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ABSTRACT: SARS-CoV-2 (COVID-19) has infected over 219 9 %
million people and caused the death of over 4.55 million il ,\?ﬁ\

worldwide. In a previous screen of a natural product library

.

against purified SARS-CoV-2 Nsp9 using a native mass 9 A \'é’; HAOAT2 - Nep
spectrometry-based approach, we identified an ent-kaurane natural 5 ;l . l\@l\'

product, oridonin (1), with micromolar affinities. In this work, we ) ! 5 Bz

have found that the prodrug HAO472 (2) directly binds to Nsp9, [\@ v Oridonin: Nepe

establishing replacement of the labile ester with a bioisostere as a sans-conzeps |
candidate drug strategy. We further tested 1 and its clinical
analogue 2 against two Nsp9 variants from human coronavirus
229E (HCoV-229E) and ferret systemic coronavirus FS6 (FSCoV-

FS6). Both compounds showed significant binding selectivity to 20 ' 200 P T TR TR T
COVID-19 and HCoV-229E Nsp9 over FSCoV-FS6 Nsp9,

confirming the covalent bond with Cys73.

1. INTRODUCTION oridonin (1) and its synthetic analogue HAO472 (2) (Figure

Coronavirus disease 2019 (COVID-19) is a disease caused by 1) to Nsp9 of COVID19 virus (Nsp9covipio) wgere found to be
a new type of transmissible pathogenic human severe acute 7.2 + 1.0 uM and 7.0 £ 0.9 uM, respectively.” The HAO472

respiratory syndrome coronavirus 2 (SARS-CoV-2), a member K; was due to liberation of oridonin due to the action of
of beta-coronaviruses.”” SARS-CoV-2 variants are occurring esterase. We further explored a time course of the binding
worldwide, requiring vaccines to be re-engineered to maintain affinities of oridonin (1) and HAO472 (2) to Nsp9 from
effectiveness. Drug therapy would complement vaccines and

provide an alternate therapeutic modality. JCysm

Coronaviruses are positive-sense, single-strand RNA viruses.
About 2/3 of the genome consists of two large overlapping
open reading frames (ORF1a and ORF1b) that are processed
to generate 16 nonstructural proteins (Nspl to 16). The
remaining portion of the genome includes ORFs for the
structural proteins: spike (S), envelope (E), membrane (M),
and nucleoprotein (N).” The majority of ligand identification
research has focused on targeting the main viral protease
(MP™).*~7 We have recently reported that the natural product
oridonin (1) binds to the SARS-CoV-2 nonstructural protein
Nsp9 by native mass spectrometry (native MS), and

Nsp9
cocrystallographic results indicated that the compound binds HAO472 (2) * HAO472 - NspS complex
.8
to Nsp9 at the base of the GxxxG helix.” The compound was Figure 1. Structures of oridonin (1) and HAO472 (2) and the
found to have an in vitro anti-viral activity with a 50% effective expected protein—ligand complexes.

concentration (ECg,) of 25.2 uM for the VICO1 strain in an in
vitro coronaviral replication assay.”

The subfamily Coronavirinae contains four genera termed
alpha-, beta-, gamma-, and delta-coronavirus. Mammals are
predominantly infected by alpha- and beta-coronaviruses, while
gamma- and delta-coronaviruses mainly infect avian hosts.”
Our previous screening for natural products active against
SARS-Cov-2 identified oridonin (1). Binding affinities of
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A B P P-oridonin P-HAO472
6+
7+
1 1
1400 1600 1800 2000 2200 2400 2600 m/z 2060 2080 2100 2120 2140 2160 2180 m/z
Nsp9 oridonin HAO472
Expected | Measured | calculated mass Expected Measured calculated Expected Measured calculated mass
deviations mass deviations deviations
Nsp9 12378 Da | 12589 Da 211 Da / / / / / /
Nsp9 + oridonin | 12378 Da | 12589 Da 211 Da 364.1886 Da | 364.2030 Da 0.0144 Da / / /
Nsp9 + HAO472 | 12378 Da | 12588 Da 210 Da 364.1886 Da | 365.2148 Da 1.0262 Da 436.2330 Da* 437.2183 Da 0.9853 Da

* Molecular weight of the entire molecule HAO472 is 549.2186 Da.

Figure 2. (A) Full native MS spectra and (B) expended spectra of charge state 6+ of 9 uM Nsp9coyip1o With addition of 1 uL of methanol (blank
solvent) (top), 10 uM oridonin (1) (middle), and 10 uM HAO472 (2) (bottom). (C) Summary of expected molecular weights, measured
molecular weights, and calculated mass deviations of Nsp9, oridonin, and HAO472 in the three experiments.

COVID-19. We have found that HAO472 (2) directly binds to
Nsp9covipre, indicating that it could act as an active
component rather than a prodrug.

We also tested oridonin (1) and HAO472 (2) against Nsp9
derived from human coronavirus 229E (HCoV-229E) and
ferret coronavirus FS6 (FSCoV-FS6) and an Nsp9 (from
COVID19) Cys-73 to a Ser mutant (Nsp9¢,35) by native mass
spectrometry.

2. RESULTS AND DISCUSSION

2.1. Oridonin-Soluble Analogue HAO472 Binds Nsp9
(COVID-19). Oridonin (1) is a kaurene-type diterpenoid
isolated fromRabdosia rubescens.'’ It has biological activities
that include anti-cancer,! anti-inﬂammatory,12 anti-bacterial,"®
and anti-fibrotic properties.'* Although oridonin has a unique,
relatively safe, and extensive anti-cancer profile, its limitation in
clinical development includes its moderate potency and poor
aqueous solubility and bioavailability."> HAO472 (2) is
designed with an alanine ester trifluoroacetate at the C-14
position to improve its aqueous solubility.'* HAO472 has been
advanced into phase I human clinical trials for the treatment of
acute myelogenous leukemia (80-320 mg/day, iv,
CTR20150246). The literature suggests that HAO472 can
be metabolized through the cleavage of its C-14 ester bond to
release the parent compound oridonin in vivo, thereby acting as
a prodrug,'® In this cell-free system, the protein—ligand
complex peak formed by Nsp9 and HAO472 was detected
(Figure 2A,B, m/z 2171). The molecular weight of the bound
ligand was calculated by the difference between the mass-to-
charge ratio (Am/z = 2171.84291 — 2098.97320 = 72.86971)
for the unbound protein and the protein—ligand complex ions
multiplied by the charge state (z = 6+) to 437.2 Da, which is
consistent with compound 2 ([M + H]*) (Figure 2C). In the
same experiment, we also observed the Nsp9-oridonin peak
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(Figure 2A,B, m/z 2159). The molecular weight of the bound
ligand was calculated as (2159.84189 — 2098.97320) X 6 =
365.2 Da, which is consistent with compound 1 ([M + H]")
(Figure 2C).

A time-kill experiment of HAO472 (2) against Nsp9 was
performed by native MS (Figure 3A). The results clearly
indicate the time-dependent conversion of the Nsp9-HAO472
complex to the Nsp9-oridonin complex. The direct measure-
ment after the mixing of Nsp9 and HAO472 (2) (incubation
time = O min) detected 97.6 + 1.7% of Nsp9-HAO472
complex, while only 2.4 + 1.7% protein—ligand complex is
formed by oridonin and Nsp9. A decrease in the Nsp9-
HAO472 complex was observed along with an increase in
Nsp9-oridonin with time. After 2 h, more than half of the
protein—ligand complex was formed by oridonin and Nsp9,
with about 97.7 + 1.7% of Nsp9-oridonin complex at 18 h of
incubation.

In this study, the stability of HAO472 in pH 6.4 ammonium
acetate buffer under room temperature was also investigated
(Figure 3B). Similar to the time-kill study, under room
temperature, degradation of HAO472 to oridonin was
observed after dissolving HAO472 in ammonium acetate
buffer. For instance, the following oridonin ratios were
observed after 2 h, 160 min, 230 min, and 260 min: 42.9 +
4.0%, 56.9 + 2.5%, 79.9 + 4.1%, and 87.1 + 4.6%.

The compounds oridonin and HA0472 have identical ring
scaffolds differing through the C14 hydroxyl group within the
C-ring being replaced by an alanine ester in the latter
compound. A direct overlay of idealized coordinates for
HAO472 upon our previously solved oridonin structure was
made (Figure 4). The docking results predicted a pocket that
would accommodate the alanine moiety without interfering
with the formation of a covalent bond with Cys73. The alanine
ester of HAO472 is projected outward toward the solvent and

https://doi.org/10.1021/acsomega.1c07186
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A application area. Compound 1 was preincubated with the
1o protein at 12 ligand—protein ratios ranging from 0.001:1 to
o 08 22.2:1, and protein—ligand complexes were detected and
© 06 - Oridonin-Nsp9 quantified by native MS. The protein—ligand complex of
7 os -= HA0472-Nsp9 compound 1 (0.01—200 uM) started to be observed with 0.3
02 uM addition of ligand, and the intensity of the protein—ligand
oo complex reached a plateau with a maximal protein—ligand-to-
R @QQ é\og (&«\Q @og é\og (&«\Q @og ‘&oe ({\\QQ @og ‘&oe & protein ratio (?f 1.0. The percentage of .hgan.d—.bound complex
DS S S S DS to total protein was used to plot a dissociation curve from
Incubation time which a Ky of approximately 5.7 + 0.8 yM was calculated
B (Figure SA). The K value difference indicates a 20% increased
o 10 binding affinity of compound 1 to Nsp9,,oz compared to
:E 0.8 Nsp9covipis-
T o0s =e- Oridonin
3 A
04 = HAO472
E- 1.0 ~e- Nsp9 (COVID19)
g o2 : : -=- Nsp9 (HCoV-229E)
ool T F = Nopd (FSCOFe)
S &S &8 LSS S SS =
FFFFFFTT T TS £ 05
ST 0T e T T T e 5
i e
Time =
0.0
Figure 3. (A) Ratios of the Nsp9-HAO472 complex and Nsp9- 0.001  0.01 0.1 1 10 100 1000
oridonin complex detected in Nsp9 (10 uM) with addition of ligand concentration (uM)
HAO472 (10 M) under different incubation times. Errors (<10%) B
represent the S.D. of three independent recordings. (B) Ratios of
HAO472 and oridonin detected in 10 uM HAO472 solution at 1.0 s~ Nsp9 (COVID19)
different time points. Errors (<10%) represent the S.D. of three E ’ —= Nsp9 (HCoV-229F)
independent recordings. T == Nsp9 (FSCoV-F56)
& 05
=
=)

Figure 4. Molecular docking of HAO472 to Nsp9covipio-

potentially interacts with Glu-70. In the parental structure, this
hydroxyl group interacts with the backbone carbonyl of Pro-72,
and in HAO472, this interaction can only be a van der Waals
interaction necessitating a projection of the alanine moiety out
toward Glu-70. It is possible that an additional charged H-
bond may form between Glu-70 and the additional primary
amine within HA0472.

2.2, Oridonin and HAO472 vs. Nsp9 Variants. To
determine the effect on the HCoV-229E Nsp9 homologue
(Nsp9,,05), compound 1 was tested for its binding affinity in a
native MS-based assay. Among the methods available for the
identification and characterization of noncovalent interactions
between proteins and their ligands, native MS offers
advantages including rapidity and high sensitivity and
specificity.”'® In particular, it does not require labeling on
either protein or the ligand, and thus this widens the

7329

0.0
0.001

0.01

0.1 1 10
ligand concentration (nM)

100 1000

Figure 5. (A) Dose response studies of oridonin (1) against Nsp9
from COVID19, HCoV-229E, and FSCoV-F56. Errors represent the
S.D. of three independent recordings. (B) Dose response studies of
HAO472 (2) against Nsp9 from COVID19, HCoV-229E, and
FSCoV-F56. Errors represent the S.D. of three independent
recordings.

Second, the titration experiment was repeated with
compound 1 and the FSCoV-F56 Nsp9 homologue
(Nsp9gss) (Figure SA). The minimum protein—ligand
complex from Nsp9pss and compound 1 was observed at 30
#M ligand, and a maximal protein—ligand-to-protein ratio of
0.15 was reached with 200 pM ligand addition. Further
increasing the ligand only led to protein—ligand complex
intensity loss. Around 100 times less protein binding affinity
was observed for compound 1 to Nsp9pss compared with
Nsp9covipie @and Nsp9,,or (Figure S1).

A similar titration experiment of HAO472 (2) and the
HCoV-229E Nsp9 homologue (Nsp9,,5;) was conducted. The
protein—ligand complex was calculated as the sum of protein-
oridonin and protein-HAO472. It was found that HAO472 (2)
shows a greater binding affinity to Nsp9,,45 (Figure SB). The
minimum ligand concentration required for protein—ligand
complex formation was found to be 0.03 uM, and the intensity
of the protein—ligand complex reached a plateau (P—L:P =
1.0) with 10 uM ligand. A Ky value of ~1.0 + 0.2 yM was
calculated by using the percentage of ligand-bound complex
within the samples. In contrast, HAO472 (2) showed
extremely weak binding response to the BtCoV-F56 Nsp9

https://doi.org/10.1021/acsomega.1c07186
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homologue (Nsp9pss) (Figure SB). The protein—ligand
complex was only detected with a ligand concentration of at
least 30 uM, which is 100 times higher than the Nsp9,,4g
binding result. The maximum protein—ligand complex-to-
protein ratio only reached 0.06 at 200 uM ligand. HAO472 (2)
exhibits a significant selectivity for protein binding across the
three tested Nsp9 homologues (Figure S2).

The residues making up the oridonin-site of SARS-CoV-2
Nsp9 is relatively well conserved in most coronaviruses. The
Nsp9 variant from the distally related bat coronavirus (FS6)
lacks Cys-73 and instead has a leucine at this position (Figure
6). Most of the other oridonin-interacting residues within the

p6-strand aC-helix
68 69 70 71 72 73 74 95 9 97 98 99 100 101
Nsp9 covip1s  E L E P P C R N N L N R G M
Nsp9 229 E L E P P C R N N L R R G A
Nsp9 Fs6 E L E Q P L R N T L R R G A

Figure 6. Amino acid sequence alignment of three Nsp9 homologues.
Nsp9 residues interacting with oridonin are highlighted in yellow.

binding site are conserved other than a P71—Q_substitution,
but this position interacts with oridonin via backbone contacts.
All protein aC-helix residues interacting with oridonin appear
highly conserved throughout the three tested viral Nsp9
homologues except for a N96—T replacement.

In our previous study, compound 1 was crystallized with
Nsp9covipio @and a covalent bond was found to occur between
the bridging enone group of compound 1 and the first residue
of the strand Cys73.° To investigate whether Cys73 is required
for the protein—ligand complex formation, ligand binding
experiments of compounds 1 and 2 and a Cys73 to a Ser
mutant (Nsp9¢,;5) were conducted (Figure 7). Protein—ligand

100
£ sl
= 80 B Nsp9-oridonin
i 60 B C73S mutant-oridonin
¥ I Nsp9-HAO472
ﬂ\_-‘l 404 [ C73S mutant-HAO472
"i 20;

o i

100 uM 200 pM 500 uM
Compound concentrations

Figure 7. Binding of oridonin (1) and HAO472 (2) to Nsp9 wild-
type protein and Nsp9 Cys-73 to the Ser mutant.

complexes were detected from both compounds to the
Nsp9¢73s mutant protein at >50 yM ligand addition; however,
compared to the wild-type protein, a significantly lower
amount of protein—ligand complex was observed. With the
addition of 50 uM ligand, both compounds were able to
saturate the wild-type Nsp9 (9 uM), while only the 1.28% and
0.89% Nsp9c73s mutant was found to form a protein—ligand
complex with oridonin and HAO472, respectively. The results
confirm that Cys73 is a key residue within the Nsp9 protein to
interact with oridonin and HAO472.

3. CONCLUSIONS

HCoV-229E is one of the first identified human coronavi-
ruses.'” Together with HCoV-HKU1, HCoV-OC43, and
HCoV-NL63, HCoV-229E mainly causes asymptomatic or
mild respiratory and gastrointestinal infections, accounting for

7330

approximately 5—30% of common colds.”’ FSCoV-F56
belongs to the alpha-coronavirus genus and typically causes
self-limiting diarrheal disease in ferrets. It is a distant alpha-
coronavirus whose Nsp9 homologue contains no cysteine
residues. The Nsp9 homologue from FSCoV-FS56 has no
cysteines, and our results indicated both compounds have
significantly decreased affinity (Figure S). A protein—ligand
complex formed by Nsp9coyip1o and HAO472 was observed,
and this suggests that HAO472 could be active itself against
coronavirus. The degradation of HAO472 to the parent
compound oridonin in solution was measured, and the rates of
Nsp9-oridonin complex are consistent with rates of oridonin
decomposed from HAO472. Accordingly, non-ester forms of
HAO472 can act as anti-viral compounds.

4. METHODS

4.1. Protein Expression and Purification. Recombinant
protein Nsp9covipi9 Was produced as described previously for
mass spectrometry binding assays.”' Synthetic genes encoding
the amino acid sequences of Nsp9,,; (AF304460) and
Nsp9gss (LC215871) were cloned into a pET28 expression
vector, which were then expressed and purified in a manner
identical to Nsp9¢coyipio- The Nsp9 Cys-73 to Ser mutant was
ordered as a synthetic gene and cloned with an enterokinase
cleavage site and otherwise purified as per the wild-type
protein.

4.2. Compounds. Oridonin (1) was sourced from Nanjing
NutriHerb BioTech, Nanjing, Jiangsu Province, China, and
HAO472 (2) was synthesized by SYNthesis Melbourne
Australia.

4.3. Instrument Control and Acquisition. Experiments
were performed on a Bruker SolariX XR 12T Fourier transform
ion cyclotron resonance mass spectrometer (Bruker Daltonics
Inc., Billerica, MA) equipped with an automated chip-based
nano-electrospray system (TriVersa NanoMate, Advion
Biosciences, Ithaca, NY, USA). 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.

4.4. Time-Kill Experiment. 4.4.1. Protein—Ligand
Detection (Figure 3A). HAO472 (2) (10 uL, 100 uM in
methanol) was mixed with Nsp9 (490 L, 10 M in 150 mM,
pH 6.7 ammonium acetate buffer) tested by native mass
spectrometry at various time points: 0, 10, 20, 40, 80, 120, 160,
200, 260, 320 min, 18, and 24 h. Experiments were performed
on a Bruker SolariX XR 12 T Fourier transform ion cyclotron
resonance mass spectrometer (Bruker Daltonics Inc., Billerica,
MA). The HAO472-Nsp9 complex was detected as m/z 1628
(8+), 1861 (7+), and 1923 (6+). The oridonin-Nsp9 complex
was detected as m/z 1619 (8+), 1851 (7+), and 1913 (6+).
The percentage of ligand-bound protein was determined using
the following equation: % ligand-bound protein = {) [P—
L"/([P]"" + [P-L]™)}/m, where [P—L]"™ is the total
intensity of the protein—ligand complex, [P]"* is the total
intensity of the apo-protein for a single charge state 1, and m is
the number of charge states observed for the protein. A time-
kill curve was generated ([P—L] percentage against time) in
GraphPad Prism.

4.4.2. Stability Test (Figure 3B). HAO472 (2) (10 uL, 100
uM in methanol) was mixed with 490 uL of 150 mM, pH 6.7,
ammonium acetate buffer and tested by mass spectrometry at
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various time points: 0, 10, 20, 40, 80, 120, 160, 230, 260, 320,
380, and 24 h. Experiments were performed on a Bruker maXis
II ETD ESI qTOF (Bruker Daltonics Inc., Billerica, MA).
HAO472 ion was detected as m/z 436.2 [M + H]*. Oridonin
ion was detected as m/z 365.2 [M + H]". A time-kill curve was
generated (compound percentage against time) in GraphPad
Prism.

4.5. Molecular Docking. The structure of Nsp9 used for
molecular docking was published in our previous paper® and
can be accessed from the Protein Data Bank (7N3K). Docking
was performed using the program medusadock 2.

4.6. 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]")}/m, where [P—L]™" is the total intensity of
the protein—ligand complex, [P]™* is the total intensity of the
apo-protein for a single charge state #, and m is the number of
charge states observed for the protein. A binding curve was
generated (ligand concentration against percentage of ligand-
bound protein), and non-linear regression using the equation
below was fit in GraphPad Prism: Y = B, .. X X/(K; + X).
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