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ABSTRACT: The severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) is
the causative agent of the coronavirus disease of 2019 (COVID-19). Its genome
encodes two open reading frames for two large proteins, PP1a and PP1ab. Within the
two polypeptide stretches, there are two proteases that process the large proteins into 15
discrete proteins essential for the assembly of the virion during its replication. We
describe herein the cloning of the genes for these discrete proteins optimized for
expression in Escherichia coli, production of the proteins, and their purification to
homogeneity. These included all but six: NSP6, which possesses eight transmembrane
regions, and five that are small proteins/peptides (E, ORF3b, ORF6, ORF7b, and
ORF10). These proteins are intended for experimental validation of small-molecule
binders as molecular template hits. The proof of concept was established with the ADP-
ribosylhydrolase (ARH) domain of NSP3 in discovery of small-molecule templates that
could serve as the basis for further optimization. The hit molecules include one
submicromolar and a few low-micromolar binders to the ARH domain. Availability of
these proteins in soluble forms opens up the opportunity for discoveries of novel templates with the potential for anti-COVID-19
pharmaceuticals.

■ INTRODUCTION
A pneumonia-like condition of unknown cause was first
detected late in 2019 in Wuhan, China.1,2 Shortly after, the
pathogen was identified as a coronavirus (CoV), whose RNA
genome was sequenced shortly after.3 The World Health
Organization (WHO) named the disease that the novel virus
caused as COVID-19 (coronavirus disease of 2019). The novel
coronavirus was named as “severe acute respiratory syndrome
CoV-2” or SARS-CoV-2. The WHO declared COVID-19 a
pandemic on March 11, 2020.4 At the time of writing of this
report, COVID-19 has been reported in 219 countries and
territories, with >150 million confirmed cases and >3.1 million
fatalities.5 These figures increase daily.
SARS-CoV-2 contains a positive-strand RNA genome of

approximately 30 kb (Figure 1). The genome produces two
long polyproteins (PP1a and PP1ab), which are processed into
16 nonstructural proteins (NSPs), four structural proteins
spike glycoprotein (S), envelope protein (E), membrane
glycoprotein (M), and nucleocapsid phosphoprotein (N)
and at least seven accessory proteins (ORF3a, ORF3b, ORF6,
ORF7a, ORF7b, ORF8, and ORF9b).6,7 SARS-CoV-2 is
primarily transmitted through respiratory droplets.8 The virus
binds to the angiotensin-converting enzyme 2 (ACE2) as its
receptor on the cell surface,9−12 whereby the complex is
internalized mainly through endocytosis13 to initiate the
infection. After the viral RNA enters the host cell, it is
translated from two open reading frames (ORF1a and
ORF1ab) to produce the two aforementioned large poly-

proteins, PP1a and PP1ab.7,14 The latter is cleaved/processed
by two viral proteases that are already within the polyprotein
stretches. These are papain-like protease (PLpro) and 3C-like
protease (3CLpro), which produce the mature NSPs.15 PP1a is
cleaved into 10 fragments, constituting NSP1−NSP10. PP1ab
is fragmented to produce all NSPs from NSP1−NSP16. The
PLpro protease is a component of NSP3, and it is believed to
process the polyprotein for the formation of NSP1, NSP2, and
NSP3. The rest of the NSPs are processed/matured by the
protease 3CLpro, which is contained within NSP5. Both
proteases are essential for viral existence.15 Once all NSPs
are produced, viral RNA synthesis by NSP12 (an RNA-
dependent RNA polymerase), which needs to associate with
other NSPs for catalytic competence, produces both genomic
RNA (gRNA) and sub-genomic RNA (sgRNA). The sgRNAs
serve as mRNA for the production of the structural and
accessory proteins.
The recent availability of several vaccines for SARS-CoV-2 is

a critically needed development in addressing the COVID-19
pandemic. At the same time, there is a genuine need for
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COVID-19 therapeutics. Initial efforts focused on repurposing
of existing antiviral treatments have so far only yielded a single
FDA-approved treatment with modest efficacy, emphasizing
the need for drugs that have been conceived and designed
expressly for SARS-CoV-2. The identification of initial hits for
such efforts requires a robust access to the different proteins of
SARS-CoV-2 in high-purity and sufficient amounts. As a part
of our efforts to target the proteome of SARS-CoV-2 for the
discovery of anti-COVID-19 therapeutic drugs in a target-
agnostic manner, we have optimized such methods, as will be
outlined in this report. We have cloned genes for these
proteins; we assess expression of the genes and the ability to
purify the individual proteins. As a demonstration of the use of
this method for early-stage drug discovery, we will describe one
example of the use of the ADP-ribosylhydrolase (ARH)
domain of NSP3 in discovery of small-molecule templates that
could serve as the basis for further optimization efforts.

■ MATERIALS AND METHODS

Cloning and Expression of the Genes of SARS-CoV-2.
In order to express SARS-CoV-2 proteins in Escherichia coli, we
synthesized codon-optimized genes from GenScript (Piscat-
away, NJ). All synthetic genes are listed in Table S1. We
synthesized the nsp1 gene including segments encoding 6xHis-
tag, a Twin-Strep-tag and a tobacco etch virus (TEV) cleavage
site at its 5′-end to replace the thrombin-cleavage site and the
T7-tag in an expression vector pET-28a(+) for better
purification of the proteins expressed. The synthetic nsp1
gene contained the restriction sites NcoI, NdeI, and XhoI at
the 5′-end, after the sequence for the TEV cleavage site, and
the 3′-end, respectively. The pET-28a(+) and the nsp1 gene
were digested with NcoI and XhoI (NEB, Ipswich, MA) in 1×
CutSmart buffer for 6 h at 37 °C, followed by the purification
on an agarose gel with a Zymoclean DNA gel recovery kit
(Zymo Research, Irvine, CA) following the manufacturer’s
instruction. Then, the two fragments were ligated with T4
DNA ligase in 1× T4 DNA ligase buffer (NEB, Ipswich, MA)
at 16 °C overnight to generate the plasmid pETHST-NSP1. A
competent E. coli DH5α was transformed with the ligation
mixture by giving heat shock for 90 s at 42 °C and selected on
a LB plate containing 50 μg/mL kanamycin after incubation
for 18 h at 37 °C. The nucleotide sequences at the 5′-end and
the 3′-end of the nsp1 gene in the resulting plasmid were
confirmed by DNA sequencing with the T7 promoter and T7
terminator primers, respectively (MCLAB, South San
Francisco, CA). The plasmid pETHST-NSP1 was then
inserted into the E. coli LOBSTR-RIL strain, derived from
BL21 (DE3), to express the NSP1 fused with the N-terminal
6xHis and Twin-Strep tags and the TEV cleavage site.

The pETHST-NSP1 was digested with NdeI and XhoI in
1× CutSmart buffer at 37 °C overnight. The linearized
pETHST was purified on agarose gels with a Zymoclean DNA
gel recovery kit. It was used to clone all other synthetic genes
that were cut with NdeI and XhoI. The nucleotide sequences
of each gene were confirmed. The E. coli LOBSTR-RIL was
transformed with each discrete plasmid carrying a SARS-CoV-
2 gene.
The overnight cultures (200 μL) of the transformed

LOBSTR-RIL strain were diluted in 20 mL of fresh LB
medium containing 50 μg/mL kanamycin, followed by
incubation at 37 °C with shaking at 180 rpm until the
OD600 of the cultures reached 0.6. The expression of the SARS-
CoV-2 proteins was examined by inducing with 0.4 mM IPTG
either by incubation at 37 °C for 2 h or at 16 °C for 18 h. The
cells were harvested at 7000g for 15 min at 4 °C and were
frozen at −80 °C. The frozen cells were resuspended in 2 mL
of 1× PBS with 5 mM EDTA, followed by cell disruption using
sonification (10 cycles of 10 s of pulse and 20 s of rest on ice)
with a Branson 450 sonifier. One milliliter of disrupted cells
was centrifuged at 18,000g for 20 min at 4 °C. The
supernatants were transferred to new microcentrifuge tubes,
and the pellets were resuspended in 800 μL of 1× PBS. The
level of soluble proteins in the supernatants was examined on
8−16% ExpressPlus SDS-PAGE gels (GenScript, Piscataway,
NJ).

Purification of the SARS-CoV-2 Proteins. For the
purpose of demonstration, four proteins, ARH domain
(NSP3), PLpro (NSP3), NSP15, and NSP16, were purified.
The overnight cultures (1 mL) of the LOBSTR strains
harboring pETHST-NSP3N, pETHST-NSP3P, pETHST-
NSP15, or pETHST-NSP16 were diluted in 100 mL of fresh
LB medium containing 50 μg/mL kanamycin, followed by
incubation at 37 °C with shaking at 180 rpm. The expression
of the SARS-CoV-2 proteins was induced with 0.4 mM IPTG
at 0.6 OD600 of the cultures. Each protein was produced by
further incubation at 16 °C for 18 h. The cells were harvested
at 7000g for 20 min at 4 °C, and the pellets were stored at −80
°C. The frozen cells were resuspended in 3 mL of washing
buffer I (50 mM Tris-Cl, pH 8.0, and 150 mM NaCl)
containing 10 mM MgCl2, 50 μg/mL DNase I, 50 μg/mL
lysozyme, and 1× Halt protease inhibitor cocktail (Thermo
Fisher Scientific, Waltham, MA) and incubated for 30 min on
ice. The cells were disrupted by sonification (15 cycles of 10 s
of pulse and 20 s of rest) with a Branson 450 sonifier, followed
by centrifugation at 18,000g for 20 min at 4 °C to separate the
soluble proteins from the unbroken cells and the inclusion
bodies. The supernatants were filtrated through 0.2 μm filters
prior to the purification.

Figure 1. Genomic structure of SARS-CoV-2.
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The N-terminal His- and Twin-Strep-tagged SARS-CoV-2
proteins were purified with two-step affinity chromatography
on 1 mL of the Strep-Tactin Sepharose resin (IBA Lifesciences,
Göttingen, Germany) and 1 mL of the Protino Ni-NTA
agarose resin (Macherey-Nagel, Düren, Germany) following
the manufacturer’s instruction.
Strep-Tactin Sepharose Affinity Chromatography.

One milliliter of the resin was equilibrated with three bed
volumes of washing buffer I by gravity flow, followed by
application of the filtrated cell lysate supernatants to it. The
resin was subsequently washed with five bed volumes of
washing buffer I. The N-terminal His- and Twin-Strep-tagged
SARS-CoV-2 proteins were eluted with two bed volumes of
elution buffer (50 mM Tris-Cl, pH 8.0, 150 mM NaCl, and 2.5
mM desthiobiotin). The fractions at every step (flow-through,
washing, and elution) were collected and examined by SDS-
PAGE.
Protino Ni-NTA Agarose Affinity Chromatography. One

milliliter of the resin was equilibrated with five bed volumes of
washing buffer II (50 mM Tris-Cl, pH 8.0, 150 mM NaCl, and
20 mM imidazole). The chromatography was performed by
gravity flow. The eluents (2 mL) from the Strep-Tactin
Sepharose resin were applied to the Ni-NTA resin and
incubated for 30 min at room temperature with gentle rotation,
as the binding of the His-tagged proteins to the Ni-NTA resin
is a slow process, followed by collection of unbound proteins.
The resin was washed with eight bed volumes of washing
buffer II. Subsequently, the stepwise increase in imidazole
concentrations at 100, 200, 400, and 800 mM was used to elute
the SARS-CoV-2 proteins, which were typically collected at
200 and 400 mM imidazole.
Cleavage of the 6xHis- and Twin-Strep-Tags by TEV

Protease. The imidazole was removed from the eluents with
an Amicon Ultra-15 centrifugal filter (MWCO 10 kDa;
MilliporeSigma, Burlington, MA) by five repeats of concen-
tration at 4000g for 20 min and dilution with 15 mL of washing
buffer I. The concentration of the purified protein was then
determined at 280 nm with the NanoPhotometer NP80
(IMPLEN, Los Angeles, CA) using the molar extinction
coefficient and the molecular weight of each protein. The
6xHis-tagged TEV protease (MCLAB, South San Francisco,
CA) was added to the protein solution at 1:50 (w/w) ratio,
and the solution was incubated at 4 °C for 48 h with gentle
agitation in order to cleave the 6xHis- and Twin-Strep-tags
from the SARS-CoV-2 proteins. The progression of proteolysis
was periodically checked on SDS-PAGE.
Isolation of the Tag-Free Proteins. The tag-free SARS-

CoV-2 proteins were separated from the cleaved tags and the
6xHis-tagged TEV protease by applying to Protino Ni-NTA
agarose resin (Macherey-Nagel, Düren, Germany), followed by
washing the resin with two bed volumes of washing buffer II.
The flow-through and washing fractions containing the tag-free
SARS-CoV-2 proteins were pooled and concentrated with an
Amicon Ultra-15 centrifugal filter (MWCO 10 kDa;
MilliporeSigma, Burlington, MA). The purity of the proteins
was assessed by SDS-PAGE. The homogeneously purified
protein was stored at −80 °C until use.
Structure-Based Virtual Screening. The lead-like library

of 3.5 million compounds was downloaded from the ZINC15
database16 and prepared using LigPrep.17 The crystal structure
of the ARH domain of NSP3 (6WCF, 1.06 Å resolution)18 was
prepared for ligand docking using Schrodinger Suite 2019. The
following protocols that are well established in our

groups,19−21 Glide,22−24 and AutoDock Vina25 were used to
screen the library in a hierarchical order. The binding pocket
was defined as a 30 Å box centered on the superimposed ADP-
ribose ligand. The library of 3.5 million compounds was
screened using Glide HTVS. The top 10%-scoring compounds
were redocked using Glide SP, and the top 10%-scoring
compounds were redocked using Glide XP.24 The top 6000
hits from Glide XP were re-evaluated using a complementary
scoring function in Autodock Vina.25 The poses from Glide XP
and Autodock Vina were visualized and analyzed for
interactions and chemical diversity to selected candidates for
purchase.

Determination of Binding Affinity of Potential
Inhibitors to the ARH Domain of NSP3 by Microscale
Thermophoresis (MST). Labeling of the ARH Domain. The
ARH domain of NSP3, purified to homogeneity as outlined
above, was labeled with the dye RED-NHS 2nd Generation
(NanoTemper Technologies, Munich, Germany) following the
manufacturer’s instruction. Prior to labeling, 100 μL of 10 μM
solution of the ARH domain was buffer-exchanged with the
labeling buffer (130 mM NaHCO3, 50 mM NaCl, and pH
8.2−8.3) twice using the Zeba spin desalting column, 7K
MWCO, (Thermo Fisher Scientific, Waltham, MA) by
centrifugation at 1500g for 2 min. The ARH domain (90
μL) was labeled by incubating with 10 μL of 300 μM dye
solution (in DMSO) for 30 min at room temperature in the
dark. The labeled ARH domain was separated from the
uncoupled dye using a PD-10 desalting column (Cytiva Life
Sciences, Marlborough, MA) with 1× PBS. The concentration
of the labeled ARH domain was calculated based on the
equation in the labeling instruction from NanoTemper
Technologies.

Assessment of the Compound Library. The binding of the
compounds to the labeled ARH domain was assessed by
microscale thermophoresis technology (MST) with the
Monolith NT.115 Pico (NanoTemper Technologies, Munich,
Germany). Briefly, 10 mM of each compound was prepared in
DMSO as the stock solution. It was diluted to 1 mM in DMSO
and subsequently further diluted to 50 μM in the assay buffer
(1× PBS, 0.05% Tween-20). The labeled ARH domain was
also diluted to 10 nM with the assay buffer. All solutions were
centrifuged at 14,000g for 5 min to remove any precipitants.
The supernatants were carefully transferred into fresh micro-
centrifuge tubes. The diluted ARH domain (25 μL) was mixed
with 25 μL of each compound solution and also with 25 μM
assay buffer containing 5% DMSO as a control. The capillaries
were filled with the mixtures: four for the control and four for
the compound. The binding of the compound was determined
by comparing the MST traces of the compound capillaries with
those of the control capillaries in the Monolith NT.115 Pico.
The MST traces were analyzed with MO.Affinity Analysis
software (NanoTemper Technologies, Munich, Germany).

Determination of the Dissociation Constants (Kd) of the
Compounds.MST was also used to determine the dissociation
constant (Kd) values of the compounds exhibiting binding to
the ARH domain. Briefly, 800 μM compound in the assay
buffer containing 8% DMSO was used as the initial
concentration for twofold serial dilution to prepare 12 different
concentrations in the assay buffer (1× PBS containing 0.05%
Tween-20) supplemented with 8% DMSO. The labeled ARH
domain was also diluted to 10 nM with the assay buffer. All
solutions were centrifuged at 14,000g for 5 min. Finally, 10 μL
of the diluted ARH domain was mixed with 10 μL of each
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dilution of the compound, followed by filling 12 capillaries
with the mixtures. The MST trace of each capillary was
measured with the Monolith NT.115 Pico. The MST traces
were analyzed with MO.Affinity Analysis software to calculate
the Kd values. The determination was performed in triplicate.

■ RESULTS AND DISCUSSION

Overview of the Proteome. The functions of several
SARS-CoV-2 proteins have been determined experimentally.
Others have functions proposed based on our understanding of
related coronaviruses such as SARS-CoV, MERS-CoV, and
SARS-like-BatCoV or based on sequence analysis.26−28 For a
few proteins, functions can currently not be surmised. We
hypothesize that the spare genome of SARS-CoV-2 indicates
that all these genes are essential for the virus. A gene knockout
library for SARS-CoV-2 does not exist to assess the essential
nature of each gene. The putative functions of SARS-CoV-2
proteins are listed in Table 1. NSP3 is a large protein of ∼217
kDa, containing multiple domains, the N-terminal ubiquitin-
like domain, ARH domain (X domain), PLpro domain, 3Ecto
domain (interacting with NSP4), and C-terminal Y1/CoV-Y
domain.29,30 As described above, the PLpro domain produces
NSP1, NSP2, and NSP3 from PP1a and PP1ab by cleaving the
C-terminus of the Leu-Xaa-Gly-Gly sequence.29 The PLpro

domain is one of the targets of known antiviral agents
developed prior to emergence of SARS-CoV-230−32 and the
focus of ongoing drug-repurposing efforts. Its inhibition would
block the maturation of NSP3 and NSP4, which are involved
in the formation of double-membrane vesicles in which viral
RNA synthesis takes place, resulting in rapid degradation of the
viral RNA by the host enzymes. NSP5 (containing 3CLpro) is
the second protease of SARS-CoV-2, consisting of the N-
terminal finger, the catalytic domain, and the C-terminal
domain.33 It cleaves 11 sites within PP1a and PP1ab to
produce NSP4−NSP16 by recognizing the (Leu/Val/Phe/
Met)-Gln-(Ser/Ala/Gly/Asn) sequence as its cleavage site.33,34

NSP12 is a large protein of ∼107 kDa and the only RNA-
dependent RNA polymerase (RdRp) responsible for viral RNA
synthesis. It replicates and transcribes viral RNA with its
essential co-factors NSP7 and NSP8, which work as
primases.35 It also forms a complex with a single-stranded
RNA-binding protein NSP9, which itself interacts with
NSP8.36 RdRp (NSP12) is targeted by the antiviral agent
remdesivir (GS-5734). Remdesivir, a nucleotide-analogue
prodrug, was originally developed by Gilead to treat Ebola
and Marburg virus infections but failed to show clinical efficacy
for these diseases. Repurposing studies in COVID-19 patients
showed moderate efficacy, and it is currently the only FDA-
approvedemergency-use authorization in May of 2020
antiviral agent for treatment of COVID-19.37,38 NSP16 is a 2′-
O-ribose methyltransferase (OMT) that matures the viral
mRNA by the addition of a cap structure at the 5′-terminal of
RNA.39 The OMT activity of NSP16 requires its essential co-
factor NSP10.
In addition to the NSPs, four structural proteins are also

important for the proliferation of the virus. Among them, the S

and N proteins are good candidates for drug development. The
S protein is a large protein of ∼141 kDa, consisting of the
receptor-binding S1 subunit and the membrane-fusion S2
subunit, which are generated by the cleavage of a host protease
type II transmembrane serine protease (TMPRSS2).40 This
cleavage is essential for the entry of the virus into the host cell.
The C-terminal domain of the S1 subunit binds to the host
receptor protein ACE2. Subsequently, the fusion peptide in the
S2 subunit interacts with the host cell membrane, resulting in
entry of the viral RNA. Blocking the receptor-binding sites of
the S1 subunit can protect the host cell from invasion by the
virus. Finally, the N protein is a phosphoprotein that packages
the viral RNA genome into a ribonucleoprotein complex to
protect genomic RNA and is the most abundant viral protein
in the infected cell.41 It forms a dimer through the C-terminal
domains, constituting the basic building block of the
nucleocapsid. It also plays an important role in enhancing
the efficiency of sgRNA transcription and viral replication.41

Cloning of the SARS-CoV-2 Genes, Expression in E.
coli, and Purification of the Recombinant Proteins. The
genome of SARS-CoV-2 was analyzed for prediction of the
properties of the translation products. The prediction of the
topography (e.g., signal sequences and transmembrane
regions) and the secondary structural elements was performed
on the server XtalPred-RF.72 The gene for each protein was
codon-optimized and commercially synthesized for protein
production in E. coli. We excluded the signal sequences and
transmembrane segments from the synthetic genes. We did not
synthesize six genes: one encoding NSP6, which possesses
eight transmembrane regions, and five that are small proteins/
peptides, including the envelope protein E, ORF3b, ORF6,
ORF7b, and ORF10. In addition to the full-length versions of
the synthetic genes, we also synthesized six additional DNA
stretches for the individual proteins comprising the three large
polypeptides: for NSP3, the N-terminal ARH domain, the
PLpro domain, and the C-terminal domain; for NSP12, the
RdRp domain; and for the S protein, the N-terminal S1
subunit and the C-terminal S2 subunit. The M and S proteins
are believed to be glycoproteins, and the N protein is a
phosphoprotein. These proteins are produced in E. coli without
the post-translational modifications.
We modified the expression vector pET-28a(+) by replacing

the thrombin-cleavage site and the T7-tag with Twin-Strep-tag
and the TEV-cleavage site (Figure 2). We found that this
variation of the plasmid allows for a better purification of the
recombinant proteins. The TEV-mediated cleavage in many
cases has been cleaner than that of thrombin, which aids
purification of the target proteins to homogeneity. The
resulting vector was named as pETHST (Figure S1). This
vector contains the sites for restriction enzymes NdeI and
XhoI, where the desired genes would be inserted. The
corresponding resulting proteins have N-terminal His- and
Twin-Strep-tags, which will be used for protein purification,
but the tags are then removed by treatment with the TEV
protease. GenScript prepared the individual synthetic genes in
the pUC57-Kan plasmid for each case. The sequences of the

Figure 2. A SARS-CoV-2 gene is preceded by a 6xHis tag, a Twin-Strep tag, and a TEV cleavage site in pETHST. All synthetic SARS-CoV-2 genes
except for the nsp1 were inserted between NdeI and XhoI.
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synthetic DNA were confirmed. All synthetic DNA and
pETHST were purified on agarose gels after digestion with
NdeI and XhoI. Each DNA was ligated into pETHST, followed
by transformation of E. coli DH5α with the ligation product.
The sizes of the resulting plasmids from the transformants
were confirmed by digestion with the restriction enzymes NdeI
and XhoI in each case. The plasmids exhibiting the correct
sizes were used for transformation of the LOBSTR-RIL strain,
derived from E. coli BL21(DE3), to express the proteins by
IPTG induction.73 The LOBSTR-RIL strain provides lower
contamination for the recombinant His-tagged proteins than
its BL21(DE3) background, since it has a deletion of the
natural His-rich proteins ArnA and SlyD. The expression of the

gene is typically induced with 0.4 mM IPTG at an OD600 of 0.6
for the growth of the cultures, followed by further incubation
either at 37 °C for 2 h or at 16 °C for 18 h. In general, the
latter method is utilized for superior expression of the proteins.
Some proteins show better expression as a soluble form for a
short period of gene expression at 37 °C, notwithstanding the
fact that most of the proteins are precipitated as inclusion
bodies. Therefore, we routinely test both conditions before
selecting a suitable one for each protein. The expression in
each case was checked by SDS-PAGE (Figure S2). The level of
the soluble protein in each construct is listed in Table 2.
The following is a typical procedure for purification of the

recombinant proteins to homogeneity. Subsequent to gene

Table 2. Expression Levels of 6xHis-Twin-Strep-Tagged SARS-CoV-2 Proteins in E. coli LOBSTR-RIL

protein expression levela

NSP1 soluble: L, 16; M, 37
insoluble: N, 16; M, 37

NSP2 soluble: M, 16; L, 37
insoluble: N, 16; H, 37

NSP3 soluble: L, 16; L, 37
insoluble: N, 16; N, 37

NSP3 ARH soluble: M, 16; L, 37
insoluble: N, 16; H, 37

NSP3 PLpro soluble: L, 16; N, 37
insoluble: L, 16; H, 37

NSP3C soluble: H, 16; L, 37
insoluble: L, 16; H, 37

NSP4N soluble: L, 16; N, 37
insoluble: M, 16; H, 37

NSP4C soluble: L, 16; L, 37
insoluble: N, 16; H, 37

NSP5 soluble: N, 16; M, 37
insoluble: N, 16; L, 37

NSP7 soluble: L, 16; H, 37
insoluble: N, 16; L, 37

NSP8 soluble: M, 16; H, 37
insoluble: L, 16; L, 37

NSP9 soluble: L, 16; H, 37
insoluble: N, 16; L, 37

NSP10 soluble: M, 16; L, 37
insoluble: N, 16; H, 37

NSP12 soluble: L, 16; L, 37
insoluble: H, 16; H, 37

NSP12P soluble: L, 16; L, 37
insoluble: H, 16; H, 37

NSP13 soluble: M, 16; N, 37

protein expression levela

insoluble: H, 16; H, 37
NSP14 soluble: L, 16; N, 37

insoluble: L, 16; H, 37
NSP15 soluble: L; 16; L, 37

insoluble: N, 16; L, 37
NSP16 soluble: M, 16; M, 37

insoluble: L, 16; H, 37
S soluble: L, 16; N, 37

insoluble: H, 16; H, 37
S1 soluble: L, 16; N, 37

insoluble: H, 16; H, 37
S2 soluble: L, 16; N, 37

insoluble: M, 16; H, 37
ORF3a soluble: M, 16; L, 37

insoluble: L, 16; H, 37
M soluble: L, 16; N, 37

insoluble: L, 16; H, 37
ORF7a soluble: L, 16; L, 37

insoluble: L, 16; H, 37
ORF8 soluble: L, 16; N, 37

insoluble: M, 16; H, 37
ORF9b soluble: L, 16; M, 37

insoluble: N, 16; M, 37
N soluble: L, 16; L, 37

insoluble: M, 16; H, 37
NS soluble: M, 16; H, 37

insoluble: N, 16; M, 37
aL, low; M, moderate; H, high; N, none; 16 for 16 °C; and 37 for 37
°C. For example, L, 16 indicates low expression at 16 °C.

Figure 3. Purification of the N-terminal ARH and PLpro domains of NSP3, NSP15, and NSP16 as representatives. M, molecular weight marker; S,
the soluble fraction of the cell extract; I, the insoluble fraction of the cell extract; ST, Strep-Tactin affinity chromatography; Ni, Ni-NTA affinity
chromatography; and TEV, cleavage with TEV protease. The protein sizes before and after TEV-protease treatment are indicated at the bottom.
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expression, the simultaneously 6xHis- and Twin-Strep-tagged
proteins are purified in two-step affinity chromatography on
the Strep-Tactin Sepharose resin (IBA Lifesciences) by eluting
them with desthiobiotin, followed by a second purification step
using the Protino Ni-NTA agarose resin (Macherey-Nagel)
and elution with imidazole, following the manufacturer’s
instructions (Figure S3A,B for the ARH domain). The purity
of the proteins is routinely checked by SDS-PAGE. In the vast
majority of the cases where we have used this procedure, the
resultant purified protein is homogeneous. The resultant
homogenous preparation was then treated with 6xHis-tagged
TEV protease (MCLAB) at 4 °C for 24 h or longer if
necessary, in order to cleave the 6xHis- and Twin-Strep-tags.
The tag-free SARS-CoV-2 proteins were separated from the
cleaved tags and the 6xHis-tagged TEV protease by treatment
with the Protino Ni-NTA agarose resin (Figure S3C for the
ARH domain). This procedure yielded in all cases a
homogenous SARS-CoV-2 protein, as documented for four
of the proteins in Figure 3.
Computational Studies of the ARH Domain of SARS-

CoV-2. The purpose for the purification of the target proteins
is their use in in silico and in vitro screening for inhibitor
discovery. As a representative example for this combined
approach, we will discuss the discovery of initial hits for the
inhibition of the NSP3 ARH domain. NSP3 is, with 1920
amino acids, the largest protein encoded by the SARS-CoV-2
genome and consists of multiple domains.29 Its function is to
evade the post-translational ADP ribosylation that is part of the
innate immune response in mammalian cells to viral
infection.74,75 RNA viruses, including coronaviruses, counter
this protective step by the host by their ARH (ARH domain)
activity.75−77 This function has been shown in vivo to be
essential for pathogenesis of coronavirus infection and that of
other RNA viruses.76,78−80 In light of the presence of the ARH
domain in coronaviruses and other viruses, the ARH activity is
likely a broad-spectrum target for antiviral compound
discovery.75,81

Multiple crystal structures for the ARH domain have been
solved with resolutions in the range of 0.95−2.50 Å. They
demonstrate that this domain recognizes ADP-ribose, the
product of reversal of ADP-ribosylation, in a C-shaped pocket
spanning roughly 15 Å. The binding site can be parsed into
three subpockets (Figure 4B; yellow dotted highlights), which
recognize adenosine, the pyrophosphate, and ribose moieties
(from left to right). The co-crystalized ligand binds poorly (Ki
= 10 μM) but maps out the entire binding site (Figure
4A,B).81

The structure-based virtual screening (SBVS) used the high-
resolution X-ray crystal structure of the ARH domain (PDB ID
6WCF, 1.06 Å resolution);18 in workflow, a hierarchical virtual
screening workflow with Glide (HTVS, SP, and XP)22−24 and
AutoDock Vina25 (see the Materials and Methods for details)
was used. The final selection of the compounds was conducted
by visual inspection of the binding interactions, consensus of
the ranking by Glide SP, Glide XP, and AutoDock Vina and
the availability of the compounds from commercial vendors.
Figure 4C shows an overlay of 21 top-scoring compounds from
virtual screening. The docked structures span all three binding
pockets of the active site of the ARH domain. A set of 119
compounds were selected for purchase and for experimental
testing.
Experimental studies of this first set of compounds identified

seven binders to the ARH domain (see Figure S4 in the

Supporting Information). Hit expansion of three of the
experimentally validated binders by a similarity search in
ZINC15 was conducted to identify commercially available
compounds in the neighboring chemical space. This resulted in
a focused library of 515 compounds. These compounds were
further docked to the ARH binding pocket with Glide XP.
After visual inspection as described above, 82 analogues were
purchased for in vitro evaluation, 13 of which (see Figure S5 in
the Supporting Information) were found to be experimentally
validated binders.

Assessment of Binding of the Compounds to the
ARH Domain of NSP3. As indicated above, a set of 119
compounds from the top-scoring molecules was selected for
purchase. They were tested experimentally for binding to the
ARH domain by MST. Each compound was prepared as a 10
mM stock solution in DMSO. The compounds were tested in
groups of 10 (each at 1 mM in DMSO) in the first-pass
experiments (Table S2). Each group was then diluted to 50
μM with the assay buffer (1× PBS, 0.05% Tween-20). The
fluorescent-labeled ARH domain was diluted to 10 nM with
the assay buffer. Prior to MST determination, all diluted

Figure 4. ARH domain of the NSP3 protein of SARS-CoV-2. (A)
Stereoview of the ribbon representation of the ARH domain, with the
active site in the center. (B) Stereo view of the X-ray structure of the
ARH domain depicted as a solvent-accessible surface in complex with
ADP-ribose (PDB code 6W02). The adenosine, pyrophosphate, and
ribose (from left to right) binding subpockets are shown by yellow
broken highlights. (C) Stereoview of the superimposition of 21 top-
ranking compounds docked to the NSP3 ARH domain active site
(PDB code 6WCF; resolution of 1.06 Å), demonstrating sampling of
all three subpockets for binding.
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solutions were centrifuged to remove any precipitate that
might have existed. The ARH domain was then mixed in 1:1
ratio either with the assay buffer containing 5% DMSO as a
control or with the compound mixtures. The binding of the
compound groups was determined by measuring the MST
traces with the Monolith NT.115 Pico. Any group showing
binding with a signal-to-noise (S/N) ratio higher than 5.0 was
selected for examination of the individual compounds. Binding
was observed for compounds 95, 96, 98, 112, 114, 116, and
119 (Table S3, and Figure S4 for the chemical structures).
Compounds 95, 96, and 119 were found to have an S/N ratio
>10 and were used to determine the values of their dissociation
constants (Kd) (Figure 5A). For this purpose, higher
concentration (800 μM in 8% DMSO) of each compound
was used as an initial concentration for 12 twofold serial
dilutions with the assay buffer containing 8% DMSO. Each
dilution was centrifuged at 14,000g for 5 min prior to mixing
with 10 nM ARH domain in 1:1 ratio, resulting in 400 μM, the
highest compound concentration in the assay mixture
containing 4% DMSO. The binding affinities of three
compounds were determined with the Monolith NT.115
Pico by monitoring the MST traces, and their Kd values were
calculated using MO.Affinity software. We were able to obtain
the Kd values of the compounds 95, 96, and 119 as 45.0 ± 1.8,
65.4 ± 3.8, and 36.3 ± 2.0 μM, respectively.
These binders were subjected to ligand expansion, as

described above, which led to a second set of 82 compounds

(groups 13−21 in Table S2) that were purchased from
MolPort Inc. (Latvia). Their binding to NSP3-ARH was
examined as described for the first set. Among them, 13
compounds exhibited binding to NSP3-ARH (Table S4, and
Figure S5 for the chemical structures). Three compounds
(123, 138, and 200) were derived from 95; four compounds
(147, 173, 175, and 190) were derived from 96; and six
compounds (121, 122, 127, 128, 129, and 130) were derived
from 119. The binding affinity of the individual compound to
the ARH domain was determined by MST, as described above,
with the exception that the highest concentration of the
compounds was 20 μM in 4% DMSO. We could evaluate the
Kd values for five of these compounds: two analogues of 95
(123, 1.64 ± 0.70 μM; 200, 0.45 ± 0.28 μM), one analoguw of
96 (147, 1.77 ± 0.25 μM), and two analogues of 119 (128,
3.16 ± 2.42 μM; 130, 1.26 ± 1.01 μM). Figure 5B,C shows the
chemical structures and the dose−response plots of the best
analogues (200, 147, and 130) of each parental compound.
These hits include one submicromolar and four low-micro-
molar binders to the ARH domain of NSP3.
The work described here outlines the means to produce

disparate SARS-CoV-2 proteins and their use in discovery of
potential inhibitors for each, as demonstrated for NSP3-ARH
as a proof of concept. These hits form the basis for medicinal
chemistry development around the structural templates in
search of antivirals conceived expressly for SARS-CoV-2. The

Figure 5. Structures of compounds and the dose−response plots of compounds for the ARH domain of NSP3. (A) Chemical structures of three
compounds in the first set; (B) structures of three derivatives in the second set; and (C) dose−response plots of MST for compounds 200, 147,
and 130 from left to right.
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field is open for such discovery efforts for most of these viral
targets.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsomega.1c02984.

List of the synthetic genes, list of the compounds,
compounds exhibiting the interaction with the ARH
domain of NSP3, pETHST map carrying the SARS-
CoV-2 gene, SDS-PAGE gels for expression of SARS-
CoV-2 proteins, SDS-PAGE gels for the purification of
the ARH domain of NSP3, and chemical structures of
the compounds (PDF)

■ AUTHOR INFORMATION
Corresponding Author
Shahriar Mobashery − Department of Chemistry and
Biochemistry, University of Notre Dame, Notre Dame,
Indiana 46556, United States; orcid.org/0000-0002-
7695-7883; Email: mobashery@nd.edu

Authors
Choon Kim − Department of Chemistry and Biochemistry,
University of Notre Dame, Notre Dame, Indiana 46556,
United States; orcid.org/0000-0003-0306-8935

Kiran V. Mahasenan − Department of Chemistry and
Biochemistry, University of Notre Dame, Notre Dame,
Indiana 46556, United States; Present Address: 1910
Genetics, 700 Main St, Cambridge, MA 0213;
orcid.org/0000-0001-5591-7324

Atul Bhardwaj − Department of Chemistry and Biochemistry,
University of Notre Dame, Notre Dame, Indiana 46556,
United States

Olaf Wiest − Department of Chemistry and Biochemistry,
University of Notre Dame, Notre Dame, Indiana 46556,
United States

Mayland Chang − Department of Chemistry and
Biochemistry, University of Notre Dame, Notre Dame,
Indiana 46556, United States; orcid.org/0000-0002-
4333-3775

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsomega.1c02984

Author Contributions
The manuscript was written through contributions of all
authors. All authors have given approval to the final version of
the manuscript.
Notes
The authors declare no competing financial interest.

■ ABBREVIATIONS
ARH, ADP-ribosylhydrolase; COVID-19, coronavirus disease
of 2019; MST, microscale thermophoresis; NSP, nonstructural
protein; ORF, open reading frame; SARS-CoV-2, severe acute
respiratory syndrome coronavirus 2; TEV, tobacco etch virus

■ REFERENCES
(1) Zhu, N.; Zhang, D.; Wang, W.; Li, X.; Yang, B.; Song, J.; Zhao,
X.; Huang, B.; Shi, W.; Lu, R.; Niu, P.; Zhan, F.; Ma, X.; Wang, D.;
Xu, W.; Wu, G.; Gao, G. F.; Tan, W.; China Novel Coronavirus, I.;

Research, T. A novel coronavirus from patients with pneumonia in
China, 2019. N. Engl. J. Med. 2020, 382, 727−733.
(2) Huang, C.; Wang, Y.; Li, X.; Ren, L.; Zhao, J.; Hu, Y.; Zhang, L.;
Fan, G.; Xu, J.; Gu, X.; Cheng, Z.; Yu, T.; Xia, J.; Wei, Y.; Wu, W.;
Xie, X.; Yin, W.; Li, H.; Liu, M.; Xiao, Y.; Gao, H.; Guo, L.; Xie, J.;
Wang, G.; Jiang, R.; Gao, Z.; Jin, Q.; Wang, J.; Cao, B. Clinical
features of patients infected with 2019 novel coronavirus in Wuhan,
China. Lancet 2020, 395, 497−506.
(3) Wu, F.; Zhao, S.; Yu, B.; Chen, Y.-M.; Wang, W.; Song, Z.-G.;
Hu, Y.; Tao, Z.-W.; Tian, J.-H.; Pei, Y.-Y.; Yuan, M.-L.; Zhang, Y.-L.;
Dai, F.-H.; Liu, Y.; Wang, Q.-M.; Zheng, J.-J.; Xu, L.; Holmes, E. C.;
Zhang, Y.-Z. A new coronavirus associated with human respiratory
disease in China. Nature 2020, 579, 265−269.
(4) Cucinotta, D.; Vanelli, M. WHO declares COVID-19 a
pandemic. Acta Biomed. 2020, 91, 157−172.
(5) https://www.worldometers.info/coronavirus/ (July 1, 2021).
(6) Chan, J. F.-W.; Kok, K.-H.; Zhu, Z.; Chu, H.; To, K. K.-W.;
Yuan, S.; Yuen, K.-Y. Genomic characterization of the 2019 novel
human-pathogenic coronavirus isolated from a patient with atypical
pneumonia after visiting Wuhan. Emerging Microbes Infect. 2020, 9,
221−236.
(7) Kim, D.; Lee, J.-Y.; Yang, J.-S.; Kim, J. W.; Kim, V. N.; Chang, H.
The architecture of SARS-CoV-2 transcriptome. Cell 2020, 181, 914−
921.
(8) Zhou, P.; Yang, X.-L.; Wang, X.-G.; Hu, B.; Zhang, L.; Zhang,
W.; Si, H.-R.; Zhu, Y.; Li, B.; Huang, C.-L.; Chen, H.-D.; Chen, J.;
Luo, Y.; Guo, H.; Jiang, R.-D.; Liu, M.-Q.; Chen, Y.; Shen, X.-R.;
Wang, X.; Zheng, X.-S.; Zhao, K.; Chen, Q.-J.; Deng, F.; Liu, L.-L.;
Yan, B.; Zhan, F.-X.; Wang, Y.-Y.; Xiao, G.-F.; Shi, Z.-L. A pneumonia
outbreak associated with a new coronavirus of probable bat origin.
Nature 2020, 579, 270−273.
(9) Diaz, J. H. Hypothesis: angiotensin-converting enzyme inhibitors
and angiotensin receptor blockers may increase the risk of severe
COVID-19. J. Travel Med. 2020, 27, taaa041.
(10) Chen, Y.; Guo, Y.; Pan, Y.; Zhao, Z. J. Structure analysis of the
receptor binding of 2019-nCoV. Biochem. Biophys. Res. Commun.
2020, 525, 135−140.
(11) Hoffmann, M.; Kleine-Weber, H.; Schroeder, S.; Krüger, N.;
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