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Althoughvaccines are available for SARS-CoV-2, antiviral drugs such as
nirmatrelvir are still needed, particularly for individuals in whom vaccines
areless effective, such as the immunocompromised, to prevent severe
COVID-19. Here we report an a-ketoamide-based peptidomimetic inhibitor
of the SARS-CoV-2 main protease (MP), designated RAY1216. Enzyme
inhibition kinetic analysis shows that RAY1216 has an inhibition constant
of 8.4 nM and suggests that it dissociates about 12 times slower from MP™
compared with nirmatrelvir. The crystal structure of the SARS-CoV-2
MP™:RAY1216 complex shows that RAY1216 covalently binds to the catalytic
Cysl45 through the a-ketoamide group. In vitro and using human ACE2
transgenic mouse models, RAY1216 shows antiviral activities against
SARS-CoV-2 variants comparable to those of nirmatrelvir. It also shows
improved pharmacokinetics in mice and rats, suggesting that RAY1216
could be used without ritonavir, which is co-administered with nirmatrelvir.
RAY1216 has been approved as a single-component drug named ‘leritrelvir’
for COVID-19 treatment in China.

SARS-CoV-2 hasbecome established inthe human population through
the coronavirus disease 2019 (COVID-19) pandemic and is likely to
remain in circulation. Owing to multinational efforts, vaccines were
rapidly rolled outin the early stage of the pandemic and proved success-
fulinsavinglives. However, probably due to populationimmune pres-
sures established by infections and vaccinations, SARS-CoV-2 Omicron
variants with highly mutated spike proteins quickly emerged'. Rapid

emergence of highly mutated variants has shown the extraordinary
capacity of the virus to escape humoral immunity, representing agreat
challenge to vaccines and therapeutic antibodies>’.

Anumber of small-molecule SARS-CoV-2 therapeutics have been
developed®. This therapeutic strategy may be part of a solution to
combat SARS-CoV-2immune escape. Of note, the orally available drugs
molnupiravir and Paxlovid have been approved for COVID-19 treatment
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Fig.1| Chemical structures of RAY1216 and related antiviral protease
inhibitors. a, The chemical structure of RAY1216; P1’ denotes the warhead moiety
and P1-P4 denote the other chemical moieties. b, The chemical structure of
SARS-CoV-2 MP”inhibitor PF-07321332 (nirmatrelvir). ¢,d, Chemical structures of
telaprevir (c) and boceprevir (d), both of which inhibit HCV NS3/4A protease.

after being validated through clinical trials. Molnupiravir (LAGEVRIO,
also known as EIDD-2801) is a prodrug of N-hydroxycytidine; this muta-
genicribonucleosideisabroad-spectrumantiviral agent targeting the
viral RNA polymerase by lethal mutagenesis. However, this molecule
has also been shown to be mutagenic to the host’. Paxlovid is a com-
bination of PF-07321332 (nirmatrelvir) and ritonavir. PF-07321332
is a peptidomimetic that selectively inhibits the SARS-CoV-2 main
protease (MP™, also known as 3C-like protease (3CL"™))%’, while rito-
navir is a cytochrome P450 inhibitor that functions to slow down
cytochrome-P450-mediated metabolism of PF-07321332 to improve
bioavailability. However, the usage of ritonavir limits the clinical appli-
cation range of Paxlovid owing to the drug-drug interaction, which
may cause potential safety issues. Therefore, our original goal is to
aim for a drug candidate endowed with a longer half-life while main-
taining good enzyme inhibitory potency as shown by PF-07321332. We
expectthatsuchanewly designed MPinhibitor may possess prolonged
pharmacokinetic stability in humans, which can hopefully avoid the
usage of ritonavir. The drug target of PF-07321332, MP™, plays a role
in the viral polyprotein ppla and pplab processing that is essential in
the SARS-CoV-2life cycle®. The MP° gene has been observed to be rela-
tively conserved among various SARS-CoV-2 variants; therefore, MP™
represents a promising target for drug development for SARS-CoV-2.

Other than PF-07321332, multiple series of SARS-CoV-2 MP™
inhibitors have been developed or discovered®’ >, With a few excep-
tions™"**12* the majority of these molecules are peptidomimetics,
which often exhibit poor pharmacokinetic (PK) properties. In this
study, we report a further peptidomimetic MP™ inhibitor—RAY1216—
which hasbeenrecently approved as an oral COVID-19 antiviral medi-
cine in China, with the generic name ‘leritrelvir’. The development
of RAY1216 was inspired by the successful hepatitis C virus (HCV)
protease inhibitor discovery programme reported for telaprevir®*~.
RAY1216 features an a-ketoamide warhead and incorporates chemical

moieties known to confer selectivity towards coronavirus MP®. Here
we characterize in detail the kinetics of SARS-CoV-2 MP” inhibition by
RAY1216 and determine the crystal structure of the covalent adduct
with SARS-CoV-2 MP™, Furthermore, the antiviral activity, protection
against SARS-CoV-2 variants in animal models and PK properties are
reported, and compared with those of PF-07321332.

Structure of RAY1216

RAY1216 (Fig. 1) was developed via multiple rounds of optimization
conducted at P1, P2, P3 and P4 moieties, and finally, the covalent war-
head was changed from a nitrile in PF-07321332 to an a-ketoamide
moiety. The details of the structure-activity relationship optimi-
zations will be further disclosed in a separate report. RAY1216 was
chemically synthesized (Supplementary Fig. 1), and the identity of
the product is confirmed using nuclear magnetic resonance (NMR)
spectroscopy (Supplementary Figs. 2-4). The inhibitor features
acyclopentyl-substituted a-ketoamide warhead, a pyroglutamine
with a pyrrolidinone side chain at P1 (this moiety is known to mimic
glutamine, which dominates in the P1position of coronavirus MP rec-
ognitionsequences®®),a P2 cyclopentylproline, a P3 cyclohexylglycine
and a P4 tri-fluoroacetamide (Fig. 1). The absolute configuration of
the synthesized RAY1216 was confirmed using X-ray crystallography
(Supplementary Fig. 5). Inhibition assays show that RAY1216 has high
specificity towards SARS-CoV-2 MP™ (Extended Data Table 1).

Invitro inhibition of MP° by RAY1216 compared
with PF-07321332

We used a peptide cleavage assay based on fluorescence resonance
energy transfer?’ to monitor SARS-CoV-2 MP* activity (Supplementary
Figs. 6and 7), and we estimated a Michaelis constant (Ky,) of 31pM and a
turnover number (k,,,) of 0.12 s for MP° (Supplementary Figs. 6-8 and
Supplementary Tables 2and 3). To compare the inhibition by RAY1216
withthat by PF-07321332, MP(final concentration 80 nM as determined
by the Bradford assay) was added to asolution of substrate (20 pM) and
inhibitor (maximum concentration444 nM, 2:3 dilution series down to
17 nM) in the assay buffer. The increase in fluorescence intensity was
monitored in real time over a period of 1 h. Representative replicates
for RAY1216 or PF-07321332 are shownin Fig. 2 (Supplementary Figs. 8
and9).Both compounds showed agradual onset of inhibitory activity;
aninitial relatively uninhibited phase in product formation s followed
by a gradual approach to pseudo-equilibrium (‘slow binding’ inhibi-
tion*>*"). Compound concentrations substantially lower than the nomi-
nalenzyme concentration caused aprominentinhibitory effect (‘tight
binding’ inhibition**>*). The time course of the assay in the absence of
inhibitors ([/] = 0) was markedly nonlinear owing to substrate depletion.
Under these particular experimental conditions, the classic algebraic
method of enzyme kinetic analysis, based on the first-order appar-
ent rate constant ‘k,,;’**, cannot be used. Instead, combined progress
curves obtained at various inhibitor concentrations were fit globally
toasystem of first-order ordinary differential equations (ODE) solved
by the software package DynaFit**?,

The dataversus model overlay plotsin Fig. 2a,billustrate that the
overallinhibitory potencies of RAY1216 and PF-07321332 are very simi-
lar. Note that at the three highest inhibitor concentrations ([/] = 444,
296 and 198 nM), the reaction progress curves become nearly hori-
zontal at the end of the assay in Fig. 2a,b. However, also note that the
approach to the quasi steady state is markedly slower for RAY1216
than for PF-07321332. This fundamental difference between the two
compoundsis made most clearly visible in the instantaneous rate plots
showninFig. 2c,d. For example, at the highest inhibitor concentration
([/1 =444 nM, bottom curve shown in red in Fig. 2¢), it takes approxi-
mately 20 min for the enzyme to become fully inhibited by RAY1216.
By contrast, it takes less than 1 min for the enzyme to become fully
inhibited by PF-07321332 under identical conditions. Note in Fig. 2c,d
that the reaction rate does not decrease to zero even at inhibitor
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Fig.2|SARS-CoV-2 M inhibition by RAY1216 and PF-07321332. a, Progress
curves of MP® inhibition (80 nM MP™, 20 uM substrate) at different RAY1216
concentrations (data points); reactions were started without preincubation.
Progress curves are fit in DynaFit>**” using the ODE method (smooth model
curves), and residuals of the fits are shown. AF, fluorescence intensity change;
rfu, relative fluorescence units. b, Progress curves of MP inhibition by
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PF-07321332 under the same experimental conditions, and they are fit in DynaFit
using the same analysis procedure. Inhibition parameters (mean +s.d.,n=3)
determined from replicates are shown. ¢,d, Instantaneous reaction rates derived
from the fits to the progress curves of MP* inhibition by RAY1216 (c) and PF-
07321332 (d). See ‘Enzyme kinetics’ in Supplementary Information for details of
dataanalysis procedures.

concentrations substantially higher than the enzyme concentration.
This shows the effective kinetic reversibility of the observed enzyme-
inhibitorinteractions despite the fact that the crystal structure shows
acovalentbinding mode (see below). Thus, RAY1216 appears to be an
example of a ‘reversible covalent’ inhibitor®. As the equilibrium dis-
sociation constants K; = k,/k, (wWhere K; is the inhibition constant, k, is
the dissociation rate constant and k, is the association rate constant)
for the two compounds are similar (Extended Data Table 2a), while it
takes very muchlonger for RAY1216 to fully associate with the enzyme,
it necessarily means that not only the association rate constant but
also the dissociation rate constant is very much lower for RAY1216,
compared with PF-07321332. Inthat sense, RAY1216 could be described
as a ‘slow-on, slow-off” inhibitor, whereas the PF-07321332 inhibition
of MPis ‘fast on, fast off".

The results of a comprehensive kinetic analysis using multiple
replicates (n =3, for eachinhibitor) are summarized in Extended Data

Table 2a (see Supplementary Tables 3 and 4 for detailed analysis). The
K;and the drug-target residence time (¢,.,) were computed from these
primary regression parameters using the usual formulas®’, while assum-
ing thatbothinhibitors are kinetically competitive with the fluorogenic
peptide substrate (see ‘Enzyme kinetics’ in Supplementary Informa-
tion for details). The results summarized in Extended Data Table 2a
indicate that RAY1216 has a more than an order of magnitude (12x)
lower dissociation rate constant compared with PF-07321332. Thus,
the drug-target t,., for RAY1216 is measured in hours (1.7 h), instead
of inminutes (9 min) in the case of PF-07321332. At the same time, the
equilibrium binding affinity of RAY1216 (8.4 nM) measured by K; is
only approximately twofold lower than that of PF-07321332. Note that
K;=(3.8 £0.2) nMreported here for PF-07321332isin good agreement
with K;=3.1(1.5-6.8) nM previously reported by Pfizer®. The observed
enzyme inhibition kinetics, in particular the drug-target ¢, results
listed in Extended Data Table 2a, is consistent with slow-tight inhibition
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Protomer B

Fig. 3| Crystal structure of RAY1216 in complex with SARS-CoV-2 MP™,

a, Cartoon representation of the dimeric MP"°bound to RAY1216. Protomer Ais in
green, protomer Bis in blue and RAY1216 is shown as yellow ball-and-stick models
inactive sites of both MP™ protomers. Asterisks mark structural features from
protomer B.b, Azoom-in view of the RAY1216-bound active site of protomer A. An
electron density (2Fo-Fc) map (blue mesh, contoured at 1.30) is shown around the
bound RAY1216 and the catalytic Cys145 side chain (also see Supplementary Fig. 10
for omit map densities). Clear electron density is observed for the thiohemiketal
bond formed between the bound RAY1216 a-keto carbon and the catalytic Cys145

291229
L1004

PF-07

sulfur.c, Same view as in b showing detailed interactions between RAY1216 and
the active site of MP. Selected side chains of interacting residues are shown;
backbone carbonyl and amide are represented as red and blue dots. d, Detailed
interactions between PF-07321332 and the active site of MP™ (based on PDB

7RFW (ref. 6)) are shown in the same view asin ¢.In cand d, molecular surfaces

of selected residues involved in hydrophobic contacts with bound inhibitors are
shown. Hydrogen bonds are shown in dashed lines. Extra hydrogen bonds formed
by RAY1216 to MP™ or hydrogen bonds of different properties to M*" between
RAY1216 and PF-07321332 are highlighted with colours.

of MP by RAY1216, suggesting that the enzyme-inhibitor complex (E-I)
formed by RAY1216 is more stable than that formed by PF-07321332.
We further performed differential scanning fluorimetry to show that
the binding of RAY1216 increases the thermal denaturation midpoint
temperature (T;,) of MP by 20 °C, while the binding of PF-07321332
increases MP™ T, by 11 °C (Extended Data Fig. 1a). These results confirm
that RAY1216 forms a more stable enzyme-inhibitor complex.

Structure of RAY1216 bound to SARS-CoV-2 MP™

To further understand the activity of RAY1216, we soaked SARS-CoV-2
MPr crystals with 6 mM RAY1216 in crystallization solution and the
structure of RAY1216 bound to MPat 2.0 A resolution was determined
using X-ray diffraction (Fig. 3a and Supplementary Table 6). We identi-
fied unambiguous electron density consistent with RAY1216 molecules
inboth activesites of the MP dimer (Fig. 3a and Supplementary Fig. 10),
and the dimer appears to be largely symmetric (Fig. 3a and Supple-
mentary Fig.11). The electron density shows that RAY1216 is covalently
attached to MPvia a thiohemiketal bond formed between the y-sulfur
of the catalytic Cys145 and the a-keto carbon of the RAY1216 warhead
(Fig.3b and Supplementary Fig.10). The a-ketoamide warhead at the

inhibitor P1’ positionis able tointeract with the MPactive site through
anumber of potential hydrogen bonds: the oxyanion (or hydroxyl)
group of the thiohemiketal accepts a hydrogen bond from His41, and
the warhead amide oxygenis within hydrogen bond accepting distance
of the backbone amides of Gly143, Ser144 and Cys145, which form the
canonical cysteine protease ‘oxyanion hole’ (Fig. 3¢c). These interactions
are consistent with the proposal that the a-ketoamide represents a
superior warhead through its ability to engage two hydrogen bond-
ing interactions to the target protease catalytic centre, rather than
just one?, as seen for aldehyde®*° or Michael acceptor®* warheads.
The cyclopentyl substituent on the warhead amide is well defined by
the electron density (Fig. 3b and Supplementary Fig. 10) and is situ-
ated 4.2 A from the side chain of MP™ Leu27, showing a hydrophobic
contact between the cyclopentyl moiety and the aliphatic Leu27 side
chain (Fig. 3¢).

Inthe P2 position of RAY1216, the peptide bond s stabilized within
the cyclopentylproline moiety previously used at the P2 position of
telaprevir'®*2, Electron density shows that the hydrophobic cyclopen-
tylring slots snugly into the groove between M49 and M165 (Fig. 3b,c
and Supplementary Fig. 10). Plasticity has been observed for the S2
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substrate binding pocket that accommodates the P2 moiety upon
inhibitor binding (Supplementary Fig. 11)**. It has been shown that S2
pockets in coronavirus MP™ have a strong preference towards hydro-
phobic amino acids, particularly leucine?***, It has also been shown
inaseparate study that dimethylcyclopropylproline and cyclopentyl-
proline, used in boceprevir and telaprevir, respectively (Fig. 1), when
incorporated in a-ketoamide MP™ inhibitors, can each occupy the S2
pocket with similar potencies®.

TheP3 moiety of RAY1216 features a cyclohexyl group that extends
towards the exterior of the active site without making any direct con-
tacts with MP (Fig. 3c). The density for the cyclohexyl para-carbon
positioned furthest from the active site cavity is weak (Fig. 3b), sug-
gesting that the cyclohexyl group remains relatively flexible within
the inhibitor-enzyme complex. Nevertheless, it has been reported
that substituents at the P3 position can affect both drug potency and
pharmacokinetic properties®'.

RAY1216 and PF-07321332 share the same y-lactam and
tri-fluoroacetamide moieties at P1and P4, respectively. The P1y-lactam
is known as an optimal fragment for viral protease inhibition as it
mimics glutamine and has been proven to be responsible for potent
inhibitory activity against a variety of enzymes with specificity towards
native substrates with a P1glutamine®'**¢, Inthe RAY1216:MP™ complex,
the y-lactam nitrogen donates potential hydrogen bonds to the back-
bone carbonyl oxygen of Phel40 (3.19 A), to the carboxylate of Glu166
(3.17 A) and to the side chain hydroxyl of Ser1 from the second monomer
of the MP™ dimer (Fig. 3¢). The y-lactam carbonyl oxygen accepts a
hydrogen bond (2.54 A) from the imidazole of His163 (Fig. 3c). These
interactions have also been observed in the complex formed between
PF-07321332 and MP™ (Fig. 3d)®. Clear electron density is observed
for the P4 tri-fluoroacetamide capping moiety in the RAY1216:MP"
complex structure (Fig. 3b and Supplementary Fig. 10). This moiety
contacts the Leul67 side chain and accepts a hydrogen bond from
GIn192 amide (Fig. 3c). Equivalent interactions have been observed
in the PF-07321332:M°" complex structure (Fig. 3d)®. In summary,
despite differences in the P1’ warhead, P2 bicycloproline and P3 sub-
stituent structures, interactions mediated by the P1y-lactam and P4
tri-fluoroacetamide moieties are largely maintained between RAY1216
and PF-07321332.

Antiviral activities of RAY1216 in the cell culture
and mouse model

Based onthe encouraginginvitro activity of RAY1216, we next sought
to investigate the inhibitory activity of RAY1216 towards SARS-CoV-2
infectionin the celland mouse model. The 50% cytotoxic concentration
(CCs) of RAY1216 was determined to be 511 pM for Vero E6 cells (Supple-
mentary Fig.12). Inthe virus plaque-reduction assays, the half-maximal
effective concentration (ECs,) values for RAY1216 against different
SARS-CoV-2variants are 116 nM (wild type (WT)), 80 nM (Alpha), 88 nM
(Beta), 69 nM (Delta), 81 nM (Omicron BA.1), 91 nM (Omicron BA.5) and
135 nM (Omicron XBB.1.9.1) (Fig. 4a); these values are comparable to but
slightly less favourable than those of PF-07321332 (Fig. 4a, Extended
DataFig.2, Supplementary Table 7and Extended DataFig. 3). The selec-
tivity indices (CCso/ECs,) of RAY1216 are 4,400 (WT), 6,390 (Alpha),
5,810 (Beta), 7,410 (Delta), 6,310 (Omicron BA.1), 5,620 (Omicron BA.5)
and 3,790 (Omicron XBB.1.9.1).

We further characterized the protective effect of RAY1216 against
virusinfectioninahuman ACE2 (K18-hACE2) transgenic mouse model*’.
Mice were intranasally challenged with lethal doses (10° plaque forming
units (PFU)) of SARS-CoV-2 (Delta variant), and the protective effect
of RAY1216 was assessed. The mortality of the mice in the untreated
virus-infected group was100% at 5 days post-infection. RAY1216 admin-
istered at three different doses (600 mg kg™ d™, 300 mg kg™ d™* and
150 mg kg™ d™) was able to protect mice infected with SARS-CoV-2
by 100%, 43% and 14%, respectively (Fig. 4b). This result suggests that
treatment with RAY1216 effectively prolonged survival of mice infected
with SARS-CoV-2. To examine the effect of RAY1216 on lung virus titre
and pathology, a separate set of experiments was performed with a
non-lethal dose of virusinoculum (10** PFU). Mice treated with RAY1216
(600 mg kg™ d*and 300 mg kg™ d*) had significantly decreased lung
viral titres compared with the infection-only group (Fig. 4c-e). Com-
pared with the infection-only group, the group treated with RAY1216
(600 mg kg™ d*) was able to reduce lung virus titre by more than1log
unit. This effect may be slightly weaker for RAY1216 compared with
PF-07321332 under the same experimental set-up (Fig. 4d,e), but the
difference is not statistically significant. The lung histopathology
of infected mice, compared with that of infected mice treated with
RAY1216, shows that RAY1216 administered at 600 mg kg™ d'and
300 mg kg™ d' reduced virus-induced pathology (Fig. 4f). RAY1216
administered at a dose of 600 mg kg™ d provided a similar level of
protection against lung tissue inflammation injury to that observed
with PF-07321332 (Fig. 4f).

Pharmacokinetics of RAY1216

Pharmacokinetics cansubstantially influence drug therapeutic efficacy.
We examined the stability of RAY1216 in plasmas of different species
(Extended Data Fig. 4). RAY1216 shows good stability in mouse and rat
plasmas; more than 80% of RAY1216 is retained after 2 hofincubation,
and only avery smallfraction (2.6-4%) of the drug exhibits epimeriza-
tion at the P1stereocentre. In cynomolgus monkey and human plasmas,
60% and 70% of RAY1216 are retained after 2 h of incubation and P1
epimerization accounts for 13% and 11% of drug concentrationloss. In
beagle dog plasma, only 39% of RAY1216 is retained and P1 epimeriza-
tionaccounts for 52% of RAY1216 concentration loss after 2 h of incuba-
tion (Extended Data Table 3).

We next examined in vivo pharmacokinetics of RAY1216 and
PF-07321332in head-to-head experiments in mice and rats (Fig. 5).
Following intravenous (i.v.) administration, RAY1216 has plasma
clearance rates in the range of 7.2-10 ml min™ kg™ (compared with
35-54 ml min™ kg™ for PF-07321332) and elimination half-lives in the
range of 3.3-4.8 h (compared with 0.3-1.2 h for PF-07321332) giving
total drug exposure integrated over time (as represented by the area
under the curve up to the last quantifiable time point, AUC,,_,,) inthe
range of 3,400-7,000 h ng ml™ (compared with 940-1,500 h ng mI™
for PF-07321332). Following oral (p.o.) administration, RAY1216 has
elimination half-lives ranging between 1.8 h and 3.5 h (compared
with 0.7-1.1 h for PF-07321332) giving total drug exposure inte-
grated over time (AUC,_,,.,) in the range of 5,300-9,200 h ng ml™
(compared with 810-2,200 h ng mI™ for PF-07321332) (Extended
Data Table 4). These PK characteristics represent an improvement
over PF-07321332, which is associated with faster plasma clearance

Fig. 4| Antiviral activities of RAY1216 in the cell culture and animal model.

a, Inhibition of SARS-CoV-2 wild-type ancestral strain and variantsin cell culture.
The antiviral effect of RAY1216 against SARS-CoV-2 virus infection was assessed
using plaque-reduction assay (mean +s.d., n=3). Virus inhibition titres (ECs,) are
estimated from dose-response curves of percentage plaque-reduction versus
RAY1216 concentration. b, Protection of K18-hACE2 transgenic mice from lethal
SARS-CoV-2 challenge by RAY1216. ¢, Body weight change (mean + s.d.) of K18-
hACE2 transgenic mice infected with SARS-CoV-2 after receiving indicated daily

oral doses of RAY1216, PF-07321332 or PBS control (n=7).d,e, SARS-CoV-2 virus
titres (mean £ s.d.) inmouse lung tissues at 3 days post-infection (d, n =3) and
5days post-infection (e, n=7) after receiving the indicated daily doses of RAY1216
or PF-07321332.*P< 0.05; *P < 0.01; **P < 0.001; NS, not significant as determined
using one-way ANOVA with Tukey’s HSD test compared with the virus group.

f, Comparison of virus-induced histology changes in mouse lung tissues after
receiving theindicated oral daily doses of RAY1216 or PF-07321332 (n = 3). Histology
examples of no virus (NC) and virus (Virus) controls are included for comparison.
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and shorter elimination half-lives under equivalent conditions in  used for antiviral animal experiments (Supplementary Fig. 13).
mouse and rat models. Under this condition, RAY1216 gives a total drug exposure inte-

We performed further PK experiments in K18-hACE2 trans-  grated over time (AUC,_,) 0f 140,000 h ng ml™, which is -6 times
genic mice under the same dosing condition (600 mgkg™d™, p.o.) that of PF-07321332 (23,000 h ng mI™) (Supplementary Table 8).

Antiviral activity of RAY1216 by plaque reduction assay
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Under this dosing condition, RAY1216 can maintain a plasma con-
centration above EC,, for at least 8 h. By contrast, PF-07321332 can
maintain only a plasma concentration above EC,, for 4-5 h (Sup-
plementary Fig. 13). The animal PK data indicate that RAY1216 may
have a promising human PK profile.

MP mutants and RAY1216 inhibition

Since the emergence of Omicron variants, circulating SARS-CoV-2
strains have been carrying the P132H mutation*. We purified the P132H
MP™, and this enzyme was found to have ak,, of 35 pMand ak_,, 0f 0.18 s*
similar to those of WT MP™ (K, = 31 uM, k_,. = 0.12s™) (Supplementary
Fig.7and Supplementary Tables 2 and 5). In enzyme inhibition assays
involving P132H MP" (Extended Data Fig. 5 and Supplementary Table 5),
RAY1216 has a K, of 8.4 nM and a ¢, of 76 min, while PF-07321332 has a
K;of 4.9 nMand at,.,of 3 min. Differential scanning fluorimetry experi-
ments show that the binding of RAY1216 and PF-07321332 increases
P132HMP™ T, by 20 °Cand10 °C, respectively (Extended DataFig. 1b).
Therefore, compared with WT MP*inhibition, RAY1216 and PF-07321332
retain very similar enzyme inhibition characteristics towards P132H
MP*, consistent with a previous report on PF-07321332 (ref. 49) and
consistent with the fact that both drugs retain a good antiviral effect
towards Omicron variants.

It has been reported that the use of PF-07321332 can induce MP™
mutations in both laboratory and clinical settings, although these
mutations are yet to be widely found in circulating viruses*’. Using
a SARS-CoV-2 replicon system®’, we investigated the inhibition of
replicon-driven luciferase expression in human embryonic kidney
(HEK) 293T cells by RAY1216 and PF-07321332 (Fig. 6a). RAY1216 and
PF-07321332are able toinhibit the repliconencoding WT MP°with ECs,
values of 50 nM and 33 nM. We further tested effects of selected MP™
single mutants® G15S, M49L, F140L and AP168, and selected double
mutants® L5SOF/E166V and E166A/L167F, on the inhibition of both
drugs. The single mutants reduce RAY1216 and PF-07321332 inhibition
2.4-12.8-fold, and each mutation affects both drugs to similar degrees

(Extended Data Table 5). The double mutants have a weaker effect on
RAY1216 inhibition, reducing inhibition 4.7-6.5-fold. For compari-
son, E166A/L167F reduces PF-07321332 inhibition 16.4-fold and L5OF/
E166V reduces PF-07321332 inhibition at least 150-fold (Extended
Data Table 5). Among these mutations, positions 49, 140,166 and 167
are in direct contact with RAY1216 by either hydrophobic interac-
tion or hydrogen bonding. The other tested mutation sites are in the
direct vicinity of the MP™ catalytic pocket where both RAY1216 and
PF-07321332 bind (Fig. 6b).

Discussion

In this study, we characterize the inhibition of SARS-CoV-2 MP™ by
RAY1216, an optimized peptidomimetic inhibitor. We find that, prob-
ably due to more stable interaction with MP*, RAY1216 possesses supe-
rior drug-target residence time, when compared with PF-07321332
(nirmatrelvir), the active antiviral component in Paxlovid. It has recently
emerged that drug-target residence time is an important parameter
to optimize for drug efficacy®***>*. We further report that RAY1216
has better pharmacokinetic properties compared with PF-07321332.
Improved pharmacokinetic properties may allow RAY1216 to be used
withoutritonavir, whichis known to have significant unwanted drug-
drug interactions. However, PF-07321332 is slightly favoured over
RAYI1216inreducing mouse lung viral titre. These results suggest that
the drug-target residence time alone, as determined in biochemical
kinetic assays, cannot solely dictate pharmacological efficacy. RAY1216
has completed its phaselll clinical trial as a single-component drug®,
and it has been approved by the National Medical Products Adminis-
tration of China for COVID-19 treatment with the generic drug name
‘leritrelvir’. Despite its successful entry into clinical use, our results
showthat RAY1216, as with all antiviral drugs, is facing significant chal-
lenges posed by drug resistance mutations. Further investigations
of resistance mechanisms, in particular those that are specific to the
MP™ enzyme, should help the development of future MP inhibitors
as therapeutic agents.
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Methods

Ethics statement

The antiviral studies were performed in the Guangzhou Customs
District Technology Center Biosafety Level 3 (BSL-3) Laboratory and
approved by the Guangzhou Medical University Ethics Committee of
Animal Experiments (Institutional Animal Care and Use Committee
(IACUC) certificate number GZLO0O08). The pharmacokinetic studies
were approved by the IACUC of Precedo Pharmaceuticals. The IACUC
numbers for rat and mouse (including Institute of Cancer Research
(ICR) mouse and K18-hACE2 mouse) pharmacokinetic studies are
IACUC-20230303-2 and IACUC-20230303-3, respectively. All plas-
mas used in the RAY1216 plasma stability experiment are from com-
mercial sources. All experiments complied with the relevant ethical
regulations.

Statistical analysis

Thesamplessizeswere predetermined according to previous studies'®*.
The experiments were not randomized, and investigators were not
blinded to allocation during experiments and outcome assessments.

Chemical synthesis and characterization of RAY1216

RAY1216 was synthesized through an11-step process. The synthesized
RAY1216 was characterized using NMR spectroscopy, infrared spectros-
copy and mass spectrometry. The absolute configuration of the syn-
thesized RAY1216 was confirmed using X-ray crystallography. Details
of RAY1216 chemical synthesis and characterization are described in
Supplementary Information.

Recombinant protein production

Based on a previous study?, a construct encoding SARS-CoV-2 MP™
(ORF1ab 3264-3569, GenBank code MN908947.3) was subcloned into
the pGEX-6p-1vector between the BamHIand Xhol restriction sites with
extra C-terminal extension encoding a human rhinovirus 3C enzyme
recognition site linked to a 10xHis tag. The resulting wild-type and
P132H mutant construct was verified by DNA sequencing. The con-
struct plasmid was transformed into BL21 (DE3) Escherichia coli cells
(Vazyme, number C504-02/03), and scale-up expression (-6 1) was
started fromasingle colony inlysogeny broth medium supplemented
with 100 pg ml™ of ampicillin at 37 °C. The cells were induced with
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0.5 mMisopropyl 3-D-1-thiogalactopyranoside when the optical den-
sityat 600 nmreached 0.8. Cells were allowed to grow post-induction
for20 hat16 °C.

The cells were collected through centrifugation, and the cell pellet
was lysed in the lysis buffer (20 mM Tris, pH 7.8, 150 mM NaCl, 10 mM
imidazole) through sonicationonice. The cell lysate was cleared using
high-speed centrifugation (20,000 x gat4 °Cfor1h). The supernatant
was mixed with Ni-NTAresin for~2 hat4 °Conashaker. The Ni-NTA resin
was washed with two buffers of different imidazole concentrations
(20 mM Tris, pH 7.8,150 mM NacCl, 20 mM/50 mM imidazole) each for
over 30 resin volumes to remove contaminants. The target protein
was eluted by the elution buffer (20 mM Tris, pH 7.8, 150 mM NaCl,
500 mMimidazole). Humanrhinovirus 3C enzyme, 400 U, was added
intotheeluted protein toremove the C-terminal histidine tag, and the
mixture was dialyzed at 4 °C overnight in dialysis buffer (20 mM Tris,
pH 7.8,150 mM NaCl, 1 mM DTT) using a dialysis bag with a molecular
weight cut-off of 10 kDa. The dialyzed mixture was reloaded onto the
Ni-NTA resin, and His-tag-free target protein was collected from the
flow-through.

Asthe expressed MP" contains the native MP™ cleavage sequence
‘SAVLQ/SGFRK’ found between Nsp4 and Nsp5 (MP") in the SARS-CoV-2
Nsp polyprotein (the slash indicates the MP™ cleavage site) near
the N-terminus, MP™ auto-cleaving activity generates an authentic
N-terminus during protein expression. Purified MP° was concentrated
by a10 kDamolecular weight cut-off Amicon Ultra 50 centrifugal filters
(Merck Millipore) at 4 °C to ~10 mg ml™. Concentrated protein was
either used for crystallization without freezing or flash frozen in liquid
nitrogen and stored under -80 °C.

Enzyme kinetic assay and analysis

The enzyme assays were performed in enzyme kinetic buffer 20 mM
Tris pH 7.8,150 mM NaCl, 1 mM DTT and 100 pg ml™ bovine serum
albumin) using Dabcyl-KTSAVLQ/SGFRKME-Edans (Beyotime, number
P9733;‘/ indicates the MP™ cleavage site) as the substrate. The reactions
were carried out in 96-well black flat-bottom plates with a final reac-
tionvolume of 200 pl. A10 s plate-shaking procedure was used before
the data collection. The fluorescent signal by enzyme cleavage of the
substrate was monitored on a Molecular Devices FlexStation 3 reader
with filters for excitation at 340 nm and emission at 490 nm at 20 °C.
The datawererecorded using SoftMax Pro 7.0 Software. Minimal data
point collectioninterval time was set to collect as many data points as
possible. Enzymekinetic assay results were analysed using the software
package DynaFit***” using methods detailed in ‘Enzyme kinetics’ in
Supplementary Information.

Thermal stability assay

MP™ protein, 6 M, was preincubated with 12 uM PF-007321332 or
RAY1216 in reaction buffer PBS (containing 0.1% DMSO) at 16 °C for
30 min. The apo MP™ control experiment was performed with 6 pM
MP™ protein in PBS (containing 0.1% DMSO). The SYPRO orange dye
(Sigma, number 5692) was added to a final concentration of 5x. The
final reaction volume was 20 . The fluorescence of the tube was
monitored under a temperature gradient range from 25 °C to 94 °C
with 0.5°C min~'incremental step in a real-time PCR machine. The
raw fluorescence data were normalized to the highest value in each
melting curve, and the normalized fluorescence curves were fitted
to aBoltzmann equation to estimate the melting temperature 7, (the
midpoint of the unfolding transition) in GraphPad Prism 8.0.

MP™ crystallization and crystal soaking

Apo MP™crystals were crystallized by mixing 1 pl of freshly purified MP™
(without freezing) at10 mg ml™ with1 pl crystallization solution (0.1 M
MES monohydrate pH 6.5,12% w/v polyethylene glycol 20,000) using
the hanging drop vapor diffusion method at 16 °C. Crystals normally
grew overnight. The apo crystals were flash frozen in cryoprotection

solution (0.1 M MES monohydrate pH 6.5, 12% w/v polyethylene gly-
¢0l 20,000, 40% glycerol) using liquid nitrogen. To obtain RAY1216
soaked crystals, apo crystals were transferred into the crystallization
solution supplemented with 6.6 mM RAY1216 and 3% DMSO (from
the RAY1216 solution). The crystals were soaked for ~10 min at 16 °C.
Finally, the crystals were briefly soaked in cryoprotection solution
(0.1 MMES monohydrate pH 6.5,12% w/v polyethylene glycol 20,000,
40% glycerol) supplemented with 6.6 mM RAY1216 before being frozen
inliquid nitrogen.

Data collection and structure determination

Single-crystal X-ray diffraction datawere collected on beamline BLI9U1
atthe Shanghai Synchrotron Radiation Facility at 100 K using an Eiger
X16M hybrid-photon-counting detector. Dataintegration and scaling
were performed using the XDS software (BUILT 20220220)*. Struc-
tures were determined by molecular replacement using the Phaser MR
2.8.3 (ref. 57) programme in CCP4 7.1.018 (ref. 58), with a SARS-CoV-2
MP structure’ (Protein Data Bank (PDB) code 7VHS8) as the search
model. Iterative manual model building was carried out in Coot 0.9.6
(ref. 59). Final structures were refined with Refmac 5.8.0267 (ref. 60).
The data collection and structure refinement statistics are summarized
inSupplementary Table 6.

Celllines and virus strains

African green monkey kidney epithelial (Vero E6) cells and
HEK293T cells were purchased from the American Type Culture Col-
lection and cultured in Dulbecco’s modified Eagle’s medium (DMEM,
Gibco) supplemented with 10% fetal bovine serum (FBS; Gibco),
100 pg mlI™ streptomycin (Gibco) and 100 U mlI™ penicillin (Gibco).
SARS-CoV-2 and its variants, namely, Alpha (B.1.1.7), Beta (B.1.351),
Delta (B.1.617.2), Omicron BA.1(B.1.1.529), Omicron BA.5 (BA.5.2) and
Omicron XBB.1.9.1, wereisolated from clinical samples and were depos-
ited at the First Affiliated Hospital of Guangzhou Medical University.
Viruses were propagated as previously described®, the viruses were
aliquoted and stored at—80 °C, and the titres of cultured viruses were
estimated as 50% tissue culture infective doses (TCIDs,) using the
Reed-Muench method.

Cytotoxicity and cytopathic effect inhibition assays

The CC,, for RAY1216 in Vero E6 cells was determined using the MTT
(3-(4,5-dimethylthazolk-2-yl)-2,5-diphenyl tetrazolium bromide)
assay®. Different dilutions of RAY1216 and PF-07321332 were incu-
bated with Vero E6 cells (5 x 10* cells per well) in 96-well plates for the
cytotoxicity assay, and the concentrations of RAY1216 and PF-07321332
causing 50% cell death were determined as the CC, value. The 50%
inhibition concentration (EC,,) of the virus-induced cytopathic effect
(CPE)was used toinvestigate the efficacy of RAY1216 and PF-07321332
against SARS-CoV-2. Amonolayer of Vero E6 cells wasinoculated with
100 TCID;, of SARS-CoV-2 wild type or variant strain at 37 °C for 2 h.
After removal of the inoculum, the cells were incubated with DMEM
containing different concentrations of RAY1216 or PF-07321332, 2%
FBS and 2 uM P-glycoprotein (P-gp) inhibitor, CP-100356. Infected cells
were observed under amicroscope after 72 h ofincubation to assess the
CPE. Dose-response curves were plotted as CPE versus log(inhibitor
concentrations). The ECs, and EC,, were estimated using regression
analysis in IBM SPSS Statistics software version 25.0. The selectivity
indices were determined using the ratio of CCs, to EC,.

Plaque-reduction assay

Vero E6 cells at a density of 2 x 10° cells per well were incubated over-
night as a monolayer of cells in 12-well plates. After being rinsed with
PBS, the cells wereincubated with 100 TCID;, of SARS-CoV-2 wild type
or variant strains for 2 h. The inoculum was removed, and the cells
were overlaid with 1 ml of 0.8% agar formulated in DMEM containing
different concentrations of RAY1216 or PF-07321332,2% FBS and 2 pM
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P-gp inhibitor, CP-100356. Plaque-reduction assay was performed in
triplicates. The plates were placed upside down in 37 °Cfor 72 h ofincu-
bation. The plates were fixed with 4% formalin for 30 min. The overlays
were then removed and stained with 0.1% crystal violet for 3 min. The
plaques were visualized and counted. The percentage inhibitionateach
indicated drug concentration was normalized against the virus control,
and dose-response curves were plotted as percentage inhibition versus
log(inhibitor concentrations). The ECs,and EC,, were estimated using
regression analysis in IBM SPSS Statistics software version 25.0.

Virusinhibition assay by quantitative PCR

Atotal of 2 x10° Vero E6 cells per well were seeded in 12-well plates in
DMEM supplemented with 10% FBS and cultured for 24 hat 37 °C. The
cells were washed twice with PBS before the addition of 500 plinocu-
lum containing 100 TCIDs, SARS-CoV-2 virus. The control wells were set
up with DMEM containing 2% FBS. After incubation at 37 °Cfor 2 h, the
inoculum was removed. The cells were incubated with DMEM contain-
ing different concentrations of RAY1216 or PF-07321332, 2% FBS and
2 uMP-gpinhibitor, CP-100356. The virus control wells were replaced
with medium containing 2% FBS and 2 pM CP-100356, but without
inhibitor. The supernatants were collected after 48 hfor real-time quan-
titative PCR assay to assess viral gene expression. The viral RNA was
extracted and reverse transcribed to obtain cDNA as the quantitative
PCR template. quantitative PCR was performed using a probe specific
tothe SARS-CoV-2 ORFlab-N gene (TIANDZ). Amplification was carried
outonan ABIPRISM 7500 real-time PCR System (Applied Biosystems)
using PCR cycles: 95 °C, 5 min, and 45 cycles 0of 95°C,10s; 60 °C, 60's;
and 72 °C30s.Theviralgene expression levels from different wells were
normalized to the control wells as fold changes. Statistical significance
between different drug concentrations was assessed using one-way
analysis of variance (ANOVA) with Tukey’s honest significant difference
(HSD) test in IBM SPSS statistics software version 25.0.

Antiviral and anti-inflammatory activity of RAY1216 in the
mouse model

All antiviral experiments using animals passed the ethical review and
were performed instrict accordance with the National Research Coun-
cil Criteriaand the Chinese Animal Protection Act. Female human ACE2
transgenic C57BL/6 (K18-hACE2 transgenic) mice*”**,5to 6 weeks old
and weighing 18-22 g, were acquired from GemPharmatech and housed
under specific pathogen-free (SPF) conditions at the Guangzhou Cus-
toms District Technology Center Biosafety Level 3 (BSL-3) Laboratory,
and the housing environment had controlled temperature (20-26 °C),
humidity (40-70%) and lighting conditions (12 h light and 12 h dark
cycles). The animals were fed every day with fodder purchased from
the Beijing Keao Xieli Feed, and the general quality standards, hygienic
standards and conventional nutritional ingredient index requirements
infeeds were tested inaccordance with GB14924.2-2001 and GB14924.3-
2010 standards. The mice were randomly divided into six groups (n=7):
the control group, the group infected with SARS-CoV-2 virus (Delta
variant (B.1.617.2)), treatment groups of three different RAY1216 con-
centrations (600 mg kg d™?, 300 mgkg*d™, 150 mgkg'd™?),and a
PF-07321332 treatment group (600 mg kg™ d™). Mice were anesthe-
tized by inhalation of 5% isoflurane, and each mouse was inoculated
with 50 pl PBS containing a lethal dose of 10° PFU SARS-CoV-2 (Delta
variant) for the infected groups. For the control group, 50 pl PBS was
administered intranasally. Then, 2 h after infection, the infected mice
were intragastrically administered with RAY1216 (600 mgkg™d™,
300 mgkg™d™, 150 mgkg™d™), PF-07321332 (600 mg kg™ d™) or PBS
daily for 5 days. The weight change and mortality of the mice in each
group wererecorded daily for 5 days. Tomeasure lung virus titresand to
examine lung pathology, aseparate set of experiments was performed
under the same grouping and conditions except that each mouse was
inoculated with a non-lethal dose of 10> PFU SARS-CoV-2 (Delta vari-
ant) for the infected groups. At 3 days and 5 days post-infection, the

mice werekilled, and lung tissues were collected to measure virus titres
and to examine lung pathology.

Stability of RAY1216 and epimerization of RAY1216

To understand the epimerization of RAY1216 at the P1 stereocentre,
RAY1216-E (R-epimer of RAY1216 at P1) was synthesized using the
described method for RAY1216 (Supplementary Fig. 1), except that
‘methyl-(R)-2-((tert-butoxycarbonyl)amino)-3-((S)-2-oxopyrrolidin-3-yI)
propanoate’ was used as the starting material instead of RAY1216-1
to generate the P1 R-epimer of RAY1216. A100 pM DMSO solution of
RAY1216-E was prepared as the standard for liquid chromatography
with tandem mass spectrometry (LC-MS/MS) analysis.

The stability of RAY1216 was evaluated in plasmas of five species.
CD-1 mouse plasma and Sprague Dawley (SD) rat plasma were pur-
chased from Vital River Laboratories. Cynomolgus monkey plasma
was purchased from Xishan Zhongke Laboratory Animal. Beagle dog
(#CANOOPLK2Y2N) and human (#HUMANPLK2P2N) plasmas were
purchased from BiolVT. Pooled frozen plasma was thawed in a water
bathat 37 °Cbefore clots were removed by centrifugation. Then, 2 pl of
100 pM RAY1216 DMSO solution was added to 98 pl plasmain 96-well
plates. Reaction plates were incubated at 37 °C, after O min, 10 min,
30 min, 60 min and 120 min of incubation; 300 pl stop solution (ace-
tonitrile containing 100 ng ml™ of six internal standards: dexametha-
sone, glyburide, tolbutamide, verapamil, labetalol, celecoxib) was
added to each well with mixing to precipitate protein that was removed
by centrifugation. The RAY1216-E sample was prepared in the same
way without incubation (0 min) to be used as the elution time and
concentration analysis standard in LC-MS/MS. Subsequently, 10 pl of
the supernatant was analysed on an LC-MS/MS system (AB Sciex API
4000 +UPCC) attached to a Chiralpak OX3R column (100 mm, 4.6 mm,
3 um). The concentration of RAY1216 or RAY1216-E was estimated using
peak area ratio normalized to that of RAY1216 or RAY1216-E at O min.
Half-life was calculated from the elimination rate constant estimated
froma plot of Ln %Remaining/100 versus incubation time.

Animalsin preclinical pharmacokinetic studies

TheICR mice and SD rats of SPF grade were purchased from Vital River
Laboratories. All animal care and experimental procedures in phar-
macokinetic studies wereimplemented in accordance withapproved
guidelines. All the animals were fed every day with the fodder pur-
chased from Wuhan WQJX Bio-Technology and housed in controlled
temperature (20-26 °C), humidity (40-70%) and lighting (12 h light
and 12 h dark cycles) conditions. The PK parameters were calculated
using Phoenix WinNonlin software (version 8.2.0).

Mouse pharmacokinetics

Pharmacokinetic properties of RAY1216 and PF-07321332 follow-
ing a single dose of 3 mg kg™ i.v. and a single dose of 10 mg kg™ p.o.
were examined in ICR mice. Five male mice and five female mice were
included in the experimental group for each administration mode
and eachcompound. The miceinthe p.o. group were fasted overnight
before administration; the p.o. formulation contained ‘30% PEG400,
10% Solutol HS15, 2% Tween-80, 58% water’, and the mice were fed 4 h
post-dose. Blood samples were taken from the cheek at 0.083, 0.25,
0.5,1,2,4,6,8and 24 h after dosing and collected into tubes containing
sodium heparin. Plasmasamples were obtained through centrifugation
(6,000 x gat 4 °C for 3 min) and were stored frozen at -80 °C before
LC-MS/MS analysis.

Rat pharmacokinetics

The pharmacokinetic properties of RAY1216 and PF-07321332 following
asingle dose of 2 mg kg™ i.v. and a single dose of 10 mg kg™ p.o. were
examined in SD rats. A total of five male rats and five female rats were
included in the experimental group for each administration mode
and each compound. Therats in the p.o. group were fasted overnight
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before administration; the p.o.formulation was the same as that of the
mice, and the rats were fed 4 h post-dose. Blood samples were taken
via jugular vein cannula at 0.083, 0.25, 0.5, 1, 2, 4, 6, 8 and 24 h after
dosing and collected into tubes containing sodium heparin. Plasma
samples were obtained and stored in the same manner as described
inthe mouse section above.

K18-hACE2 mouse pharmacokinetics

To evaluate the pharmacokinetics of RAY1216 and PF-07321332 in the
K18-hACE2 mouse, RAY1216 and PF-07321332 groups were set up and
each group had five SPF-grade female 6-week-old K18-hACE2 mice
(purchased from GemPharmatech). Each mouse was administrated
with asingle dose of 600 mg kg™ RAY1216 or PF-07321332 p.o. daily for
5days (thesame dose used in the antiviral animal experiment). On the
fifth day, blood samples were taken from the cheek at 0.083,0.25,0.5,
1,2,4, 6,8 and 24 h. The blood samples were processed and analysed
with the same protocol as the ICR mouse samples.

LC-MS/MS analysis of mouse plasma samples

For the mouse pharmacokinetic studies, 20 pl plasma samples (the
blank sample used 20 pl blank plasma) were mixed with 200 pl of 50%
methanol acetonitrile solution (50 ng ml™ tolbutamide in MeOH); a
doubleblank sample was prepared with200 pl 50% methanol acetoni-
trile solution. Samples were centrifugated at 1,790 x g for 10 min at
4 °C.Then, 100 pl of the supernatant was transferred toaclean tube to
which100 plwater was added. The calibration standards were prepared
by spiking different concentrations of RAY1216 or PF-07321332 with
blank plasma. The concentrations of RAY1216 and PF-07321332 were
determined using LC-MS/MS (Triple Quad 5500+).

RAY1216 samples were separated using a Synergi 4 pm Fusion-RP
80A LC column 50 x 2 mm at a temperature of 40 °C. The gradient
mode consisted of mobile phases A (0.1% formic acid in water) and B
(acetonitrile) as follows: 0.40 min (85% A and 15%B),1.10 and 1.60 min
(2% Aand 98%B),and 1.61and 2.20 min (85% A and 15% B). The flow rate
was 0.7 mlmin™., Prepared samples, 3 pl, were injected for analysis.
PF-07321332 samples were separated using a Synergi 4 um Fusion-RP
80A LC column 50 x 2 mm at a temperature of 40 °C. The gradient
mode consisted of mobile phases A (0.1% formic acid in water) and B
(acetonitrile) as follows: 0.20 min (80% A and 20%B),1.60 and 1.90 min
(5% Aand 95% B),and 1.91and 2.20 min (80% A and 20% B). The flow rate
was 0.7 ml min™. Prepared samples, 3 pl, were injected for analysis.

LC-MS/MS analysis of rat plasma samples
For therat pharmacokinetic study, 50 pl RAY1216 plasma samples (the
blank sample used 50 pl blank plasma) were mixed with 500 pl of 50%
methanol acetonitrile solution (50 ng ml™ tolbutamide in MeOH); a
doubleblank sample was prepared with 500 pl 50% methanol acetoni-
trile solution. Then, 40 pl PF-07321332 plasma samples (the blank sam-
ple used 40 plblank plasma) were mixed with400 pl of 50% methanol
acetonitrile solution (50 ng ml™ tolbutamide in MeOH); a double blank
sample was prepared with 400 pl 50% methanol acetonitrile solution.
Allthe samples were centrifugated at1,790 x gfor10 minat4 °C. Sub-
sequently, 100 pl of the supernatant was transferred toaclean tube to
which100 plwater was added. The calibration standards were prepared
by spiking different concentrations of RAY1216 or PF-07321332 with
blank plasma. The concentrations of RAY1216 and PF-07321332 were
determined using LC-MS/MS (Triple Quad 6500+).

RAY1216 samples were separated using a Waters XBridge BEH C4
2.5 um column with a temperature of 40 °C. The gradient mode con-
sisted of mobile phases A (0.1% formic acid in water) and B (acetonitrile)
as follows: 0.20 min (92% A and 8% B), 0.60 min (45% A and 55% B),
1.60 minand 1.90 min (2% A and 98% B), and 1.91 minand 2.20 min (92%
Aand8%B). The flow rate was 0.8 ml min™'. Prepared samples, 2 pl each,
wereinjected for analysis. PF-07321332 samples were separated using a
Synergi4 pm Fusion-RP 80A LC column 50 x 2 mmwithatemperature

of 40 °C. The gradient mode consisted of mobile phases A (0.1% formic
acidinwater) and B (acetonitrile) as follows: 1.60 min and 1.90 min (5%
A and 95% B), and 1.91 min and 2.20 min (80% A and 20% B). The flow
rate was 0.8 ml min™. Prepared samples, 1 ul, were injected for analysis.

SARS-CoV-2repliconinhibition assay

Apreviously described SARS-CoV-2 replicon system was used®". Briefly,
the gene encoding wild-type or mutant MPwas cloned into the ps2AC
vector expressing Nsp5 (MP™). ps2V (0.1 pug), ps2AN (0.05 pug), ps2AC
(0.4 pg) and ps2B (0.4 pg) were co-transfected into HEK293T cells
(cell density: 6.5 x10* cm™) seeded in a 12-well plate. Then, 24 h after
transfection, the cells were washed with PBS before the medium con-
taining RAY1216 or PF-07321332 at different concentrations was added.
Luciferase assay was performed 24 h after drug addition. Percentage
inhibition was normalized to the luciferase activity of the DMSO control
wells. Dose-response curves were plotted in GraphPad Prism 8.0 and
were fit to afour-parameter variable-slope dose-response equation.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The single-crystal X-ray structure of RAY1216 has been deposited in
The Cambridge Crystallographic Data Centre (www.ccdc.cam.ac.uk,
CCDC) withthe CDS Entry number DIDVEV and CCDC number 2251675
(ref. 64). The data can be obtained free of charge from CCDC viawww.
ccdc.cam.ac.uk/data_request/cif. The coordinates and structure fac-
tors of MP™ crystal structures have been deposited in the Protein Data
Bank (www.wwpdb.org) under accession numbers 8IGO (Apo MP™) and
8IGN (RAY1216:MP™). The raw LC-MS/MS data for each plasmasample
from the SD rat, ICR mouse and K18-ACE2 mouse pharmacokinetic
studies and the RAY1216 plasmasstability data are available as Supple-
mentary data. Source data are provided with this paper.
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Extended Data Fig. 1| Thermal melting curves of WT and P132H MP" proteins
and their inhibitor complexes. Experiments were carried out at an MP™
concentration of 3 uM. For the inhibitor complexes, 30 minincubation at 16 °C
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melting curves were recorded. a, WT MP™ proteins and their complexes. b, P132H
MP™ proteins and their inhibitor complexes. T, values and thermal shift AT,
values are shown as mean +SD (n=3).

with 6 M RAY1216 (green) or PF-07321332 (orange) was performed before the
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Extended DataFig. 2| Virus inhibition by RAY1216 and PF-07321332. a, Virus inhibition dose-response curves of RAY1216 as assessed by cytopathic effect (CPE)
inhibition assay. b and ¢, virus inhibition dose-response curves of PF-07321332 as assessed by plaque reduction or CPE inhibition assay. All data points are shown as
mean+SD,n=3.
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Stability of RAY1216 in plasmas of different species
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Extended Data Fig. 4 | Stability of RAY1216 in plasmas of different species. Data points showing natural log of fraction remaining are plotted as a function of time.
Lines show linear regression of the data points for each plasma.
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Extended Data Fig. 5| Inhibition of P132H M by RAY1216 and PF-07321332. (dots) are overlaid with best-fit model curves; the residuals of the fits are shown.
a, RAY1216 inhibition progress curves (dots) are overlaid with best-fit model d, Plots of instantaneous reaction rates for the progress curves in panel c. See
curves; the residuals of the fits are shown. b, Plots of instantaneous reaction Enzyme kinetics section of Supplementary Information for details of data analysis

rates for the progress curves in panel a. ¢, PF-07321332 inhibition progress curves procedures.
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Extended Data Table 1| RAY1216 protease specificity

Protease RAY1216 Reference inhibitor Reference inhibitor
inhibi
IC50 (MM) IC50 (HM)
SARS-CoV-2 MP™ 0.033 - -
. Leupeptin
hCathepsin B 4.6 . 0.059
hemisulfate
hChymotrypsin C >100 Chymostatin 0.234
hCathepsin D >100 Pepstatin A 0.18
hElastase 84.9 BAY-678 0.022

RAY1216 IC5, values against human cathepsin B, chymotrypsin C, cathepsin D and elastase are shown and compared to those of reference inhibitors.
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Extended Data Table 2 | Kinetic parameters (mean and standard deviation from replicates, n = 3) of M inhibition by

RAY1216 and PF-07321332 as determined by ODE method in DynaFit

a

Kinetic parameters of WT Mr™ inhibition

parameter unit RAY1216 PF-07321332 ratio RAY/PF
Kka uM1 s 0.019 £ 0.001 0.49 £0.04 0.04
Kd s 0.000161 £ 0.000008 0.0018 + 0.0002 0.09
Ki =kd/Ka nMm 8.4+0.2 3.8+0.2 2.2
tres min 104 + 5 9+1 1.5

Kinetic parameters of P132H Mr™ inhibition

parameter unit RAY1216 PF-07321332 ratio RAY/PF
ka uM-1 s 0.026 + 0.002 1.26 +0.24 0.02
Kd s 0.000222 + 0.000024 0.0063 £ 0.0015 0.04
Ki =kd/ka nMm 8.4+0.1 49+0.3 1.7
fres min 76 £ 8 3+1 25.3

a, Kinetic parameters of WT MP® inhibition. b, Kinetic parameters of P132H MP® inhibition. See Enzyme kinetics section of Supplementary Information for details of data analysis procedures.
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Extended Data Table 3 | Stability of RAY1216 and formation of the P1 R-epimer ‘RAY1216-E’ in plasmas of different species

. . . Beagle Cynomolgus
Time point (min) Mouse Rat Human
dog Monkey
0 100.0 100.0 100.0 100.0 100.0
10 95.5 78.1 95.0 103.3 98.7
%Remaining 30 89.3 921 88.8 79.9 97.5
of RAY1216 60 88.5 98.2 524 71.4 88.4
120 84.2 82.3 38.9 58.8 71.8
T12 (min) >289.1 >289.1 82.1 147.8 2449
Beagle Cynomolgus
Time point (min) Mouse Rat Human
dog Monkey
0 1.4 1.4 0.4 0.7 14
10 2.7 1.3 4.8 14.9 5.1
%Formation
30 3.0 1.8 22.5 19.9 9.5
of RAY1216-E
60 3.8 2.7 35.1 19.1 13.4
120 4.0 2.6 51.9 13.2 10.6

Percentage (%) remaining of RAY1216 and percentage (%) formation of RAY1216-E at different time points in plasmas of different species are reported. Half-lives (T,,) of RAY1216 in plasmas of

different species are reported in minutes (min).
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Extended Data Table 4 | Pharmacokinetic parameters of RAY1216 and PF-07321332 after intravenous injection (i.v.) dosing
and gavage (p.o.) dosing in mouse and rat models

. dose Cmax Tmax AUCo-tast Cl Vdss T oral F
Compound Species Gender i
(mg/kg) (ng/mL) (h) (h-ng/mL) (mL/min/kg) (L/kg) (h) (%)

Male 4400 +£270 0.083 +0.008 5300 + 860 9.6+17 1.0+0.1 3.3+1.2 -

3.0 (iv.)
Female 4900580 0.083+0.008 7000+760 7.2+0.8 08+01 37405 -
Mouse Male  2200+290  04+0.1 5600 + 1400 - - 18+06  32+8
10 (p.o.)
Female 3300£300 05%0.3 9200 + 1400 - - 27402 396
RAY1216
Male  3200+520 0.083+0.008 4500+680 7.4+09 0801 4806 -
2.0 (iv)
Female 2400+300 0.083+0.008 3400+600 10.0£2.0 11+02 42405 -
Rat
Male  1100+260  1.1+1.0 6300+ 1100 - - 35404  28+5
10 (p.o.)
Female 1000+330  18%15 5300 890 - - 30403 315
Male  2300+280 0.083+0.008 1000+130 500+6.8 09+01 0.25+0.04 -
3.0 (iv)
Female 2300150 0.083+0.008 940+160  537+7.7 09+02  02+0.1 -
M
ouse Male  890+260 012+0.07  810+170 - - 07403 245
10 (p.o.)
oF. Female 1300+380 0.12+007 1200 420 - - 07403 3913
07321332
Male  1700+220 0.083+0.008 1100+180 465+80 15+01 0501 -
2.0 (iv)
Female 2300380 0.083+0.008 1500280 346+62 15+03 1205 -
Rat
Male  630£180  09%0.7 1600 600 - - 11:04 3011
10 (p.0.)
Female  940+160  04+0.1 2200 + 860 - - 1.0+03 3012

Notes: C___The maximum observed concentration of the drug collected in bodily material from the tested animal
T,.... The time it takes to reach the maximum concentration C__
AUC: “Area Under the Curve” represents the total exposure of the drug experienced by the tested animal
Cl: Total plasma clearance
Vd__: Steady state volume of distribution
T, : Half-life, which is the time it takes for the drug concentration to decrease by a half

oral (F%): Oral bioavailability

Data are shown as mean + SD (n =5).

Nature Microbiology


http://www.nature.com/naturemicrobiology

Article

https://doi.org/10.1038/s41564-024-01618-9

Extended Data Table 5 | Inhibition titres (EC;,) of RAY1216 and PF-07321332 in SARS-CoV-2 replicon assays

ECso (nM)

MP™ variant

RAY1216 PF-07321332
WT 506 332
G15S 136 + 11 (2.7%) 78 £ 10 (2.4x)
M49L 258 + 18 (5.2x) 163 £ 8 (4.9x)
F140L 424 + 15 (8.5%) 295 + 9 (8.9%)
AP168 568 + 18 (11.4x) 422 +19 (12.8x)
L50F/E166V 233 + 4 (4.7%) >5000 (>150x)
E166A/L167F 327 + 21 (6.5x) 540 + 38 (16.4x)

The ECs, values are shown as mean + SD (n = 3) for three biologically independent SARS-CoV-2 replicon assay experiments; fold changes relative to ECs, values determined against the

replicon encoding WT MP are shown in the parentheses.
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Sample size The sample sizes were similar to those reported in previous publications (https://doi.org/10.1038/s41586-020-2312-y and https://
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experiments. For the K18-hACE2 mouse model in vivo pharmacokinetic study, there were five K18-hACE2 female mice per group in different
sets of experiments. This is to meet the requirement for statistical analysis while ensuring good technical reproducibility. Other assays were
performed for duplicates or three replicates, which were also sufficient for a good statistical analysis.

Data exclusions | No data were excluded from the analyses presented in the manuscript.

Replication As for the plasma concentration, viral titers, and HE stain experiments, at least 3 animals for each group (at each detecting time point) were
tested, and some of them were tested in two or four replications. All attempts at replication were successful. The replicates of the enzyme
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from the corresponding experimental groups. For the pharmacokinetic study in vivo, there were no randomizations in dividing ICR mice, SD
rats, and K18-hACE2 mice into different groups.

Blinding The investigators were not blinded to allocation during experiments andoutcome assessment. The relevant quantitative experiments in the
manuscript, such as the determination of virus titer, viral gene level expression, drug concentrations in plasma, and the records the changes
of the animals' weight and survival rate, need to be correctly and clearly labeled on the tubes or cages. All samples are tested and analyzed in
accordance with the protocol, and the results would not be effected by the subjective judgment of the investigators. The evaluation of
histopathological changes required a qualified and experienced pathologist to observe all samples. The results of the comprehensive
evaluation of all samples in different groups were described in the manuscript to exclude personal subjective bias.
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Cell line source(s) Vero E6 cells: ATCC, CRL-1586; HEK 293T cells: ATCC,CRL-3216.

Authentication All cell lines were frequently checked for the cellular morphologies, growth rates and functions in our lab and were not
commonly misidentified.

Mycoplasma contamination The cell lines were not contaminated by mycoplasma as determined by using the Lonza Mycoplasma Detection Kit.

Commonly misidentified lines o commonly misidentified cell lines were used.
(See ICLAC register)

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in
Research

Laboratory animals For the SARS-CoV-2 animal experiment, the five to six-weeks old female K18-hACE2-transgenic C57BL/6 mice were provided by
Gempharmatech Co., Ltd. (Jiangsu, China). The animals were fed every day with the fodder purchased from Beijing Keao Xieli Feed
Co., Ltd. and the general quality standards, hygienic standards and conventional nutritional ingredient index requirements in feeds
are tested in accordance with GB14924.2-2001 and GB14924.3-2010 standards. All work with live SARS-CoV-2 was conducted in the
Biosafety Level 3 (BLS3) Laboratories. The mice were randomly divided into six groups (7 mice per group). All mice were kept in SPF
(specific pathogen free) facilities.

For the pharmacokinetic in vivo study, the four to six-weeks old ICR mice and the six to eight-weeks old SD rats were provided by
Vital River Laboratory Animal Technology Co., Ltd. (Beijing, China). The six-weeks old K18-hACE2-transgenic C57BL/6 mice were
provided by Gempharmatech Co., Ltd. (Jiangsu, China). The animals were fed every day with the fodder purchased from Wuhan
WAQJX Bio-Technology Co., Ltd. All the animals were house in controlled temperature (20-26°C), humidity (40-70%) and lighting
conditions (12 h light/ 12 h dark cycles).

Wild animals The study did not involve wild animals.

Reporting on sex All the K18-hACE2-transgenic C57BL/6 mice were female. All the ICR mice and SD rats for the pharmacokinetics study were half male
and half female.

Field-collected samples  No sample is collected from the field.

Ethics oversight The antiviral studies were approved by the Guangzhou Medical University Ethics Committee of Animal Experiments (IACUC certificate
No.: GZLO008). The PK studies were approved by the ethics committee the Institute Animal Care and Use Committee (IACUC) of
Precedo Pharmaceuticals Co., Ltd. The IACUC No. for rat PK studies and mouse (including ICR mouse and K18-hACE2 mouse) PK
studies are IACUC-20230303-2 and IACUC-20230303-3, respectively. All plasmas used in the RAY1216 plasma stability experiment are
from commercially sources. The plasmas of CD-1 mouse and SD rat were purchased from Vital River Laboratories (Beijing, China). The
cynomolgus monkey plasma was purchased from Xishan Zhongke Laboratory Animal Co., Ltd (Suzhou, China) and the plasmas of
beagle dog (#CANOOPLK2Y2N) and human (#HUMANPLK2P2N) were purchased from BiolVT (NY, USA).

Note that full information on the approval of the study protocol must also be provided in the manuscript.




	Preclinical evaluation of the SARS-CoV-2 Mpro inhibitor RAY1216 shows improved pharmacokinetics compared with nirmatrelvir

	Structure of RAY1216

	In vitro inhibition of Mpro by RAY1216 compared with PF-07321332

	Structure of RAY1216 bound to SARS-CoV-2 Mpro

	Antiviral activities of RAY1216 in the cell culture and mouse model

	Pharmacokinetics of RAY1216

	Mpro mutants and RAY1216 inhibition

	Discussion

	Methods

	Ethics statement

	Statistical analysis

	Chemical synthesis and characterization of RAY1216

	Recombinant protein production

	Enzyme kinetic assay and analysis

	Thermal stability assay

	Mpro crystallization and crystal soaking

	Data collection and structure determination

	Cell lines and virus strains

	Cytotoxicity and cytopathic effect inhibition assays

	Plaque-reduction assay

	Virus inhibition assay by quantitative PCR

	Antiviral and anti-inflammatory activity of RAY1216 in the mouse model

	Stability of RAY1216 and epimerization of RAY1216

	Animals in preclinical pharmacokinetic studies

	Mouse pharmacokinetics

	Rat pharmacokinetics

	K18-hACE2 mouse pharmacokinetics

	LC–MS/MS analysis of mouse plasma samples

	LC–MS/MS analysis of rat plasma samples

	SARS-CoV-2 replicon inhibition assay

	Reporting summary


	Acknowledgements

	Fig. 1 Chemical structures of RAY1216 and related antiviral protease inhibitors.
	Fig. 2 SARS-CoV-2 Mpro inhibition by RAY1216 and PF-07321332.
	Fig. 3 Crystal structure of RAY1216 in complex with SARS-CoV-2 Mpro.
	Fig. 4 Antiviral activities of RAY1216 in the cell culture and animal model.
	Fig. 5 Plasma concentrations of RAY1216 and PF-07321332 after i.
	Fig. 6 Inhibition of SARS-CoV-2 replicons in 293T cells.
	Extended Data Fig. 1 Thermal melting curves of WT and P132H Mpro proteins and their inhibitor complexes.
	Extended Data Fig. 2 Virus inhibition by RAY1216 and PF-07321332.
	Extended Data Fig. 3 Inhibition of SARS-CoV-2 variants by RAY1216 and PF-07321332 as assessed by qPCR.
	Extended Data Fig. 4 Stability of RAY1216 in plasmas of different species.
	Extended Data Fig. 5 Inhibition of P132H Mpro by RAY1216 and PF-07321332.
	Extended Data Table 1 RAY1216 protease specificity.
	Extended Data Table 2 Kinetic parameters (mean and standard deviation from replicates, n = 3) of Mpro inhibition by RAY1216 and PF-07321332 as determined by ODE method in DynaFit.
	Extended Data Table 3 Stability of RAY1216 and formation of the P1 R-epimer ‘RAY1216-E’ in plasmas of different species.
	Extended Data Table 4 Pharmacokinetic parameters of RAY1216 and PF-07321332 after intravenous injection (i.
	Extended Data Table 5 Inhibition titres (EC50) of RAY1216 and PF-07321332 in SARS-CoV-2 replicon assays.




