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Ibuzatrelvir (1) was recently disclosed and patented by Pfizer for the treatment of severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2). It has received fast-track status from the USA Food and Drug Administration (FDA) and has entered
phase III clinical trials as a possible replacement for Paxlovid. Like nirmatrelvir (2) in Paxlovid, this orally active drug candidate is
designed to target viral main proteases (M) through reversible covalent interaction of its nitrile warhead with the active site thiol
of the chymotrypsin-like cysteine protease (3CL protease). Inhibition of MP* hinders the processing of the proteins essential for
viral replication in vivo. However, ibuzatrelvir apparently does not require ritonavir (3), which is coadministered in Paxlovid to block
human oxidative metabolism of nirmatrelvir. Here, we report the crystal structure of the complex of ibuzatrelvir with the active site of
SARS-CoV-2 MP® at 2.0 A resolution. In addition, we show that ibuzatrelvir also potently inhibits the MP® of Middle East
respiratory syndrome-related coronavirus (MERS-CoV), which is fortunately not widespread but can be dangerously lethal (~36%
mortality). Co-crystal structures show that the binding mode of the drug to both active sites is similar and that the trifluoromethyl
group of the inhibitor fits precisely into a critical S2 substrate binding pocket of the main proteases. However, our results also
provide a rationale for the differences in potency of ibuzatrelvir for these two proteases due to minor differences in the substrate
preferences leading to a weaker H-bond network in MERS-CoV MF®. In addition, we examined the reversibility of compound
binding to both proteases, which is an important parameter in reducing off-target effects as well as the potential immunogenicity.
The crystal structures of the ibuzatrelvir complexes with MP* of SARS-CoV-2 and of MERS-CoV will further assist drug design for
coronaviral infections in humans and animals.
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treatments have been approved regionally or conditionally
while some are in different phases of clinical trials.”"

MP™, a cysteine protease, is an essential enzyme that cleaves
11 sites of the two coronavirus polyproteins ppla and pplab to

Significant endeavors have been dedicated to developing
antiviral medications during the SARS-CoV-2 pandemic as
well as past outbreaks of severe acute respiratory syndrome
coronavirus (SARS-CoV) and Middle East respiratory

syndrome-related coronavirus (MERS-CoV). Since then, only June 13, 2024
a small number of medications have been approved by the July 21, 2024
FDA, including Paxlovid (ritonavir-boosted nirmatrelvir)' July 22, 2024
targeting the SARS-CoV-2 main protease (MP™, also known July 30, 2024

as 3CLF), and remdesivir, targeting the SARS-CoV-2 RNA-
dependent RNA polymerase (RdRp).” Moreover, certain
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Figure 1. (A) Structures of ibuzatrelvir, nirmatrelvir, and ritonavir. The P1 residue sits in the S1 binding pocket of the enzyme active site, the P2
residue in the S2 pocket, etc. (B) Synthetic route to ibuzatrelvir (1) using solution phase peptide coupling methods.

produce mature proteins that are required for viral
replication.”'® Moreover, MP™ shows lower variability among
SARS-CoV-2 variants in comparison to other viral proteins,
especially at the catalytic site, which has a common catalytic
dyad of cysteine-histidine (Cysl145-His41), making it a
promising target for therapeutic development. Nirmatrelvir
(Figure 1A), a component of Paxlovid, is a peptidomimetic
SARS-CoV-2 MP™ inhibitor that forms a reversible covalent
bond with Cys145.1’ll Ritonavir (Figure 1A), the second
component of Paxlovid, acts as a pharmacokinetic booster by
inhibiting human cytochrome P450 3A4 (CYP 3A4), which is
responsible for the metabolism of approximately 50% of all
therapeutics.'”'> However, ritonavir is less compatible with
some patients due to drug contraindications.'” Therefore, a
single-agent orally active SARS-CoV-2 MP™ inhibitor is highly
desirable.

Pfizer announced a second-generation SARS-CoV-2 MP™
drug candidate, ibuzatrelvir (PF-07817883) (Figure 1A),
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which has a fast-track status and is reported to have
successfully completed Phase 2 clinical trials.'* It is more
metabolically stable and has fewer potential drug—drug
interactions. Remarkably, no pharmacokinetic booster is
required to maintain the drug concentration in plasma.
Ibuzatrelvir, similar to nirmatrelvir, contains an electrophilic
nitrile warhead for covalent interaction with the thiol of MP™
catalytic cysteine. There are several crystal structures of nitrile
warheads in complex with the SARS-CoV-2 MF® from us and
other groups.”>™'? The SARS-CoV-2 MF® has also been
crystallized in complex with many different covalent inhibitors
containing a variety of warhead functional groups.'®*’ For
example, a ketoamide compound was shown bound in the
active site from the group of Hilgenfeld,”" and we reported a
crystal structure of the SARS-CoV-2 MP® with GC373, an
aldehyde."” Our interest in the SARS-CoV-2 main protease
and its inhibitors”>~** prompted us to examine how
ibuzatrelvir inhibits SARS-CoV-2 MP™ in vitro and explore its
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Figure 2. K; values determination of ibuzatrelvir for SARS-CoV-2 MP™ (A) and MERS-CoV MP® (B). Purified enzymes were incubated with
increasing concentrations of FRET substrate in the absence (0 nM) or presence of different concentrations (10—400 nM) of ibuzatrelvir. Data
represent mean + SEM of 2 independent experiments performed in duplicate. Time course of regained activity of SARS-CoV-2 MP® (C) and
MERS-CoV (D) after being incubated with 20 uM ibuzatrelvir, DMSO was used as a negative control for both proteases.

interaction with the MP™ of another coronavirus, MERS-CoV.
We now report and compare binding parameters and crystal
structures of MP™ from SARS-CoV-2 and MERS-CoV in
complex with ibuzatrelvir.

Ibuzatrelvir (1) was synthesized via a slightly modified
convergent route (Figure 1B), as opposed to the reported
procedure, which describes a linear sequence of steps. This was
done to conserve the key trifluoromethyl proline building
block, which is expensive and difficult to prepare syntheti-
cally.”® The protected amino acid building blocks were
prepared according to literature procedures.”® The tripeptide
was assembled by first coupling the tert-butyl glycine (S) and
trifluoromethyl proline (4) residues, followed by deprotection
of proline C-terminal methyl ester 6. The free dipeptide acid 7
was then coupled to the cyclic glutamine nitrile 8. This route
limits the number of steps after incorporation of the key
trifluoromethyl proline residue to conserve this material. The
final compound 1 was isolated as a mixture of diastereomers,
which were separated with reverse-phase high-performance
liquid chromatography (HPLC) (Figure S7). Separation of the
diastereomers was not required for X-ray crystallography, as
incubation of this mixture with either SARS-CoV-2 or MERS-
CoV main proteases allowed us to obtain X-ray crystal
structures of these enzymes covalently bound to the active
diastereomer of the inhibitor. The identity and stereochemical
purity at each residue were confirmed by acidic hydrolysis,
derivatization to N-pentafluoropropanide methyl esters, and
gas chromatography—mass spectrometry (GC-MS) analysis
using a chiral phase column (Supporting Information). Each
diastereomer exists as a mixture of interconverting conformers
at 20 °C based on 'H and 'F NMR analyses (see the
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Supporting Information), but coalescence of signals occurs
upon heating at 55 °C, indicating that the conformers are cis
and trans isomers of the proline amide bond.”’

As shown in Figure 1A, ibuzatrelvir shares some chemical
features with nirmatrelvir, and both inhibitors mimic the
sequence of the natural substrate of SARS-CoV-2 MF. When
protease substrate sequences are examined, by convention, P1
is the position of the peptide substrate immediately N-terminal
to the scissile amide bond, P2 is N-terminal to P1, and so on.
The preferred substrate (consensus sequence) of the SARS-
CoV-2 MP™ contains a glutamine in P1, a leucine in P2, and
then P3 and P4 have more variability in tolerated residues.
Inhibitors nirmatrelvir and ibuzatrelvir both contain a cyclic
glutamine lactam in P1 as an analogue of the important
glutamine residue of the consensus sequence.”'’ Both
inhibitors also have bulky hydrophobic residues at P2 and
P3, with P2 being an analogue of leucine in both cases.
Although nirmatrelvir has a bicyclic leucine analogue,
ibuzatrelvir incorporates a trifluoromethyl proline residue.
Finally, the capping group at P4 was changed from
trifluoroacetamide in nirmatrelvir to methyl carbamate in
ibuzatrelvir, which has a smaller alanine-like assembly in SARS-
CoV-2 MP™ at the S4 pocket.

As reported, ibuzatrelvir is a potent inhibitor of SARS-CoV-
2 MP°.'* We determined ICs, and K; values for SARS-CoV-2
MP® being 19 and S nM, respectively. The potency of
ibuzatrelvir for MERS-CoV MF™ was less with an ICg, value of
65 nM and a K; value of 31 nM (Figure 2A,B and Table 1). A
very recent Pfizer publication reported the corresponding
values (K; of 2.48 nM for the SARS-CoV-2 MP*) and (ICs, of
930 nM for the MERS-CoV MP™®) using a different FRET
substrate."*
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Table 1. ICy, Values of Ibuzatrelvir for Different MP*
Enzymes”

protein IC;, (ibuzatrelvir, nM)
SARS-CoV-2 MP® 19+ 4
MERS-CoV MP® 65 + 10
SARS-CoV-2 MP* P132H 13+£3
SARS-CoV-2 MP* L50F 6+0.5
SARS-CoV-2 MP T1901 52+ 12
SARS-CoV-2 MF* E47N SS+ 15
SARS-CoV-2 MP* E47K 2 +2
SARS-CoV-2 MF* S46F 16 £3

“Data represents mean + SEM of 2 independent experiments.

To shed light on the mode of binding of ibuzatrelvir to the
active site of viral main proteases, we crystallized the inhibitor
with SARS-CoV-2 MP® and with MERS-CoV MP®. The
structure of the protein-inhibitor complex was determined at
2.0 A resolution for SARS-CoV-2 MF™ and 1.5 A resolution for
MERS-CoV MP. The asymmetric unit of the complex of
SARS-CoV-2 MP® with ibuzatrelvir contained two chains
(Figure S1A), forming a dimer, whereas for the MERS-CoV,
MP-jbuzatrelvir complex revealed a single chain. The
physiological dimer of the latter complex was generated by
PISA program (Figure S1B).*

Similar to nirmatrelvir, ibuzatrelvir binds covalently to the
active site of SARS-CoV-2 MP™, generating a thioimidate
adduct via the attack of Cys14S thiol on the nitrile warhead,
forming a covalent bond of 1.77 A (Figures 3A and 4A). The
P1 lactam group is stabilized in the S1 pocket by interactions
between the nitrogen atom of the lactam ring and side chains
of Phel40 and Glul66. The Serl from the other protomer
coordinates the network by additional hydrogen bonding
interactions with these two residues (Phel40 and Glul66),
similar to other structures.”’ The oxygen of the P1 lactam
interacts with the side chain of His163 via a hydrogen bond at
2.7 A (Figure 3A). This network efficiently orients the P1
lactam into the S1 pocket. The ibuzatrelvir binding pattern is
nearly identical in the S1 pocket of MERS-CoV MP™, which is
not surprising given the high degree of conservation across
active site residues between the two main proteases (Figure
4A). However, Serl from the neighboring protomer forms
longer-length hydrogen bonds with Phel43 and Glul69 in
MERS-CoV MP® compared to those in SARS-CoV-2 MF™.
This indicates a weaker interaction of the protomers in MERS-
CoV MP™ because this network contributes to the dimerization
in both MP™ enzymes (Figures 3A and 4A).

Alterations in the P2 position of ibuzatrelvir compared to
nirmatrelvir enhance the binding efficiency into the S2 pocket
in both MP™ enzymes from SARS-CoV-2 and MERS-CoV.

A

Figure 3. Structural comparison of the SARS-CoV-2 main protease in complex with ibuzatrelvir (PF-07817883) and nirmatrelvir (PF-07321332).
The hydrogen bonds and hydrophobic interactions between MP® and ibuzatrelvir (A) or nirmatrelvir (B, PDB entry 7RFS), respectively, are
shown. Electrostatic potential surfaces of MP around the ibuzatrelvir binding site (C) or nirmatrelvir binding site (D) are given below. Ibuzatrelvir
and nirmatrelvir are shown as sticks, hydrogen bonds are shown as yellow dashes and labeled with distances, and hydrogen interactions are
indicated with hot pink dashes and labeled with distances between carbon atoms. MP™ substrate binding pockets are labeled as S1’, S1, S2, S3, and
S4, and the corresponding inhibitor chemical groups are labeled as P1, P2, P3, and P4, respectively.
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Figure 4. Structural comparison of MERS-CoV MP® in complex with ibuzatrelvir (PF-07817883) and nirmatrelvir (PF-07321332). The hydrogen
bonds and hydrophobic interactions between MP and ibuzatrelvir (A) or nirmatrelvir (B) (PDB: 7VTC), respectively. Electrostatic potential
surface of MP around ibuzatrelvir binding site (C) or nirmatrelvir binding site (D). Ibuzatrelvir and nirmatrelvir are shown as sticks, hydrogen
bonds are shown as yellow dashes and labeled with distances, and hydrogen interactions are indicated with hot pink dashes and labeled with
distances between carbon atoms. MP™ substrate binding pockets are labeled as S1’, S1, S2, S3, and S4, and the corresponding inhibitor chemical

groups are labeled as P1, P2, P3, and P4 respectively.

Compared to the bicyclic leucine mimic of nirmatrelvir, the
trifluoromethyl proline derivative provides increased solubility
and less restricted rotation around the P2/P3 amide bond.
Despite the electronegativity of the CF; group, it still fits into
the negatively charged S2 pocket of the active site efficiently.
The P2 group is stabilized by hydrophobic interactions with
the S2 pocket where the pf-carbon of the five-membered
proline ring forms a CH—7 interaction with His41, and the y-
carbon is involved in the hydrophobic interface with the side
chain of Met49 (Figure 3A,C). Analogously, Leu49 in the S2
pocket of MERS-CoV MP™ maintains the hydrophobic
interaction with the P2 proline-like ring (Figure 4A,C). In
the case of nirmatrelvir in complex with SARS-CoV-2 MF®, a
CHj; of the P2 moiety hydrophobically interacts with His41
and Met49, while the other CH; group is close to Metl6S at
3.9 A (Figure 3B). Similar hydrophobic interactions have been
found in the MERS-CoV MP®-nirmatrelvir complex (Figure
4B). Overall, in the S2 pocket of both proteases, the
hydrophobic interactions are the main driving forces of
binding for both nirmatrelvir and ibuzatrelvir. With nirma-
trelvir, the proper positioning of P2 is maintained despite
negligible electrostatic interactions with the S2 region (Figures
3D and 4D).

The tert-butyl substituent at P3 is present in both
ibuzatrelvir and nirmatrelvir and shows essentially the same
binding pattern in both cases (Figures 3A,B and 4A,B). The
distinctive feature of the S3 sites of both SARS-CoV-2 and
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MERS-CoV main proteases is that they are quite open and able
to accept large residues (Figures 3C and 4C). As shown in
Figure 3A, a CH; group at the P3 position of ibuzatrelvir is
interacting hydrophobically with the side chain of Glul66
(Glu169 for MERS-CoV MP™, Figure 4A) while the backbone
of ibuzatrelvir forms two hydrogen bonds with Glul66 at 2.8
and 2.7 A, respectively. The corresponding hydrogen bonds are
3.0 and 2.7 A in MERS-CoV MP® (Figure 4A), demonstrating
a weaker interaction. With nirmatrelvir, similar interactions
were present, but since the distances are ~2.9 A for both
hydrogen bonds in both enzymes, they may be slightly weaker
(Figures 3B and 4B).

The trifluoroacetamide capping group of nirmatrelvir is
replaced with a methyl carbamate as the P4 capping group in
ibuzatrelvir, which is smaller, more hydrophobic, and possibly
more favored by the S4 pocket of SARS-CoV-2 MP™. The CH,
moiety is surrounded by two residues, Metl65 and Leul67,
which generate tight hydrophobic interactions (Figure 3A,C).
The conserved residues in the MERS-CoV MP™ (Met168 and
Leul70) interact with the ibuzatrelvir capping group in a
similar fashion (Figure 4A). The trifluoroacetamide capping
group of nirmatrelvir fits well into the S4 pocket of both MF™
enzymes. Notably, Met165 of SARS-CoV-2 MP™ interacts with
a methyl group of the P2 bicyclic leucine of nirmatrelvir
(Figure 3B) (Met168 for the MERS-CoV MP®) (Figure 4B).
However, alternatively, with ibuzatrelvir, this Met residue
forms a strong hydrophobic interaction with the P4 group

https://doi.org/10.1021/jacsau.4c00508
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Figure 5. (A) Structural alignment of SARS-CoV-2 MP® in complex with ibuzatrelvir and apo SARS-CoV-2 MP® (PDB: 6WTM). (B) Structural
alignment of MERS-CoV MP™ in complex with ibuzatrelvir and apo-MERS-CoV MP® (PDB: SC3N); ibuzatrelvir induced the confirmation change
in MERS-CoV MP™ via hydrophobic interactions between the P4 group and Leul70. (C) Structural alignment of complexes of ibuzatrelvir with

main proteases of SARS-CoV-2 and MERS-CoV.

(Figures 3A and 4A). Thus, this methyl carbamate of
ibuzatrelvir at P4 improves the precision of binding compared
to the trifluoroacetamide group of nirmatrelvir.

Residues involved in the ibuzatrelvir interaction with SARS-
CoV-2 MP™ are highly conserved in MERS-CoV MP® (Figure
SC, right). However, the S4 pocket of MERS-CoV MP™ is
larger because the loop (15;LPTG,5) of SARS-CoV-2 MP™ is
closer to the a-helix (,,EDMLN;,) compared to the
corresponding distance between the loop (;;;ANGT,) and
the a-helix (44ADQL,o) of MERS-CoV MP™ (Figure SC, left)
that forms the S4 pocket.

In order to see the impact of inhibitor binding to these
proteases, we employed differential scanning fluorimetry
(DSF) to analyze the stabilization effect of the compound
binding. We observed a drastic effect of ibuzatrelvir on melting
temperatures (T,,) of both proteins. The increase in T,, in
comparison to that of the apo form for SARS-CoV-2 MF™ was
16 °C (Figure S2C). Interestingly, for MERS-CoV MF*, two
peaks were detected in the presence of the inhibitor with 4 and
13 °C increases compared to the apo protease (Figure S2A,C).
To check if this effect was unique for ibuzatrelvir binding, we
performed the thermal shift assay for MERS-CoV MP™ after
incubation with nirmatrelvir, which also demonstrated a
bimodal melting curve with similar T, values (Figure
S2B,C). A possible explanation of a more complex melting
profile may be the difference in dimerization between SARS-
CoV-2 and MERS-CoV main proteases. As revealed in a
previous study, MERS-CoV MP™ shows substrate-inducible
dimerization.”’ The protein exists in monomeric form and
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dimerizes upon substrate binding, and after the catalytic cycle,
the dimers dissociate. In contrast, the dimerization of SARS-
CoV-2 MP™ is not substrate-binding-dependent. The difference
in behavior is defined by the difference in intermolecular
interactions at the dimerization interface. MERS-CoV MP™
contains only two pairs of hydrogen bonds (Serl-Glul69 and
Ser142-GIn299), which bring two monomers together, as
opposed to SARS-CoV-2 dimer featuring five amino acid pairs
involved in the intermolecular interaction: Serl-Glul66,
Glul4-Gly11, Ser10-Ser10, Arg4-Glu290, and GIn299-Ser139.
Two peaks on the melting profile of MERS-CoV MF™
complexed with ibuzatrelvir may reflect several situations. In
order to gain insight into the oligomeric state of proteases
during inhibition, we performed mass photometry analysis,
which demonstrated that the oligomerization behavior was
indeed different between SARS-CoV-2 and MERS-CoV MP™s
(Figure S4). The apo form of SARS-CoV-2 MP® existed in
solution primarily (73%) in dimeric form with only 27% being
monomeric (Figure S4A,B). However, the apo form of MERS-
CoV MP™ existed in solution mostly as monomers (98% of
protein sample). Upon SARS-CoV-2 MP® incubation with
ibuzatrelvir, we observed inhibitor-induced dimerization, with
93% of the protein-inhibitor complex becoming dimeric, with
an increased melting temperature (AT, = 16 °C) (Figure
S4B). For MERS-CoV MP™, inhibitor addition triggered the
formation of dimers (19%), but most of the protein (81%) still
stayed in the monomeric form (Figure S4D). These data
provide an explanation for the bimodal melting curve of
MERS-CoV and MP™. In the presence of ibuzatrelvir, the first
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peak with a 4 °C increase in T}, represents denaturation of the
ibuzatrelvir complex with monomers, and the inhibitor-bound
dimers may have a more drastic, 13 °C increase in thermal
stability (Figure S2B,C).

Despite the significant effect of drug binding on the proteins’
stabilities, we did not observe major conformational changes
between apo and inhibitor-bound structures for either
protease. Ty, shifts could be explained by the large number
of hydrophobic interactions and hydrogen bonds with the
inhibitor, which contribute to overall complex stability. The
structural superimposition of SARS-CoV-2 MF® in complex
with ibuzatrelvir and apo SARS-CoV-2 MP (PDB: 6WTM,
chain A) gave a Z-score of 47.7 and aligned 306 Cax atoms with
a root-mean-square deviation (RMSD) of 0.4 A, which
indicates only a slight conformational change after drug
binding (Figure SA)—a slight widening of the S4 pocket in
response to inhibitor binding. Interestingly, in the MERS-CoV
MPF, ibuzatrelvir induced rearrangement of the secondary
structure of the loop involved in the S4 binding site. Two
residues of the ,(\LANGT -, loop, Leul70 and Alal71, became
a part of a nearby f-sheet, extending it and further stabilizing
the S4 pocket (Figure SB).

Duration of action is a very important parameter in drug
development. Several factors influence duration of action,
including metabolic stability, the activity of metabolites, and
the reversibility of drug action. A recent paper described the
improved metabolic stability and pharmacokinetics of ibuza-
trelvir compared to nirmatrelvir with intrinsic clearance,
CLipapp Of 472 pL/min/ug for the former and 28.8 uL/
min/ug for the latter.'* In this study, we aimed to assess the
reversibility of ibuzatrelvir. Even though reversibility and
intrinsic clearance do not correlate, both of these parameters
are important for a drug’s action. Covalent drugs with low off-
rates provide advantages such as increased residency time at
the target molecule, which allows a decreased dosage and
reduced frequency of administration. Indeed, for SARS-CoV-2
MP™ complexed with ibuzatrelvir, we observed a reactivation
half-time (f,/,) of 85 h, whereas for nirmatrelvir, ¢, ,, value was
shown to be 115 h (Figure 2C). Dissociation of ibuzatrelvir
from MERS-CoV MP™ was faster and resulted in t,,
reactivation of 23 h, which could be explained by the described
differences in substrate binding (Figure 2D).

Our lab previously characterized crystal structures and
inhibition of several SARS-CoV-2 MPF® from variants of
concern (VOCs).”” Here, we tested ibuzatrelvir inhibition on
the MP™ of SARS-CoV-2 VOCs that bear mutations located
close to the binding site of the inhibitor (Figure SSA). For the
o-associated LSOF variant, our crystal structure showed that the
surface around the S2 pocket became more hydrophobic
compared to the wild-type protein,” which in turn made the
interactions with the P2 group of ibuzatrelvir more favorable,
decreasing the IC;, value to 6 nM (Table 1). Residue Glu47,
located in close proximity to the catalytic histidine and gateway
loop in domain I, was found to have two substitutions with
VOCs: to E47N in a SARS-CoV-2 VOCs and to E47K in all
VOCs. These mutations led to changes in shape and charge of
the S4 pocket.”” With E47N, the strong negative charge of S4
increases the 1Cg, value for ibuzatrelvir about 2 times (Table
1), possibly by altering the interaction with hydrophobic P2
position of ibuzatrelvir. In contrast, E47K substitution did not
affect the structure of the SARS-CoV-2 protease, and the ICs,
value remained unchanged (Table 1). Another mutation
located on the gateway loop but in domain II was T190I
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(Figure SSA). This substitution was found in the @ and &
SARS-CoV-2 variants. We previously showed that the structure
of this mutant also remained unaltered,” and here we
demonstrated that the ICs, of ibuzatrelvir did not change
significantly (Table 1). Omicron variant mutation (P132H)
and the S46F substitution in MP™ did not affect ICy, values for
ibuzatrelvir as well. Together, these data demonstrate that
ibuzatrelvir has a high potency against MP™ variants of SARS-
CoV-2.

It has been four years since the outbreak of SARS-CoV-2. Both
vaccines (https://www.fda.gov/emergency-preparedness-and-
response/coronavirus-disease-2019-covid-19/covid-19-
vaccines-2023-2024) and small-molecule drugs]’30 have been
developed to prevent viral infection. Due to the high variation
of SARS-CoV-2 spike protein, small-molecule inhibitors
targeting conserved viral proteins are more likely to be
effective against variants, making MP™ a key target for drug
development. The first-generation antiviral drug Paxlovid
demonstrated high efficacy against SARS-CoV-2 infection,
despite some metabolic stability issues. However, the second-
generation oral drug candidate ibuzatrelvir has overcome this
problem. As reported in our previous paper,'® two soft spots
related to metabolic stability were identified in nirmatrelvir:
the CH; group at P2 and next to the nitrogen at P1. The P2
group is more susceptible to metabolism. The CF3 alteration
at the P2 group of ibuzatrelvir effectively prevents oxidation at
this site, stabilizing the drug against clearance by the CYP
enzymes. Additionally, this modification increases the binding
efficiency to MP™ by generating electrostatic interactions.

Both nirmatrelvir and ibuzatrelvir are designed based on
SARS-CoV-2 substrate specificities, since the inhibitor with a
structure closer to the substrate will be preferentially
recognized by MF”, demonstrating higher inhibition potency.
According to our study on the substrate specificity of SARS-
CoV-2 MF, as well as MP™ of SARS-CoV-2 VOC:s, leucine is
favored at P2, while hydrophobic residues with small side
chain, such as alanine and valine, are preferred at P4 since S4
pocket is small which can only accommodate residues with
small side chains.”’ The substrate with alanine at P4,
represented in the cleavage site between nsp4 and nspS,
demonstrated higher affinity to SARS-CoV-2 MF® than the
substrate with valine at P4, represented in the cleavage site
between nsp$ and nsp6.”" This explains the tight binding of
ibuzatrelvir with an alanine derivative as its capping group to
the SARS-CoV-2 MP™ active site.

Interestingly, despite highly similar binding patterns of
ibuzatrelvir to active sites of MP® from SARS-CoV-2 and
MERS-CoV, the K; value of ibuzatrelvir for SARS-CoV-2 MP™
is 6 times lower than for MERS-CoV MP™ (5 versus 31 nM
respectively). Also, we observed a difference in the reversibility
of compound for both proteases (85 vs 23 h). The S4 pocket
of MERS-CoV MF™ is bigger than that of SARS-CoV-2 MP™,
and it is able to accommodate bulky amino acids, like tyrosine
at the C-terminus of nsp13 within the YKLQ sequence (P4 to
P1), in addition to hydrophobic residues with small side
chains. The small methyl carbonate group of ibuzatrelvir does
not occupy the pocket as efficiently as tyrosine. In contrast,
SARS-CoV-2 S4 pocket favors only residues with small side
chains, like alanine or valine. Thus, the S4 pocket of MERS-
CoV MP™ is less susceptible to residue size than that of SARS-
CoV-2 MF®. This might explain the faster reversibility and
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lower inhibition potency of ibuzatrelvir for the MERS-CoV
MPe,

Our results indicated that in both cases, the ibuzatrelvir
reversibly forms a thioimidate active site covalent adduct.
Reversibility of the thiol-warhead interaction is important to
minimize destruction of the inhibitor by nonspecific reaction
with mammalian thiols and also avoid possible human toxicity.
The enzyme—inhibitor recognition features that help lock the
ibuzatrelvir into both enzymes include hydrogen bonding of
the P1 glutamine analogue side chain, the very tight fit of the
trifluoromethyl group at P2 and the tight recognition of the
methyl carbamate at P4. Additionally, we observed inhibitor-
induced oligomerization with MERS-CoV MP™, similar to
previous substrate-induced dimerization studies.”

Recently, new SARS-CoV-2 variants, classified as variants of
interest (VOIs), have been identified. For example, strain
JN.1.11, prevalent in North America and globally, has
mutations in the Spike protein but only the P132H mutation
in MP® (https://covid.cdc.gov/covid-data-tracker/#variant-
proportions). Fortunately, ibuzatrelvir demonstrated high
inhibition potency on variants of concern of SARS-CoV-2,
likely due to the conservation of active site machinery, which
together with MERS-CoV MP™ results suggests that ibuza-
trelvir may prove to be effective against many coronaviral
infections. However, the potential emergence of drug-resistant
strains should be paid attention to, as the nirmatrelvir
resistance mutations have been found in MP™® such as
E166V, LSOF, and a combination of them.**

The SARS-CoV-2 MP™ (GenBank: MN908947.3) was expressed in
Escherichia coli BL21 (DE3) as described earlier.” MERS-CoV MP®
(GenBank: AGV08401.1) was expressed similarly. Briefly, the E. coli
codon usage optimized gene was inserted into pET-SUMO expression
vector (Invitrogen), containing an N-terminal hexa-His tag followed
by SUMO tag. The plasmid was transformed into E. coli BL21 (DE3)
competent cells. Protein expression was induced with 0.3 mM
isopropyl -p-1-thiogalactopyranoside (IPTG) and expressed at 18 °C
for ~16 h. The cell pellets were resuspended with buffer A containing
50 mM tris(hydroxymethyl)aminomethane (Tris) pH 8.0, 300 mM
NaCl, 20 mM imidazole, and 2 mM p-mercaptoethanol (S-ME)
buffer and then lysed using Emulsiflex. The lysate was cleared by
centrifugation at 18,000g for 60 min at 4 °C, and then the supernatant
was loaded onto Ni-NTA column (Qiagen, Canada). The protein of
interest was eluted with 50 mM Tris pH 8.0, 300 mM NaCl, and 300
mM imidazole. The His-SUMO tag was cleaved with the His-tagged
SUMO protease Ulpl (McLab, South San Francisco, CA) during
dialysis. The His-SUMO tag and Ulpl were removed with Ni-NTA
column, tag removed protein was collected and concentrated for gel
filtration, and protein was loaded on Superdex 200 increase 10/300
column (Cytiva, Canada) equilibrated with a gel filtration buffer
containing 20 mM Tris pH 8.0, 100 mM NaCl, 1 mM TCEP.
Fractions containing pure main protease were pooled and
concentrated to 8 mg/mL. Protein was aliquoted, flash-frozen, and
stored at —80 °C.

The crystals of SARS-CoV-2 MP™ in complex with ibuzatrelvir were
obtained by soaking. Apo SARS-CoV-2 main protease was crystallized
at 18 °C in a sitting drop by mixing 2 yL of protein and 2 uL of
crystallization buffer containing 0.22 M Ammonium chloride, 0.1 M
HEPES pH 7.0, 22% PEG 6,000 manually. Crystals appeared after 3
days. Best crystals were soaked with ibuzatrelvir by adding 2 uL of 10,
S, 2.5 mM inhibitor to the drop for 3 and 16 h. The crystals then were
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flash-frozen in liquid nitrogen after being passed through 20% glycerol
as a cryoprotectant. The crystals of MERS-CoV main protease in
complex with ibuzatrelvir were obtained by cocrystallization. 1 mg/
mL of protein was incubated with S molar access of ibuzatrelvir at 4
°C overnight, and the complex was concentrated to ~10 mg/mL.
Crystallization conditions were screened by using a Phoenix ARI
crystallization Robot (Art Robbins Instruments), crystals appeared in
3 days. The data was collected at Stanford Synchrotron Radiation
Lightsource (SSRL), at beamline 12—1. The data was processed using
XDS program.”® For SARS-CoV-2 MP™ in complex with ibuzatrelvir,
the molecular placement was done by CCP4 phaser MR***” program
using an apo SARS-CoV-2 MP™ structure (PDB: 6WTM) as a search
model. For MERS-CoV MP™ in complex with ibuzatrelvir, apo
structure (PDB: SC3N) was used as a search model for molecular
replacement by CCP4 phaser MR program.*®*” Ligand was fit using
Phenixligand.fit program.*** Structure refined using Phenix'® and
modified manually in Coot.*' Data statistics are summarized in Table
S1.

DEFS was performed using 8 M protease with a final concentration of
SX for SYBR Orange dye (Thermo Fisher Scientific) in 20 mM Tris-
HCI, pH 8.0, 150 mM NaCl buffer. All samples were run in duplicate.
The thermal scan was conducted from 4 to 95 °C, at a resolution of
0.05 °C/s (Quantstudio S, Thermo Fisher). The melting point (T},
was calculated by fitting the raw fluorescence data over the
temperature using the Boltzmann equation, and the data was analyzed
by Protein Thermal Shift Software Version 1.3.

FRET-based cleavage assays with the synthesized fluorescent
substrate of SARS-CoV-2 MP® (Abz-SVTLQJSG-Tyr(NO2)-R)
were conducted as described previously.'® For the determination of
the ICs, values, 100 nM SARS-CoV-2 MP* and 400 nM MERS-CoV
MP™ were incubated with ibuzatrelvir at various concentrations from 0
to 400 uM in 20 mM Bis-Tris, pH 7.4, 1 mM DTT for 10 min. The
protease reaction was started by the addition of 100 uM of the
substrate. The GraphPad Prism software (GraphPad 8.3.1) was used
for the calculation of the ICs, values. For K; determination, 100 nM
SARS-CoV-2 MF® and 400 nM MERS-CoV MP™ were preincubated
with ibuzatrelvir in the concentration range of 0.01-0.4 uM for 10
min at 37 °C. The enzymatic reactions using 1-500 uM FRET
substrate in activity buffer (25 mM Bis-Tris, ] mM DTT, pH 7.4)
were started with the addition of protease and monitored at an
emission wavelength of 420 nm with excitation at 320 nm, using a
Cytation S Imaging Multi-Mode Reader (BioTek) for 7 min at 37 °C.
The kinetic data were analyzed using computer-fit calculation (Prism
9.0, GraphPad Software).

Reversibility studies were performed using dialysis. 3 uM SARS-CoV-
2 and MERS-CoV MP® samples were incubated with 20 uM
ibuzatrelvir as the final concentration for 10 min. The compound was
dissolved in DMSO. The protease samples incubated with DMSO at
the same concentration (1%) were used as a control. After
demonstrating the full inhibition of protease activities, the samples
were put on dialysis against 50 mM Tris-HCI, pH 7.4, 200 mM NaCl,
5% glycerol, and 1 mM DTT for 72 h at room temperature. The
dialysis buffer was changed every 3—6 h to ensure that dissociated
drug is diluted to a negligible concentration. The aliquots were taken
at specific time points, and MP™ activity was measured using a FRET-
based assay.

All mass photometry measurements were acquired using a Refeyn
OneMP mass photometer with Refeyn Acquire MP software. MFP™’s
were diluted in a buffer containing 25 mM Tris-HCI pH 8.0, 100 mM
NaCl, and 2 mM TCEP to 1 mg/mL. Ibuzatrelvir (200 mM in
DMSO) was added to the MP® sample with S molar access, and the
complex was incubated at 4 °C for 1 h. DMSO alone was added to
MP™ at the same concentration, and the sample was used as a negative
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control. After incubation, the proteins were diluted 200 times in the
same buffer (0.005 mg/mL) before being applied to a microscope
slide (Thorlabs High Precision Microscope Cover Glasses 25 mm X
50 mm, 170 uM, No. 1.5H). The mass photometer was calibrated
using BSA solution with 3 oligomers: monomer (66.5 kDa), dimer
(133.0 kDa), tetramer (266.0 kDa). After calibration, 1 uL of protein
(0.005 mg/mL) was mixed with 19 uL of buffer on the microscope
slide thoroughly, the protein sample was screened and recorded for 1
min by the software Refeyn Discover™¥, and the results were exported
for further analysis. Refeyn EVALUATEM® was used to analyze the
data.

All data are available in the main text or the Supporting
Information. Inhibitors are available with materials transfer
agreements (MTAs). Structural data has been deposited in the
www.rscb.org database with accession numbers: 9BPF, 9BOO.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacsau.4c00508.

Data collection and refinement statistics (Table S1);
overall crystal structure of MERS-CoV MF™ and SARS-
CoV-2 MP® (Figure S1); DSF melt curves (Figure S2);
dose-response curves (Figure S3); oligomerization of the
MP™ enzymes (Figure S4); residues around the active
site of the SARS-CoV-2 MP® (Figure SS); synthetic
route to ibuzatrelvir (Figure $6); HPLC chromatograms
(Figure S7); '"H NMR spectrum (Figure S8), and GC
chromatogram (Figure S9) (PDF)
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