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A natural product compound inhibits coronaviral replication
in vitro by binding to the conserved Nsp9 SARS-CoV-2 protein
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The Nsp9 replicase is a conserved coronaviral protein that

acts as an essential accessory component of the multi-subunit

viral replication/transcription complex. Nsp9 is the predom-

inant substrate for the essential nucleotidylation activity of

Nsp12. Compounds specifically interfering with this viral

activity would facilitate its study. Using a native mass-

spectrometry-based approach to screen a natural product li-

brary for Nsp9 binders, we identified an ent-kaurane natural

product, oridonin, capable of binding to purified SARS-CoV-

2 Nsp9 with micromolar affinities. By determining the crystal

structure of the Nsp9-oridonin complex, we showed that

oridonin binds through a conserved site near Nsp9’s C-ter-

minal GxxxG-helix. In enzymatic assays, oridonin’s binding

to Nsp9 reduces its potential to act as substrate for Nsp12’s

Nidovirus RdRp-Associated Nucleotidyl transferase (NiRAN)

domain. We also showed using in vitro cellular assays ori-

donin, while cytotoxic at higher doses has broad antiviral

activity, reducing viral titer following infection with either

SARS-CoV-2 or, to a lesser extent, MERS-CoV. Accordingly,

these preliminary findings suggest that the oridonin molec-

ular scaffold may have the potential to be developed into an

antiviral compound to inhibit the function of Nsp9 during

coronaviral replication.

The global spread of SARS-CoV-2 throughout the human
population has inundated healthcare systems worldwide (1, 2).
The newly developed vaccines now being distributed are ex-
pected to drastically reduce morbidity and mortality (3–5).
However, interest remains in identifying new antiviral com-
pounds targeting coronaviral proteins. The utility in such an-
tivirals would reside in their ability to act as a bulwark against
new viral strains arising with reduced sensitivity to deployed

spike-focused vaccines and in their likely activity against any
new zoonotic CoV that might emerge in the future. Due to its
obvious successes (6) the current global stratagem for
combating COVID19 focuses intensely upon inducing im-
munity to the spike glycoprotein responsible for binding host-
cell receptors. One potential drawback to this approach is it
requires continued surveillance of mutations within this spe-
cific viral protein (7, 8) and rapid adaption in the event of
large-scale changes.

As a consequence of the SARS and MERS epidemics, a
number of alternate therapeutic targets within coronaviruses
came under investigation. The lead candidates were mainly
enzymatic nonstructural proteins (Nsp) that facilitate repli-
cation inside host cells, with much interest focusing upon
Nsp12’s RNA-dependent RNA polymerase (RdRp). Nsp12,
along with Nsp7 and Nsp8, is central component of the viral
replication transcription complex (RTC) targeted by remde-
sivir (9) and is responsible for duplicating genomic mRNA
alongside production of subgenomic transcripts. Other ther-
apeutic targets considered include the catalytic site of Nsp5
(10, 11) a glutamate-specific protease and the Nsp3
deubiquitinase (12–16). These three viral proteins all have
well-defined enzymatic activities with active sites akin to
molecular targets already under investigation in mature drug
discovery pipelines.

Other coronaviral Nsps are highly conserved and known to
be essential for viral replication yet their physiological roles
were unclear from sequence homology resulting in their
therapeutic potential being unclear. One such protein is the
replicase Nsp9, a small 12 kDa component of the PP1ab
polyprotein directly transcribed from viral genomic mRNA.
Nsp9 is well conserved among coronaviruses and adopts a
unique architecture that had previously been ascribed as
having affinity for single-stranded oligonucleotides (17–20).
The Nsp9 homologue from SARS-CoV (Nsp9SARS) shares 98%
sequence identity with that of Nsp9COV19 (21) and is essential
for viral replication (22). While its precise function remains
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unclear (23, 24), regions of the Nsp9 protein necessary for
replication have been identified. Namely, the loss of residues
within the GxxxG protein–protein interaction motif reduces
viral titers in SARS-CoV (22) and SARS-CoV-2 (24) infection
assays.

A homodimeric form of Nsp9 predominates in solution
in vitro with self-association occurring via the conserved
GxxxG motif (17, 22). But recent structural insights into the
extended SARS-CoV-2 replication transcription complex
also identified monomeric Nsp9 utilizing the same interface
as a means to associate with the N-terminal NiRAN (Nido-
virus RdRp-associated nucleotidyl transferase) domain of
Nsp12 (23). When bound in this manner, the N-terminus of
Nsp9 is able to enter the NiRAN enzymatic site, abutting the
phosphates of a bound nucleotide within. The nucleotidy-
lation activity of RdRp NiRAN domains is essential for
coronaviral replication (22) but the physiological reason for
this remains under study. NiRAN pseudokinases catalyze a
novel NMPylation reaction, transferring an entire nucleoside
monophosphate group onto a protein (and/or RNA) sub-
strate (25). The SARS-CoV-2 NiRAN domain retains an
intact kinase N-lobe structure including catalytic DFG-
motif, whereas only some components of the C-lobe are
retained (23).

The Nsp9:Nsp12 interaction was first described as an
inhibitory mechanism regulating mRNA-cap formation (23).
But nucleotidylation assays also suggest that the α-amide of
Nsp9’s Asn-1 residue is a major substrate for the reaction (24).
Substitution of the first two residues of Nsp9 with alanine
curtailed NiRAN activity and also viral replication (24).
Together these data imply that posttranscriptional nucleotide
modification of viral RTC components may be required for
their proper function (24). The role of Nsp9 and its NiRAN
domain interaction within the RTC is essential for viral
replication (24) potentially recruiting the Nsp10/Nsp14 co-
complex to facilitate genome 50-capping and/or proofreading
(26). We thus sought to identify Nsp9-binding small molecules
targeting essential features of this protein.

Here we describe a subset of ent-Kaurane compounds
capable of binding to recombinant SARS-CoV-2 Nsp9
in vitro. Ent-kauranes are natural phytochemical diterpe-
noids consisting of a perhydrophenantrene ring system fused
to cyclopentane, a chemical skeleton found within a number
of plants from the Lamiaceae family (27). Indeed, several
hundred ent-kauranes have been catalogued within the Iso-

don Genus alone, and their biological activities have been
particularly well studied due to their use in Chinese medicine
(28). The polycyclic bridged ring molecule identified, orido-
nin, displayed micromolar affinity for Nsp9COV19, with its
binding site characterized alongside the fold’s GxxxG α-helix.
Binding is mediated via contact with three of the four hy-
droxyl groups of the compound; the compound’s lone enone
group also forms an adduct with Cys-73, a residue conserved
throughout α/β-coronaviridae. This binding site partially
overlaps the region of Nsp9 responsible for engaging Nsp12
and within in vitro infection assays, oridonin reduced viral
titer following infection with SARS-CoV-2. The ent-kaurane

binding-site of Nsp9 is conserved among diverse coronavi-
ruses, and accordingly we also observed reduced viral titers
upon infection with MERS-CoV. The ent-kaurane polycyclic
ring-structure presented herein may thus represent a
framework for the further development of more potent, and
less cytotoxic small molecules with the potential to specif-
ically target the function of coronaviral Nsp9 replicases.

Results

Identification of Nsp9-binding compounds by native mass

spectrometry

To identify small molecules that bind to Nsp9COV19, re-
combinant protein was produced as described (21) and
screened by native mass spectrometry against an in-house
natural product library of 1614 molecules with drug-like
physicochemical properties. Native MS screening using high-
resolution electrospray ionization–Fourier transform–ion
cyclotron resonance–mass spectrometry (ESI-FT-ICR-MS) is a
fast, label-free, accurate method that allows direct detection of
covalent and noncovalent protein−ligand complexes (29).
Nsp9COV19 recombinant protein was subjected to mass spec-
trometry under optimized conditions, yielding protein signals
at low charged states between +5 and +8 with high protein
signal (109 counts) (Fig. 1A, top panel). Nsp9COV19 was sub-
sequently screened with the natural product library that
identified the strongest binder as compound 1 (Fig. 1A, bottom
panel). The difference between the mass-to-charge ratio (Δm/
z) for the unbound protein and the protein–ligand complex
ions was multiplied by the charge state (z) to directly afford the
molecular weight of the bound ligand, 364.2 Da, which is
consistent with compound 1. This compound, oridonin, is an
ent-kaurane with two bicyclic rings: a central di-hydroxy 2-
oxabicyclo[2.2.2]octane ring (B in Fig. 1B) ortho-fused on
one side to hydroxy methylene bicyclo[3.2.1]octanone ring (C/
D in Fig. 1B) and on its other side to 4,4-dimethyl cyclo-
hexanol. The identified compound has previously been shown
to inhibit SARS-CoV-2 replication in in vitro cellular assays
(30) but its mechanism of action was unknown. Oridonin is
also known to act on NLRP3 inducing an anti-inflammasome
response (31). Related ent-kauranes display antiviral activity
in vitro against HIV (32–34). Accordingly, a native mass
spectrometry screen identified oridonin that bound to
Nsp9COV19.

Affinity measurement

To determine the affinity between Nsp9COV19 and oridonin
(compound 1), 12 concentrations ranging from 0.02 μM to
1 mM were incubated with the protein before repeating the
mass spectrometry analysis. The percentage of ligand-bound
complex within the sample was derived from the ratio of
unliganded to liganded +6, +7, +8 m/z peaks (materials and
methods), which were used to plot a dissociation curve from
which a proxy Kd could be obtained of �7.2 ± 1.0 μM (Fig. 1C).
Oridonin is thus able to bind to Nsp9COV19 with micromolar
affinity.
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Figure 1. Native mass spectrometry of SARS-CoV-2 Nsp9. A, top, FTMS confirmation of the recombinant Nsp9 with 19 μl Nsp9 incubated with 1 μl
methanol; bottom, 19 μl Nsp9 incubated with 1 μl Compound 1. B, chemical structure of the identified ent-Kaurane compound. The ring systems are labeled
with red lettering and the carbon atoms numbered. C, dose-responsive binding of Compound 1 to Nsp9 calculated at 11 concentrations from the 7+ m/z
peak and (D) an equivalent dose–response curve for the modified compound 2. Errors represent the S.D. of three independent recordings. E, relative
Nsp9COV19 binding ratios of similar kaurene-type ligands for which binding ratios were calculated following incubation with 50 μM of each compound.
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Ent-kaurane compounds

Oridonin has a number of functional groups that could
interact with residues within Nsp9COV19, including 4-hydroxyl
moieties, a dimethyl group, and an enone within the bridging
D-ring (Fig. 1B). The angular fusion of the three major
nonplanar ring systems presents these functional groups on
what could be described as a spherical wedge-shaped molecule
with concave and convex faces, with most functional groups
occurring on the latter. To determine which groups contribute
to the compound’s affinity for Nsp9COV19 we repeated the
mass-spectrometry-based binding assays after cocomplexation
with a series of related ent-kauranes. Several such compounds
had relatively minor chemical differences and yielded com-
parable affinities: Compound 2 had a measured Kd of �7.0 ±
0.9 μM and carries only an L-alanine ester modification to the
140-hydroxyl of compound 1 (Fig. 1D). Compounds 3 to 5

include bulky acetyl additions to convex facing functional
groups, and all display markedly reduced affinities (Fig. 1E).
However, if a convex-facing functional group is merely lacking,
such as the 60-hydroxyl within compound 6 (Kd of �574.0 ±
87.4 μM), some ability to cocomplex with Nsp9COV19 is
retained (Fig. 1E). Larger-scale modifications to the chemical
scaffold occur within compounds 7 to 12, and these mostly
reduce or ablate each molecule’s ability to cocomplex with
Nsp9COV19 (Fig. 1E). It is noteworthy that compound 8 carries
a bulky addition on the concave surface of the kaurene scaffold
yet still retains some Nsp9COV19-binding capability. Com-
pounds 1 and 2 retained micromolar affinities for Nsp9, but
more drastic chemical modifications to the scaffold had
reduced binding.

Oridonin binds to Nsp9 at the base of the GxxxG helix

To characterize the binding mode of oridonin with
Nsp9COV19, we crystallized the cocomplex and determined its
structure (35) (see Experimental procedures and Table S1 for
data collection and refinement statistics). The crystal’s asym-
metric unit contained eight molecules of Nsp9COV19 within
four homodimers; these were seen to be largely identical
except at their extreme C-termini. After initial rounds of
refinement, a large section of unmodeled density was observed
between the base of GxxxG helix and strand β6 within an
identical position of each protomer (Fig. S1). Oridonin could
be modeled within this density and refined to yield a good fit
(Fig. 2A). The geometry of the final refined oridonin molecule
was constrained to that determined to high resolution by
small-molecule crystallography where appropriate (KUYHIV,
1201993).

Binding to Nsp9COV19 occurs with the compound’s convex
face nestled between the αC-helix and β6-strand (Fig. 2B).
Arg-99 from within the helix forms two hydrogen bonds to the
central ring’s 60 and 70-hydroxyls. A similar interaction occurs
between the backbone carbonyl group of a conserved dipropyl
motif immediately preceding β6 and the lone hydroxyl group
from the bicyclo[3.2.1]octanone ring; this interaction positions
the bridging enone group near Cys-73, the first residue of the
strand. All protein residues interacting with the ligand appear

highly conserved throughout different viral Nsp9 homologues
(Fig. 2C). The unbridged dimethyl hydroxy hexanol ring of
compound 1 is less involved in binding to Nsp9COV19 and
makes fewer obvious contacts with the protein, accordingly
this section of the ligand also has less well-defined electron
density in the structure. Oridonin’s lone concave facing group
is within this ring (the 10-hydroxyl) and is directed toward
solvent making no contact with the protein; in contrast, the
dimethyl moiety of this ring is sufficiently proximal to form
van der Waals interactions with Asn-96 at the base of the
αC-helix and potentially Leu-97 from the homodimer subunit
(Fig. 2A). The binding site of oridonin was identified at the
base of the fold’s lone α-helix.

Enone adduct formation with Nsp9

During refinement the enone group of oridonin closely
approached the sulfhydryl group of Cys-73 potentially indi-
cating a covalent adduct was being formed with the residue.
The crystals take 2 to 3 days to grow so we sought to assess
whether such an adduct might form with Nsp9COV19 in solu-
tion in shorter timeframes (10 min incubation with a twofold
molar excess). We thus treated recombinant Nsp9COV19 with
oridonin before gel filtration to remove soluble drug and then
digested the eluted protein with trypsin without reduction or
alkylation of Cys residues. There are three Cys residues within
the sequence of Nsp9. Evidence for modification of all Cys
residues was observed although only Cys-73 was modified
within the crystal structure and in the folded state is the only
one expected to be solvent exposed (Fig. 2D). Modified pep-
tides were characterized by a +364.2 Da mass shift compared
with the native peptide, as well as low mass ions consistent
with fragmentation of oridonin (Fig. S2). This is consistent
with the D-ring enone group acting as a Michael acceptor to
form a protein thioether. A similar adduct has been reported
for oridonin and NLRP3 (31) indicating that oridonin can
selectively form thioether adducts with cysteine residues of
some proteins.

In vitro coronaviral replication assays

We then assessed whether coronaviral replication was dis-
rupted through the action of oridonin on binding Nsp9COV19.
To minimize any influence of compound-induced cellular
toxicity upon such measurements, we treated different cell
types with varying micromolar concentrations of oridonin and
performed an MTT cell proliferation assay. The relative cell
survival of Vero 81, Calu-3, and Vero e6 cells was assessed and
compared with controls (Fig. S3). Calu-3 cells were seen to be
highly tolerant with no effect on cell proliferation detected in
this concentration range, an effect maintained up to 72 h post
infection (Fig. 3A); in contrast, a degree of reduced prolifera-
tion was observed in other cell types at the highest 50 μM
concentration point. In light of these results, viral replication
assays were performed by taking confluent Calu-3 monolayers
preincubated with different concentrations of oridonin then
infected with the original cultured patient SARS-CoV-2
isolate: Australia/VIC01/2020 (36). After 24-h, a TCID50
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Figure 2. Cocomplex structure of Nsp9COV19 with oridonin. A, an overall view using cartoon representation for the 2.95 Å crystal structure of Nsp9COV19
with oridonin. The two bound compounds are displayed in stick representation and nearby secondary structural elements are labeled. B, a zoomed in view
of the compound-binding site in which the side chains of nearby residues labeled and the potential hydrogen bonds made with the protein highlighted.
C, conservation of coronaviral Nsp9 residues interacting with oridonin. In the schematic the ligand is in black and protein side-chain residues in green.
Potential hydrogen bonds are indicated with dashed lines and the A-ring van der Waals interaction with brackets. D, example spectrum of native tryptic
peptide SDGTGTIYTELEPPCR (top) and its modified counterpart containing the oridonin adduct (bottom). The modified peptide is characterized by a mass
shift of +364.2 Da as well as prominent y ions differing by m/z +364.2 from their counterparts in the native peptide (inset table). Annotated spectra were
extracted from PEAKS X Pro, lower case c denotes the Cys residue modified with oridonin. RT denotes retention time.
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Figure 3. Oridonin inhibits coronaviral replication. A, MMT proliferation assay of different cell types treated with three different concentrations of
compound 1. Error bars represent S.D. of three independent replicates. B, TCID50 assay of Calu-3 cells pretreated with compound 1 prior to infection with
SARS-CoV-2. Viral titer was assessed for 14 concentration points after 24 h of growth and compared with untreated controls. Statistical significance is
indicated where p-values are less than 0.05 (*), 0.01 (**), or 0.001 (***). C, viral growth kinetics of SARS-CoV-2 and MERS-CoV infection of Calu-3 cells pre- and
posttreated with compound 1. Representative of two independent experiments.
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assay was performed to assess the amount of virus present
within the supernatant and a dose–response curve plotted
(Fig. 3B).

The sequence of Nsp9COV19 is relatively conserved between
SARS-CoV and SARS-CoV-2, so we sought to assess whether
oridonin inhibited replication of more distantly related coro-
naviruses. Coronaviral replication assays were repeated using
Calu-3 cells in which viral titer was monitored at 24, 48, and
72 h post infection. Cells were treated with 5, 15, or 50 μM
concentrations of oridonin then infected with either SARS-
CoV-2 or MERS-CoV. In total, 50 μM of oridonin was seen
to reduce viral tite at all time points following SARS-CoV-2
infection (Fig. 3C); at the 15 μM concentration, viral titer
was still approximately fivefold reduced after 24 h, but this was
not maintained at later time points (Fig. 3C). Oridonin
inhibited MERS-CoV replication by 0.5 to 1 log at 50 μM
concentration (Fig. 3C). The reduced sensitivity to oridonin
displayed by MERS-CoV may be attributed to genetic
dissimilarity as Nsp9SARS and Nsp9MERS share only 52%
sequence identity, although the majority of compound-
interacting residues remain conserved (Fig. 2C). These data
indicate that oridonin reduced both SARS-CoV-2 and MERS-
CoV replication in vitro, thereby demonstrating conserved
inhibition of these viruses and suggest that specific inhibitors
toward conserved Nsps, such as Nsp9, can potentially be
effective pan-coronavirus inhibitors.

UMPylation of Nsp9COV19

Nsp9 is the major substrate of the essential, and virally
unique, coronaviral nucleotidylation reaction catalyzed by the
NiRAN domain of Nsp12, with uridine triphosphate (UTP),
the preferred substrate for transfer (24). Following the nucle-
otidylation reaction, uridine monophosphate (UMP) is trans-
ferred from UTP to a substrate protein’s N-terminal residue,
the α-amide acting as acceptor in the case of Nsp9 (24). To
assess whether binding of ent-kaurane compounds to Nsp9
reduced its potential to act as substrate, we established an
assay using Cy3-UTP, which was incubated with 0.5 μM
Nsp12COV19 and 1.5 μM Nsp9COV19. Reaction products were
subsequently separated on standard SDS-PAGE gels and
imaged, all reactions were performed in triplicate. In this assay,
if UTP is provided in excess, we observed some UMP transfer
to Nsp12 (faint band left lane of Fig. 4A) as reported by others
(24). However, the N-terminus of Nsp9 is clearly the preferred
protein substrate (Fig. 4A). If the reaction is repeated in the
presence of a concentration series from 0 to 600 μM of ori-
donin, we observed clear inhibition of the UMPylation reac-
tion with IC50 measured at 37 ± 10 μM (bottom Fig. 4A). As
the highest concentration points essentially eliminated
UMPylation, we repeated the reaction in the presence of
500 μM of each compound (1–12) and compared the amount
of modified Nsp9 with control reactions (Fig. 4B). In this re-
action the ent-kaurene compound 1 reduced Nsp9COV19 Cy3-
modification to 20 ± 6% and compound 2 to 24 ± 7% of the
signal of dimethylsulfoxide (DMSO)-only control reactions
(Fig. 4B) while the other compounds had more nuanced effect,

with compound 6 being the next most dramatic reduction of
UMPylation to �66% of control reactions (Fig. 4B). Finally, to
assess whether Cys-73 is required for the inhibitory action of
compound 1 within the UMPylation reaction, we repeated the
inhibitory concentration-series with wild-type Nsp9COV19 and
a Cys-73 to Ser mutant; the level of inhibition was approxi-
mately threefold lower when the mutant Nsp9 was the sub-
strate (Fig. 4A). We have not yet been able to produce an R99A
mutant, to assess the involvement of this additional key con-
tact residue demonstrated within our crystal structure. Com-
pound binding thus appears to reduce the potential for
Nsp9COV19 to act as NiRAN substrate, accordingly if we
overlay oridonin-bound Nsp9 upon its Nsp-12 associated form
(23) steric clashes would appear to perturb the binding mode
(Fig. 4C).

Discussion

The coronaviral Nsp9 protein is essential for viral repro-
duction (22, 24) but its function within the replication/trans-
lation complex is unclear (23, 24) as are any secondary roles
manipulating host cell metabolism (19). We have identified a
subset of ent-kaurane compounds with low micromolar af-
finity for Nsp9COV19 that bind between the αC-helix and β6-
strand, a region of the protein mediating homodimer forma-
tion (37) and also Nsp12 NiRAN-domain association (23).
While cytotoxic at high concentrations, the presence of these
compounds inhibits SARS-CoV-2 and MERS-CoV replication
in cell culture. Within the kaurane scaffold, the hydroxy
methylene bicyclo[3.2.1]octanone ring is a major point of
contact between compound 1 (oridonin) and Nsp9COV19; this
ring system facilitates binding between the conserved residues
70EPPCR74 and the lone helix within Nsp9COV19. Three hy-
droxyl moieties engage the protein orienting the bound ligand
within the site such that the bridging enone group is proximal
to Cys-73, facilitating thiol-Michael addition.

The addition reaction is clearly sensitive to features outside
of the methylene bicyclo[3.2.1]octanone skeleton as this ring
system is present within other kauranes we examined (2, 3, 6,
8 and 9), which nonetheless displayed significantly reduced
binding response (3 or 9). The dihydroxyl moieties within the
central 2-oxabicyclo[2.2.2]octane ring are likely candidates for
the increased affinity of compounds 1 and 2 due to their
engagement of Arg-99 within our structure. Compound 6

lacks the 60-hydroxyl and accordingly has a fourfold reduced
dose response, while other compounds tested had bulky ad-
ditions to these groups, which abrogated binding completely
(3). Overall our structure suggests that bulky additions to the
functional groups on the convex face of the compound are
likely to hinder engagement or require an altered binding
mode, within this site. The Nsp9COV19 structure in complex
with oridonin does not immediately suggest a role for the
unbridged ring system, the 10-hydroxyl upon its concave mo-
lecular face is solvent facing and unlikely to contribute to Nsp9
binding. In contrast, this ring’s dimethyl group may provide
some van der Waals contacts with the side chains of residues
emanating from the N-terminus of the α-helix. The potential
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Figure 4. Oridonin binding mapped onto the SARS-CoV-2 extended replication transcription complex. A, UMPylation assay of Nsp9 by the NiRAN
domain of Nsp12. Cy3-labeled UTP was incubated with Nsp9 and Nsp12 with the reaction products, then separated by SDS-PAGE, and imaged. IC50 cal-
culations were obtained from a control-normalized dose–response fit to the data. Errors represent the S.D. of triplicate reaction series. B, the UMPylation
reaction was repeated in triplicate, the presence of each of the 12 compounds described previously and compared with in-gel control reactions. Quan-
tification of the Cy3-modified Nsp9 is plotted with errors representing standard deviation of three independent reactions. Note: the upper gel in panel A and
cropped compound screen 1 to 6 of panel B are part of the same experiment. C, a cartoon representation of the extended RTC (26) is shown with the Nsp9:
NiRAN-domain interaction highlighted. Nsp12 is colored with salmon for the pseudokinase domain and sand for the RdRp. The pseudokinase activation
loop is in orange. The engaged Nsp9 is colored green with N-terminal residues labeled. The oridonin-binding site is overlaid in partial transparency onto the
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interaction with Asn-96 is of note as this residue appears to
play a crucial role in Nsp9’s NiRAN-association within the
RTC (23).

In the extended-RTC complex, the α-helix of Nsp9 is
repurposed such that its coiled-coil homodimerization inter-
face instead contacts a mixed β-sheet within the pseudokinase.
In this conformation, the α-helix lies perpendicularly across
the β-sheet, facilitating the position of the N-terminus within
the NiRAN active site. N-terminal residues of Nsp9 become
sandwiched between an elongated NiRAN pseudokinase
β1-strand on one side and the catalytic Asp-221 residue from
the DFG-motif on the other. The novel nucleotidylation ac-
tivity of NiRAN pseudokinases will necessitate some enzy-
matic differences as compared with canonical kinases (38).
Despite this, a vast array of kinases have been studied, and key
componentry is presumably repurposed to an extent. This is
relevant as the NiRAN β-sheet engaged by the Nsp9 α-helix is
constructed from remnant pseudokinase C-lobe elements
whose kinase counterparts have known catalytic roles. This
includes the “β9” activation loop following the DFG-motif and
the pseudokinase “β6” catalytic loop, albeit one without an
active HRD sequence (39); the third and final β-strand could
be considered the returning leg of the activation loop, but the
pseudokinase boundary lies along its length so may mark a
point of functional divergence. When the oridonin-bound
Nsp9COV19 structure is overlaid onto the extended RTC, or
Nsp10/Nsp14 engaged Cap(0)-RTC (26), elements of the
A-ring clash with the turning point of the activation loop
particularly near the kinase-equivalent αE helix as well as
perturbing any potential interface role for Cys-73. Binding may
also perturb Nsp10 recruitment. This suggests that the A-ring
induced steric hindrance may well be an important means by
which oridonin inhibits coronaviral replication.

Our UMPylation assays support the hypothesis that some
ent-kauranes can inhibit the reaction with Nsp12 as the two
parental-class compounds (1 and 2) displayed significant levels
of inhibition. If oridonin is to be ultimately developed into a
specific-inhibitor targeting coronaviruses, a degree of closer
scrutiny will be needed to ensure its action is sufficiently
specific to Nsp9. Moreover, a full Ki/Kinact analysis would
ideally delineate between the stages of oridonin’s Nsp9 bind-
ing, its adduct formation, and consequent reduced NiRAN
activity. The overall ent-kaurene framework within compound
2 has been assessed in clinical trials (CTR20150246) at intra-
venous dosages of up to 320 mg/d (40). We observed some
cell-line specific cytotoxicity for oridonin, and this necessitates
a degree of caution when drawing conclusions from cellular
viral replication assays. Of the cell lines tested, Calu-3 is the
most robust cell line for viral replication in the presence of ent-
kaurane class compounds; in these cells we saw reduced viral
titer upon treatment with oridonin. Given the oridonin bind-
ing site of Nsp9 is predominantly constructed from residues
conserved among a diverse set of coronaviruses, it is

encouraging that we also measured viral inhibition among
distinct coronaviruses. Ideally modifications to the framework
of oridonin may be identified that reduce cytotoxicity, increase
specificity for Nsp9COV19, and improve upon its antiviral
response. Our viral experiments indicate a degree of viral re-
covery 72 HPI; this may be due to reduced concentrations of
free compound 1 as more Nsp9 is made and covalently
modified.

We note the possibility that modification of Nsp12 within
our in vitro UMPylation assays could also contribute to the
observed inhibitory effect. While most of Nsp12’s cysteine
residues are buried, three are relatively solvent-exposed and
present within the NiRAN domain; modification of Cys-53 in
particular would clearly influence nucleotide binding (41)
albeit it does not appear easily accessible to the bulky oridonin.
Cys-22 is more obviously accessible, and while not as obviously
a part of the NiRAN enzymatic machinery, it may be involved
in RNA substrate binding, which could influence our cellular
assays.

In parallel with chemical scaffold modifications, Nsp9 viral
mutants should also be made to better define how residues
within the oridonin-binding site might influence viral repli-
cation. This would help ascertain to what extent our observed
antiviral activity is solely dependent upon disruption of the
Nsp9:Nsp12 interface; at μM concentrations, oridonin has the
potential to act on other proteins such as the NLRP3 inflam-
masome (31) perturbing alternate cellular pathways upon
which viral replication may depend (42).

Experimental procedures

Protein expression and purification

Recombinant protein was produced as described previously
(21) for mass spectrometry binding assays. For the UMPyla-
tion assays, Nsp9COV19 must have Asn-1 without artificial
residues N-terminal to this. The pET-28-LIC-Nsp9 construct
was therefore recloned by PCR amplifying of the synthetic
gene using a primer that encoded an enterokinase protease
site prior to Asn-1. The protein was then purified in an
identical manner except with enterokinase replacing 3C-pro-
tease for hexahistidine tag removal. When sample shipment
was required, protein was frozen in liquid nitrogen and
transferred on dry ice. The Nsp9COV19(C73S) mutant was
ordered as a synthetic gene and cloned with an enterokinase
cleavage site and otherwise purified as per the wild-type
protein.

The SARS-CoV-2 Nsp12 expression construct was provided
by the Crick institute, Nsp12 is fused to a C-terminal deca-
histidine tag followed by a Tobacco Etch Virus (TEV) protease
cleavable protein A tag cloned into a baculoviral expression
system. Following baculoviral infection of 2L of Sf9 insect cells
were washed in 50 mM HEPES, pH 7.5, 300 mM NaCl, 10%
v/v glycerol, 0.05% w/v octylthioglucoside, and 1 mM

RNA complex indicating potential clashes with residues immediately C-terminal to the activation loop and near the Asn-96 engagement point. Potential
Nsp9:Nsp12 interface interactions are highlighted with gray lines, the local resolution of cryo-EM map (26) identifies their proximity but precludes specific
categorization into, e.g., van der Waals contacts or hydrogen bonds.
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dithiothreitol, then lysed by sonication. Following clarification
by centrifugation, cell lysate was incubated with 1 ml IgG
sepharose, then washed with three volumes of wash buffer.
Nsp12 was subsequently eluted through cleavage with TEV
protease, concentrated, and loaded on a Superdex 200
10/300GL column equilibrated in 25 mM HEPES pH 7.5,
150 mM NaCl, 5% v/v glycerol, 2 mM MgCl2, and 1 mM DTT.
Protein was frozen in liquid nitrogen until required.

Compound sourcing and quality control

Compounds used within the study were the following: 1
Oridonin (28957-04-02); 2: L-alanine ester oridonin; 3:
Xerophilusin G (304642-94-2); 4: Odonicin (51419-51-3); 5:
Maoyerabdosin (90468-72-7); 6: Kamebakaurin (73981-34-7);
7: Creticoside C (53452-34-9); 8: Enmein (3776-39-4); 9:
ent-6,11-Dihydroxy-15-oxo-16-kauren-19-oic acid beta-D-
glucopyranosyl ester (81263-97-0); 10: atractyloside
(102130-43-8); 11: carboxyatractyloside (77228-71-8); 12:
steviol (471-80-7). Compounds were sourced from Chem-
Faces Wuhan, with 1D NMR and mass spectrometry quality
controls (1, 2–11), Nanjing NutriHerb BioTech (1), for Kd
determination studies, Merck (12), or synthesized by SYN-
thesis Melbourne Australia (2).

Native MS: Instrument control and acquisition

Experiments were performed on a Bruker SolariX XR 12 T
Fourier transform ion cyclotron resonance mass spectrometry
(ESI-FT-ICR-MS) (Bruker Daltonics Inc) equipped with an
automated chip-based nano-electrospray system (TriVersa
NanoMate, Advion Biosciences). Mass spectra were recorded
in positive ion and profile modes with a mass range from 50 to
6000 m/z. Each spectrum was a sum of 16 transients (scans)
composed of 1 M data points. All aspects of pulse sequence
control and data acquisition were controlled by Solarix control
software in a Windows operating system. For initial natural
product library screening, pools of ten compounds (1 μl of
each compound at 500 μM in DMSO) were dried, resuspended
in 1 μl MeOH, and incubated with proteins for 1 h at room
temperature and analyzed by ESI-FT-ICR-MS. Final com-
pound/protein molar ratio was 5.6:1. When a protein–ligand
complex was found, the molecular weight of the binding
compound was calculated from the spectrum using the
following equation: MWligand = Δm/z × z. For hit confir-
mation, the binding of the individual compounds was
confirmed in a separate experiment.

Dose-responsive binding of compounds

The percentage of ligand-bound protein was determined
using the following equation.

% ligand-bound protein = [P-L]/([P] + [P-L]) Where [P-L] is
the total intensity of the protein–ligand complex and [P] is the
total intensity of the apo-protein for a single charge state. A
binding curve was generated (ligand concentration against
percentage of ligand-bound protein), and nonlinear regression
using the equation below was fit in GraphPad Prism. Y =
Bmax*X/(Kd + X)

Protein crystallization, data collection, and structure

determination

Nsp9COV19 with the His-tag retained was concentrated to
�15 mg/ml and crystallized via hanging drop vapor diffusion
over a reservoir consisting of 20% v/v polyethylene glycol 4000,
0.17 M ammonium sulfate, and 0.1 M Citrate pH 4.0. All
diffraction data were collected at the Australian synchrotrons
MX2 beamlines (35). Data was processed using the program
XDS (43), scaled, and merged with programs from the CCP4
suite (44). Diffraction data were processed P21 with β � 90�

but can also be processed in P212121 with some loops having
alternate configurations. Initial phases were obtained using the
molecular replacement program Phaser (45) with trimmed
starting model 6W9Q (21). Subsequent rounds of manual
building and refinement were performed in the programs
COOT (46) and Phenix (47). Due to the data resolution,
during refinement the conformation of the covalent oridonin
adduct was restrained against previously determined small-
molecule experimental data (Cambridge crystallographic data
centre: KUYHIV 1201993) adjusted for sp2 to sp3 orbital
changes on C16 due to thioether formation (48).

Protein digestion and LC-MS/MS analysis

Protein was diluted in 100 mM Tris, pH 8, and digested in
solution overnight with proteomics grade trypsin at a 1:40
trypsin:Nsp9 ratio. Samples were desalted using OMIX C18
pipette tips, vacuum concentrated, and reconstituted in 2%
acetonitrile, 0.1% formic acid. Samples were acquired by liquid
chromatography–tandem mass spectrometry (LC-MS/MS)
using a SCIEX 5600+ TripleTOF mass spectrometer with a
Nanospray III ion source, coupled to a NanoUltra cHiPLC
system (Eksigent). Samples were loaded at 5 μl/min onto a
cHiPLC trap column (3 μm, ChromXP C18CL, 120 Å,
0.5 mm × 200 μm) in 0.1% formic acid, 2% acetonitrile, prior to
separation at 300 nl/min over a cHiPLC column (3 μm,
ChromXP C18CL, 120 Å, 15 cm × 75 μm) using increasing
acetonitrile in 0.1% formic acid. Data were collected in positive
ion mode using a data-dependent acquisition strategy. The
MS1 and MS2 mass ranges were 200 to 1800 m/z and 60 to
1800 m/z, respectively, with MS/MS to occur for the top 20
ions per cycle matching the following criteria: >200 m/z,
charge state +2 to +5, intensity >40 counts per second, and
exclusion of ions after two fragmentations for 30 s. Spectra
were annotated using PEAKS X Pro (Bioinformatics Solutions
Inc) via database search against the recombinant Nsp9
sequence, considering specific trypsin digestion and variable
modifications: Oxidation (M) +15.99, Deamidation
(N/Q) +0.98, and several possible Cys modifications +364.19
(Oridonin), +346.18 (Oridonin - 18), +31.99 (dioxidation),
and +47.98 (trioxidation).

MTT cell proliferation/viability assay

Calu-3, Vero E6, and Vero 81 cells were seeded on 96-well
plates and treated with 100 μM, 50 μM, 15 μM, and 5 μM of
compound 1 or DMSO control for 27 h. Media containing the
compound were removed and serum-free DMEM and MTT
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reagent (Abcam MTT Cell Proliferation Assay Kit) were added
to cells and incubated for 3 h. After removal of MTT reagent,
MTT solvent was added and cells were gently rocked for
15 min. Absorbance was read at OD590nm and percentage of
viable cells was normalized to control cells treated with equal
amounts of DMSO.

SARS-CoV-2 and MERS-CoV replication assays

All viral work was performed within accredited PC3 labo-
ratories. For the TCID50 assays compound 1 in DMSO was
diluted from a concentrated stock solution to 1.5 mM, then
further diluted to 150 μM in serum-free media and filter-
sterilized. A 14-point dilution series of the compound in
media spanning 100 μM to 2.5 μM was made and added to
Calu-3 cell monolayers growing in a 24-well plate at >95%
confluence, which had previously been washed with infection
media. Following addition of treatment, Calu-3 cells were
incubated at 37 �C, 5% CO2 for 7 h 100 μl/well of SARS-CoV-
2 patient isolate (Australia/VIC01/2020) (36) containing 1000
TCID50/ml (50% Tissue Culture Infectious Dose/ml) was then
added. Infected cells were incubated for 1 h prior to addition
of 800 μl of infection media with 1.2 μg/ml TPCK Trypsin—
plates were then incubated for a further 23 h. At the 24 h
timepoint, the viral supernatant was removed and a TCID50

assay performed.
Calu-3 2B4 cells were treated with 50 μM, 15 μM, and 5 μM

of compound 1 or DMSO control (0.1% v/v) for 3 h prior to
infection with 0.01 MOI of MERS-CoV (EMC/2012) or SARS-
CoV-2 (2019-nCoV/USA-WA1/2020). Virus inocula were
removed and replaced with media containing compound 1.
Virus was collected at 24, 48, and 72 hpi and freeze thawed.
MERS-CoV and SARS-CoV-2 supernatants were serially
diluted and used to infect Vero81 cells or VeroE6 cells,
respectively at 37 �C in 5% CO2 for 1 h. After removing virus
inocula, plates were overlaid with 0.6% agarose containing 2%
FBS and DMEM supplemented with 10% FBS. After
3 days, agar overlays were removed, fixed with 4% PFA, and
stained with 0.1% crystal violet. Viral titers were calculated as
pfu/ml.

UMPylation assay

Nucleotidylation reactions were performed using a 1:100
ratio of Cy3-UTP (Jena biosciences) to UTP (Merck) pH
adjusted to �7.4. Reactions were set up for 20 min at 30 �C
with final concentrations of 20 mM HEPES pH 7.4, 150 mM
NaCl, 50 μMMnCl2, 25 μMUTP mix, 1.5 μM of enterokinase-
treated Nsp9COV19, and 0.5 μM Nsp12COV19. Following dilu-
tion of recombinant protein stocks, the final reducing agent
concentration within the assay is �10 μM DTT and 4% v/v
DMSO. Within the 1 to 12 compound series reactions,
Figure 4B, 15 μM Nsp9COV19 and 1 μM Nsp12COV19 were
instead used. The reaction was terminated through addition of
2× loading dye containing 2% w/v sodium dodecyl sulfate and
immediately separated via SDS-PAGE on an 18% w/v poly-
acrylamide gel. After washing once in 50 mM Tris, 150 mM

NaCl, the Cy3 modified bands were imaged on an Amersham
Typhoon 5 using Cy3 settings. Band quantification was per-
formed using ImageQuant TL (Cytiva) with fitting done in
Prism (GraphPad). The intensity of Cy3 staining is plotted as a
percentage of the signal obtained compared with in-gel DMSO
controls after background subtraction. The raw data from
wild-type Nsp9 and the C73S mutant were not obviously
dissimilar.

Data availability

The accession number for the atomic coordinates of the 3C-
Nsp9COV19:Oridonin and associated structure factors have
been deposited at the protein databank (www.rcsb.org) with
accession code 7N3K.
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