crystal structure of the SARS-CoV RdRp active site (PDB ID: 6NUS).
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explored, several agents exist that target the SARS-CoV RdRp
or its catalyzed polymerization process. One such compound
found to show antiviral activity was aurintricarboxylic acid
(ATA; Figure 4). ATA is an anionic polymer shown to bind to a
variety of protein targets, including gp120 of HIV-1 and HIV-2,
that has been demonstrated to prevent SARS-CoV replication
(IC5pb=0.2 mgmL").** Despite computational models vali-
dated against known ATA targets predicting RdRp as the ATA (monomer)
bound target, no experimental evidence has demonstrated
this relationship.”® Beyond this exception, the remaining RdRp
inhibitors have been nucleoside analogues, and these provide
the most promising avenue towards disrupting viral RNA repli-

ribavirin

cation. The nucleoside analogue ribavirin (RBV, Figure 4) has O\(\ A

been tested against SARS-CoV, and in SARS- and MERS-infected 0

patients.”3? At best, efficacy with RBV was inconclusive, with ol ""OH\ N
some studies showing a worsening of patient outcomes (as

remdesivir (GS-5734)

reviewed by Stockman, et al.).*® Exonuclease activity by the L
enzyme nsp14 has been shown to be able to remove mis-

. i . Figure 4. Structure of compounds inhibiting SARS-CoV viral replication
matches as well as incorporated nucleoside analogues, and in- through the mechanistic action of RdRp. The most promising candidate,

activation of nsp14’s exonuclease activity has been shown to  remdesivir, is highlighted in the red box.

ChemBioChem 2020, 21, 730-738 www.chembiochem.org 733 © 2020 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://www.chembiochem.org

@} ChemPubSoc
Europe

‘
t
*

ok

increase the efficacy of nucleosides like RBV.*>3% In order to
develop nucleoside analogues to effectively inhibit viral RNA
replication, the nucleoside must either evade detection by the
exonuclease or must outcompete exonuclease activity. Remde-
sivir (GS-5734) is an excellent example of the latter. An adeno-
sine analogue prodrug with a 1'-nitrile, it displayed potent effi-
cacy against SARS and MERS in human airway epithelial (HAE)
cell models and in mice (IC5,=0.069 and 0.074 pm for SARS-
CoV and MERS-CoV, respectively, in HAE).®® Broad-spectrum ac-
tivity against various bat coronaviruses was also demonstrat-
ed.”” The susceptibility of CoV to remdesivir was shown to be
increased in strains with inactivated exonuclease activity.*®
CoV resistance to remdesivir was studied in the model [3-coro-
navirus, murine hepatitis virus (MHV). MHV passaged in the
presence of the parent nucleoside, GS-441524 (which contains
a 5'-hydroxy group instead of a phosphoramidate), developed
two mutations in the RdRp, F476L and V553L. These mutations
conferred a 5.6-fold increase in resistance to remdesivir in MHV
and a sixfold increase in resistance when the homologous
mutations were introduced to the RdRp of SARS-CoV (0.01 vs.
0.06 pum). Mice infected with this resistant SARS-CoV had signif-
icantly lower lung viral titers 4 days post-infection.*® Altogeth-
er, remdesivir has been shown to outcompete the proofread-
ing ability of nsp12, and mutations that confer resistance at-
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tenuate virulence. Efforts towards drugging coronavirus in a
RdRp manner should provide a basis not only to develop ther-
apeutics for 2019-nCoV, but could provide broad-spectrum
antivirals useful for future CoV outbreaks.

3CLpro and PLpro

3CLpro and PLpro are two proteases that process the polypep-
tide translation product from the genomic RNA into the struc-
tural and nonstructural protein components vital for the repli-
cation and packaging of a new generation of viruses. PLpro
also serves as a deubiquitinase that functions to deubiquitylate
host cell proteins such as interferon regulatory factor 3 (IRF3)
as well as to inactivate the pathway for nuclear factor k-light-
chain-enhancer of activated B cells (NF-xB).®” This leads to
immune suppression in the cells of the host being infected by
the virus. Because both proteases are vital to the virus for repli-
cation and controlling the host cell, they are viable targets for
antiviral agents. Similar to the RdRp protein, 2019-nCoV and
SARS-CoV share a remarkable 96% sequence identity in their
decoded 3CLpro (Figure 5A). 3CLpro naturally forms a dimer,
and each monomer contains two regions: the N-terminal cata-
lytic region and the C-terminal region (Figure 5B).5*¥ Most
residues in the catalytic region that display variations between

Figure 5. A) Sequence alignment for the amino acids between the 2019-nCoV 3CLpro and the SARS-CoV 3CLpro. Conserved (pink arrows) and nonconserved
(black arrows) mutations are highlighted. Gray: hydrophobic aliphatic, orange: neutral aromatic, yellow: thiol and sulfide, green: hydroxy, red: basic, blue:
carboxylic acid, brown: primary amide, pink: proline. B) A 2019-nCoV 3CLpro structure modeled by using Modeller based on the SARS-CoV 3CLpro structure
(PDB ID: 2A5l); green: catalytic domain of the first monomeric unit, red: C-terminal domain of the first monomeric unit, cyan: second monomeric unit. C) An
alternative view of the predicted 2019-nCoV 3CLpro monomeric structure (color-coded by secondary structure) bound to an aza-peptide inhibitor, showing
conserved (pink) and nonconserved (black) mutations (not shown: S267/A). Residues before the forward slash refer to 2019-nCoV; the amino acid after the

slash refers to its corresponding identity in SARS-CoV.
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two origins are on the protein surface. Although S46(2019-
nCoV)/A(SARS-CoV) might possibly interact with either sub-
strates or inhibitors that bind to the active site, the small struc-
tural change from A to S is expected not to interfere signifi-
cantly with the binding of small-molecule inhibitors to the
active site of 2019-nCoV 3CLpro (Figure 5C). Small-molecule
agents that potently inhibit the SARS-CoV 3CLpro are expected
to function similarly toward the 2019-nCoV 3CLpro. Unlike
3CLpro, PLpro from the two origins shares only 83 % sequence
identity (Figure 6A). Residue variations between the two ori-
gins cover almost all the surface of PLpro. These substantial
variations in amino acid composition are expected to influence
how the two PLpro enzymes interact with their ligands. How-
ever, the three secondary-structure components that form the
active site do not vary in the two PLpro proteins (Figure 6B).?
It is possible that an inhibitor developed for the SARS-CoV
PLpro would also work for the 2019-nCoV PLpro.

Over the last two decades, much of the research in drugging
SARS-CoV has focused on the development of small-molecule,
peptide, and peptidomimetic inhibitors of 3CLpro and PLpro.
Many of the inhibitors are in the micromolar range in terms of
binding to and inhibiting the two proteases.*** However, a
few low-nm-range inhibitors have been identified that can be
used in combination with other protease-inhibitor therapies to
help combat the virus.*® For the purpose of this section, the
inhibitors will be divided into categories based on the proteas-
es that are inhibited to stop the virus from taking control of
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the host cells. Each of the compounds was tested in terms of a
SARS-CoV, a MERS-CoV, or a deubiquitylate cell model. Several
hundred small molecules have been developed to inhibit
3CLpro and PLpro; however, these are the most potent since
the early 2000s. The classifications with structures and inhibito-
ry concentrations are summarized in Figure 7. These com-
pounds are in the low-pm range in terms of inhibition, leaving
room for further development. However, extensive SAR studies
have already been performed on these final-stage products
that guide the researcher in knowing which substituents to
modify when targeting 2019-nCoV. This summary can also
guide both researchers and health professionals in using com-
binational therapy with two or more of these compounds, as
this has already been done in terms of treating people suffer-
ing with a CoV infection. One of these compounds (highlight-
ed as 3CLpro-1 in Figure 7) has an ICs, value against SARS-CoV
of 200 nm."? This potency could be adequate to combat 2019-
nCoV.

Both 3CLpro and PLpro are cysteine proteases; therefore co-
valent inhibitors with high potencies could potentially be de-
veloped for specific targeting. Recently, Simmons and co-work-
ers developed a class of potential covalent cysteine protease
inhibitors that specifically target CoV entry.*® No direct rela-
tionship to 3CLpro and PLpro was drawn; however, this class
of vinylsulfone small molecule was able to inhibit replication of
the virus in the nanomolar range. Simmons’ group discovered
that inhibition of serine proteases (by using camostat) as well

Figure 6. A) Sequence alignment for the amino acids between the 2019-nCoV PLpro and the SARS-CoV PLpro. Conserved (pink arrows) and nonconserved
(black arrows) mutations are highlighted. Gray: hydrophobic aliphatic, orange: neutral aromatic, yellow: thiol and sulfide, green: hydroxy, red: basic, blue:
carboxylic acid, brown: primary amide, pink: proline. B) Crystal structure of the SARS-CoV PLpro in complex with ubiquitin aldehyde (PDB ID: 4MM3).
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Figure 7. A representation of the top CoV protease inhibitors providing a scaffold to perform SAR studies in terms of designing novel small-molecule protease
inhibitors for 2019-nCoV™**-*% 3CLpro-1, the most potent inhibitor, is highlighted.

as cysteine protease (by using their vinylsulfone protease in-
hibitors) is able to combat SARS-CoV. The survival of mice suf-
fering from SARS-CoV who were treated with this combination
therapy significantly increased in comparison to the control
group. The group studied several variations of vinylsulfone
small molecules, which are shown below with their corre-
sponding IC;, values in Figure 8 (compounds A to C). Once
again, these vinylsulfone small molecules provide an additional
scaffold for SAR development. They can also be tested against
the specific 3CLpro and PLpro in order to further elucidate
their specific mechanism of action. Given their high potency
against SARS-CoV, it is possible that they are equally potent
against 2019-nCoV.

More distant members of the orthocoronavinae subfamily
can also provide inspiration for new therapeutic regimens,

such as with studies done with feline coronavirus (FCoV) and
its mutated form, feline infectious peritonitis virus (FIPV). The
peptidyl bisulfite adducts GC376 and NPI64 (Figure 9) were
both found to be potent inhibitors of FIPV replication at
0.04 um.*” 3CLpro of FIPV and SARS-CoV share about 50%
sequence identity, but the overall structure is conserved. In a
FRET-based activity assay, the ICs, value of GC376 against
recombinant SARS 3CLpro was found to be 4.9 times that
against FIPV 3CLpro (4.35 vs. 0.72 pm, respectively).”® In combi-
nation with a low compound cytotoxicity (CCs,> 150 um and
CCs,=61.91 um in CRFK cells for GC376 and NPI64, respective-
ly), these masked-aldehyde warheads should be investigated
for efficacy on the 3CLpro of 2019-nCoV as soon as possible.

IC50=0.32 nM

ICs0 = 0.07 nM

IC50 =0.08 nM

Figure 8. Lead vinylsulfone protease inhibitors that prevent the entry of CoV and, in combination with camostat, increase the survival rate of mice infected

with SARS-CoV.
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Figure 9. Peptidy! bisulfide adducts that have been demonstrated to prevent viral replication in the feline coronavirus FIPV. The most promising candidate,
GC376, was shown to produce similar levels of inhibition against SARS-CoV 3CLpro in a FRET-based activity assay.

Conclusions

2019-nCoV and SARS-CoV share very high sequence identity in
their RdRp and 3CLpro proteins. Previous work has resulted in
the discovery of some potent small-molecule therapeutics
based on these two proteins for SARS-CoV. We envision that
remdesivir and 3CLpro-1 could be directly applied to treat
2019-nCoV. As remdesivir is a drug undergoing a clinical trial,
the authorities in China could negotiate with Gilead for the
possible use of this drug for patients suffering with 2019-nCoV.
Other potential small-molecule therapeutics for 2019-nCoV are
the molecules shown in Figures 8 and 9. The 2019-nCoV spike
RBD is significantly different from the SARS-CoV spike RBD, es-
pecially in two regions when binding to ACE2. This difference
effectively rules out the use of previously developed antibodies
and therapeutic peptides for the SARS-CoV spike RBD. Howev-
er, a possible quick solution to inhibit the RBD-ACE2 interac-
tion so as to prevent the infection is to use peptides derived
from RBD and ACE2 and cocktails thereof.
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