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ARTICLE INFO ABSTRACT

Keywords: Boceprevir is an HCV NSP3 inhibitor that was explored as a repurposed drug for COVID-19. It inhibits the SARS-
COVID-19 CoV-2 main protease (M™) and contains an a-ketoamide warhead, a P1 B-cyclobutylalanyl moiety, a P2
SARS-CoV-2

dimethylcyclopropylproline, a P3 tert-butylglycine, and a P4 N-terminal tert-butylcarbamide. By introducing
modifications at all four positions, we synthesized 20 boceprevir-based MP™ inhibitors including PF-07321332
and characterized their M"™ inhibition potency in test tubes (in vitro) and 293T cells (in cellulo). Crystal struc-
tures of MF™ bound with 10 inhibitors and cytotoxicity and antiviral potency of 4 inhibitors were characterized
as well. Replacing the P1 site with a p-(S-2-oxopyrrolidin-3-yl)-alanyl (Opal) residue and the warhead with an
aldehyde leads to high in vitro potency. The original moieties at P2, P3 and the P4 N-terminal cap positions in
boceprevir are better than other tested chemical moieties for high in vitro potency. In crystal structures, all in-
hibitors form a covalent adduct with the M"™ active site cysteine. The P1 Opal residue, P2 dimethylcyclopro-
pylproline and P4 N-terminal tert-butylcarbamide make strong hydrophobic interactions with M, explaining
high in vitro potency of inhibitors that contain these moieties. A unique observation was made with an inhibitor
that contains a P4 N-terminal isovaleramide. In its MF™ complex structure, the P4 N-terminal isovaleramide is
tucked deep in a small pocket of MP™ that originally recognizes a P4 alanine side chain in a substrate. Although
all inhibitors show high in vitro potency, they have drastically different in cellulo potency to inhibit ectopically
expressed MP™ in human 293T cells. In general, inhibitors with a P4 N-terminal carbamide or amide have low in
cellulo potency. This trend is reversed when the P4 N-terminal cap is changed to a carbamate. The installation of a
P3 O-tert-butyl-threonine improves in cellulo potency. Three molecules that contain a P4 N-terminal carbamate
were advanced to cytotoxicity tests on 293T cells and antiviral potency tests on three SARS-CoV-2 variants. They
all have relatively low cytotoxicity and high antiviral potency with ECso values around 1 pM. A control com-
pound with a nitrile warhead and a P4 N-terminal amide has undetectable antiviral potency. Based on all ob-
servations, we conclude that a P4 N-terminal carbamate in a boceprevir derivative is key for high antiviral
potency against SARS-CoV-2.

Main protease
Covalent inhibitor
Carbamate

Abbreviations: COVID-19, coronavirus disease 2019; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; M"™, main protease; MPI, main protease
inhibitor.
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1. Introduction

COVID-19 is the currently ongoing pandemic that is caused by the
coronavirus SARS-CoV-2. To address this emergency, a large variety of
drug repurposing research has been conducted to identify approved
medications that might be potentially used as COVID-19 treatments
[1-5]. Significant part of this research has been targeting the
SARS-CoV-2 main protease MP™©) [6-12]. M is a peptide fragment of
two translation products ppla and pplab of the SARS-CoV-2 RNA
genome after the virus infects human cells. Both ppla and pplab are
very large polypeptides that need to undergo proteolytic hydrolysis to
form 16 nonstructural proteins (nsps). These nsps are essential for the
virus to replicate its genome in host cells, evade the host immune sys-
tem, and package new virions for the infection of new host cells [13].
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Intervention of the proteolytic hydrolysis of ppla and pplab is a viable
approach to stop SARS-CoV-2 infection. There are two internal peptide
fragments from ppla and pplb that function as cysteine proteases to
hydrolyze all nsps. One is M"™ and the other papain-like protease
(PLP™). As the major protease, MF™ processes the majority of nsps. It is
also more conserved than PLP™®. M’ genes in SARS-CoV and
SARS-CoV-2 share 96% sequence identity [2]. Targeting M"™ for drug
discovery has been demonstrated as a successful route for the develop-
ment of SARS-CoV-2 antivirals by the U.S. FDA approval of the emer-
gency use of paxlovid for treating COVID-19 [14]. So far, a number of
approved small molecule drugs have been confirmed as potent M
inhibitors [1,3,5,6,9-11,15-17]. One of which is boceprevir [15-17].
Boceprevir is a peptidyl inhibitor of HCV NSP3. HCV NSP3 is a serine
protease. Boceprevir contains an o-ketoamide warhead that forms a

Structure Name Structure Name Structure Name
N
v oj:'*‘z Vv oM Y 6
i) H = b H
N0 H_>o N
H H 3\0 Boceprevir \|/ " qxﬁ( : SN MPI35 \E(H % H I:' MPl42
HN‘n’N\-_/gO HNYN\/&O 2 \>-NH NEAO N\
o H o _~ o]
/|\ 0/]\ s
N/ N H \V
& o) ¥ O N = o)
H H C) H
N N N
o Hff‘g M vPize H% }0 MPI36 \CL/HiE‘g s MPI143
Ny o N HN\n,N\i/&o N o N\
o~ o7 O oN O~ o7
v oM 40 Y o0
% H Sias H
(IO T2 (N
HONTE RSy MPISO " MPI37 @\/ H NI MPI44
HN N g NH Ty o N\ O NAo N
Z = N
0~ © ™ 9H O~ o7
H
N o H Q
¥ R ~ H O 0 N Ay
N-/~O HNTN\)LN N A H HHN z
U\( n MPI31 X Y MPI38 NON_ALO = MPI45
HONTY ™ IEN H o . >Ny to 1\
HNTN\_AO NH o 5, o~ N
0 A 0 o NH H
A A
N\
A4 OHN/¥ % (o]
M 0o H
> H H
L gt Do 1 3
HON SN MPi32 o B o0 MPI39 0_N_Aq B MPI46
NN A © ) N X Yo ‘N\ T : oj\"?
= o P o ‘ H
0 : S
H
N~ Y Y
\V/ Hojto - H\/?L . N_on
" MPI33 oy T H MPI40 by Y MPI47
HON S N_L.O N_K.O
o N L 0 VY N Ao "N NoAo 1“\
\n’ - (0] NH = 2
o 4 S °4~  oN e~ ol
™
N
& N
N 0 N N_CN
% E o MPI34 H% R MPI41 H KD‘F i PF-07321332
H 0 3 N_A,© W Fs:C_N_A,O o
HN N A VM ' S Y yoo IS
o ° °  oH 04 o N

Fig. 1. Structures of boceprevir, MPI29-47 and PF-07321332.
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reversible covalent adduct with its active site serine for high inhibition
potency [18]. Besides the a-ketoamide warhead, boceprevir contains a
P1 B-cyclobutylalanyl moiety, a P2 dimethylcyclopropylproline, a P3
tert-butylglycine, and a P4 N-terminal tert-butylcarbamide. Boceprevir
has been shown as a potent inhibitor of MP™ in multiple publications [1,
15-17]. Its interactions with MF™ have also been structurally charac-
terized using X-ray protein crystallography [15-17,19,20]. Although its
discovery as a potent MP™ inhibitor created excitement about its po-
tential use as a COVID-19 treatment, boceprevir has moderate antiviral
activity against SARS-CoV-2 and displays very low potency to inhibit
MP™ in a human cell host [15,16,21]. In this work, we report a sys-
tematic study of boceprevir-based molecules for improved cellular and
antiviral potency against the SARS-CoV-2 MP™,

2. Results
2.1. The design and synthesis of MP129-47 and PF-07321332

In total, we designed 19 boceprevir-based inhibitors as shown in
Fig. 1 [22]. Paxlovid is a combination therapy with two components,
ritonavir and nirmatrelvir. Nirmatrelvir is an potent MF™ inhibitor and
was originally called PF-07321332 [14]. Since it is a boceprevir deriv-
ative, we included it in our study as well. M*™ contains four binding
pockets in its active site to interact with the P1, P2, P4, and P3’ amino
acid residues in a substrate [23]. The P1 residue in a substrate is strictly
glutamine. Past efforts on the development of MF™ inhibitors have been
either using a P1 B-(S-2oxopyrrolidin-3-yl)-alanyl (Opal) residue in a
peptidyl inhibitor or a pyridine moiety in a nonpeptidyl inhibitor to
engage the S1 (P1 binding) pocket of M™™ for strong interactions [6,8,
16,24-31]. Boceprevir has a P1 p-cyclobutylalanyl moiety that displays
loose binding to the MF™ S1 pocket in its MF™ complex structure [15-17,
19,20], which explains its relatively moderate M™ inhibition potency.
In our designed boceprevir derivatives, this site is replaced by the Opal
residue. In MP™-boceprevir complex structures, the P2 dimethylcyclo-
propylproline binds neatly to the M™ $2 (P2 binding) pocket. Due to its
nice fit to the MP™ S2 pocket, this site is maintained as dimethylcyclo-
propylproline in most designed inhibitors. In a small number of in-
hibitors, other residues such as (S)-5-azaspiro [2,4]heptane-6-carboxylic
acid in MPI37, neopentylglycine in MPI38, p-cyclopropylalanine in
MPI39, and cyclohexylalanine in MPI45 at the P2 site are introduced. A
previous study has indicated that neopentylglycine, p-cyclo-
propylalanine and cyclohexylalanine at this site lead to either high M"™
inhibition potency in test tubes (in vitro) or in 293T cells that express
MP™® (in cellulo) [32]. The P3 site is either maintained as tert-butylglycine
or replaced by O-tert-butylthreonine. tert-Butylglycine at the P3 site in a
peptidyl inhibitor is known to generate high in vitro potency and
O-tert-butylthreonine is known to cause high in cellulo and antiviral
potency [21,32,33]. Boceprevir has a P4 N-terminal tert-butylcarbamide
cap. This site is either maintained as a carbamide or replaced by a
carbamate or amide.

Boceprevir has an a-ketoamide warhead that covalently interacts
with the MF™ active site cysteine C145 to generate a hemithioacetal
intermediate. Since the majority of currently known peptidyl inhibitors
of M’ have an aldehyde warhead, we replaced the a-ketoamide
warhead with an aldehyde in some designed inhibitors. We also tested
nitrile at this position since PF-07321332 and some other developed
MP™ inhibitors have this warhead [14,34]. An advantage of the
a-ketoamide warhead is its allowance of appending additional chemical
moieties at its o-ketoamide nitrogen. Both aldehyde- and
nitrile-containing inhibitors will leave the M?™ $3’ (P3’ binding) pocket
empty when they bind to M"™. A chemical appendage at the a-ketoa-
mide nitrogen can potentially reach this pocket for additional in-
teractions and therefore lead to high affinity to MP™. MPI31-36 were
designed for this purpose. The base molecule of MPI31-36 is MPI30 that
is different from boceprevir only at the P1 residue. Please note that
MPI30 is a previously developed M*™ inhibitor with a name as ML1000,
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though the structural characterization of its complex with MF™ has not
been reported [35]. We follow typical peptide coupling chemistry to
synthesize all inhibitors including PF-07321332. In general, the syn-
thesis started from the P4 N-terminal cap to the C-terminal warhead. All
compounds were strictly characterized to ensure their purity. Synthetic
details and characterizations are provided in the supplementary
information.

2.2. Kinetic characterizations of MPI29-47 and PF-07321332 on their in
vitro enzymatic inhibition potency

In a previous drug repurposing project, we established a protocol to
characterize M*™ inhibitors [12]. In this protocol, a fluorogenic sub-
strate Sub3 is used. We followed this protocol to characterize in vitro
MP™ inhibition potency for all synthesized inhibitors by determining
their ICsq values. To conduct the assay, we preincubated 20 nM M®™
with varied concentrations of an inhibitor for 30 min before 10 pM Sub3
was added and the fluorescent product formation was recorded in a
fluorescence plate reader. 30 min incubation time with MP™ is a stan-
dard procedure that has been used by multiple labs in the determination
of ICso values for MF™ inhibitors [12,16,29,36]. All our designed in-
hibitors are reversible covalent inhibitors, their incubation times with
MP™ are not expected to significantly influence their determined ICs
values. As a matter of fact, a previous ICsg analysis in which MPI11 was
incubated with MP™ for three different times led to very similar char-
acterized ICsg values [32]. For MPI29-47 and PF-07321332, they all
exhibited well defined inhibition curves that started from 100% activity
without an inhibitor and reached to almost total inhibition when 10 pM
of an inhibitor was provided. Data are presented in Fig. 2. We fit all
collected data to a four-parameter variable slope inhibition equation in
GraphPad 9.0 to obtain ICsq values for all inhibitors. Determined ICsq
values are presented in Table 1. As shown in Table 1, MPI29 has the
highest in vitro potency with an ICsg value as 9.3 nM. Since we used 20
nM MP™ for the assay, this ICsg value has reached the detection limit.
Real in vitro potency of MPI29 is likely higher than what the determined
ICsq value indicates. MPI29 has an aldehyde warhead. MPI30 is different
from MPI29 only at the warhead position. It has an a-ketoamide instead.
MPI30 has a determined ICsq value as 40 nM. This value is similar to that
reported by Westberg et al. [35]. This lower potency than MPI29 is
expected since a-ketoamide is less chemically reactive than aldehyde
toward a nucleophile. However, MPI30 is 100-fold more potent than
boceprevir indicating the essential role of the P1 Opal residue in
improving interactions with MF™. MPI31-36 all have much higher in
vitro ICsg values than MPI30. Apparently adding a chemical appendage
to the a-ketoamide nitrogen leads to less favorable interactions with
MP™, Interestingly, MPI33 that has the smallest appendage has an in
vitro 1Cs value closest to MPI30. Although the benzyl appendage in
MPI36 is bigger than that in MPI32-35, it is less detrimental to the in
vitro potency indicating that the benzyl group possibly involves some
favorable interactions with MP™ in comparison to other N-substituents.

MPI37 is different from MPI29 at the P2 residue. It has a determined
in vitro ICsg value as 23 nM. Although replacing the P2 dimethylcyclo-
propylproline with (S)-5-azaspiro [2,4]heptane-6-carboxylic acid leads
to less favorable interactions with MP™, the effect is not dramatic. A
similar observation was made with MPI38 that has a P2 neo-
pentylglycine. MPI39 has both P2 and P3 sites different from MPI29.
Both residues in MPI39 have been shown in a previous study to favor
interactions with M"™ [32]. Accordingly, we notice that MPI39 has
relatively high in vitro potency. MPI140, MPI42 and MPI43 are different
from MPI29 only in their P4 N-terminal cap. MPI40 has a P4 N-terminal
amide that is different from MPI29 only at one atom position. However,
this slight change leads to about 20-fold loss of in vitro potency.
Intriguingly, removing one methyl group from the P4 N-terminal cap of
MPI40, which leads to MPI42, improves in vitro potency for about 9
folds. Another interesting observation is on MPI43. MPI43 has a P4
N-terminal carbamate and is different from MPI29 and MPI40 only at the
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Fig. 2. Inhibition curves of MPI29-47 and PF-07321332 on MP™. Triplicate experiments were performed for each compound. For all experiments, 20 nM M"™ was
incubated with an inhibitor for 30 min before 10 pM Sub3 was added. The M"™-catalyzed Sub3 hydrolysis rate was determined by measuring linear increase of
product fluorescence (Ex: 336 nm/Em: 455 nm) at the initial 5 min reaction time.

Table 1
Determined enzymatic ICs, cellular ECs, and antiviral ECsq values of MP™ inhibitors.
Compound Enzymatic ICso (nM) Cellular EC5o  Antiviral ECsq PDB Compound Enzymatic ICsq Cellular EC5o  Antiviral ECsq CCso PDB
D (uM) (rM) Entry D (nM) (uM) (rM) (uM) Entry
Boceprevir 4200 + 600 >10 MPI39 26 +1 >10
[16]/8000 + 1500
[15]
MPI29 9.3+0.8 >5 7S6W MPI40 180 + 20 7.4+09 n.d.%/n.d.’/n.
ae
MPI30 40+ 4 >10 7S6X MPI41 150 + 20 7.7 +1.5
MPI31 360 £+ 50 >10 MPI42 22+ 4 2.6 £ 0.5 7S75
MPI32 620 + 170 >10 7S6Y MPI43 45+ 5 0.37 £ 0.04 0.61%/0.36"/ 34.2
1.00°
MPI33 75+9 >10 7S6Z MPI144 59+7 0.31 £ 0.03 2.94°/0.86"/ 143.7
1.04°
MPI34 370 + 30 >10 7870 MPI45 97 +£11 0.74 £ 0.11
MPI35 720 + 80 >5 7871 MPI46 120 £10 0.14 £ 0.02 1.08%/2.28"/ 163.4
0.75¢
MPI36 102 £ 2 >10 7872 MPI147 720 + 90 >10
MPI37 23+1 >10 7873 PF- 66 + 12 3.4+0.8 1.30
07321332
MPI38 17 £ 2 >5 7S74

n.d.: no detectable value.
2 Antiviral ECsq value for the USA-WA1,/2020 strain.
b Antiviral ECsg value for the Beta strain.
¢ Antiviral ECsq value for the Delta strain.

carbamate oxygen position. It has in vitro potency between MPI29 and
MPI40. Therefore, switching a P4 N-terminal carbamide nitrogen to
oxygen is less detrimental to in vitro potency than switching it to
methylene. MPI41 is an a-ketoamide derivative of MPI40. It has in vitro
potency surprisingly similar to MPI40 although a-ketoamide is expected
to be less reactive than aldehyde. MPI44 is different from MPI43 at its P4
N-terminal O-alkyl group. It has a benzyl group instead of a tert-butyl
group as in MPI43. Although two O-alkyl groups are structurally
different, MPI43 and MPI44 have similar in vitro potency. In our previ-
ous work, we noticed that an O-benzyl group at this position loosely
binds MF™ [32,33]. Similar in vitro potency between MPI43 and MPI44
indicates that an O-tert-butyl group at this position might involve loose

interactions with M"™ as well. In our previous work, we discovered that
MPIS, a peptidyl aldehyde has the highest in cellulo and antiviral potency
among all inhibitors that we synthesized [21]. Due to the high in vitro
potency of MPI29, we created chimera inhibitors MPI45 and MPI46 that
integrate structural components from both MPI8 and MPI29. MPI45 is a
chimera in which the P4 N-terminal cap of MPI29 is fused to the rest of
MPI8 and MPI46 is a product made by switching the P2 residue in MPI8
to the one in MPI29. Both MPI45 and MPI146 have in vitro potency similar
to MPI8 with an ICsg value about 100 nM [33]. MPI47 is different from
MPI40 only at its warhead. It has an in vitro ICs5¢ value as 720 nM.
Apparently switching the warhead to nitrile from either aldehyde or
a-ketoamide leads to significant loss of in vitro potency. Although
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PF-07321332 and MPI47 are structurally similar, PF-07321332 has a supported by the crystal structure of MP™ bound with PF-07321332 [14,
more than 10-folder lower ICsq value than MPI47. A likely explanation is 37,381.

that the P4 N-terminal trifluoroacetamide cap in PF-07321332 involves

unique interactions with MP™ that do not exist for MPI47, which is

E166  H172

Fig. 3. Crystal structures of MP™ bound with 10 inhibitors. (A): Contoured 2F,-F, maps at the 1o level around 10 MPIs and C145 in the active site of MP™. (B-G): The
active site structures for M"™ bound with (B) MPI29, (C) MPI30, (D) MPI32-MPI36, € MPI37, (F) MPI38, (G) MPI42, and (H) MPIS. The structure of MPI18 is based on
the PDB entry 7RVR. It is provided as a comparison. Dashed yellow lines between inhibitors and M*™ are hydrogen bonds.
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2.3. X-ray crystallography analysis of M bound with 10 inhibitors

In order to structurally characterize our developed inhibitors in their
complexes with MP™. We crystalized M'™ in its apo form and then
soaked obtained crystals with our designed inhibitors for X-ray crys-
tallography analysis. Using this approach, we successfully determined
10 MP™-inhibitor complex structures to high resolutions. These in-
hibitors include MPI129, MPI30, MPI32-38, and MPI42. PDB entries for
these MP™-inhibitor complex structures are summarized in Table 1. In
the active sites of all MP™-inhibitor complexes, electron density is well
shaped for unambiguous modeling of inhibitors except for MPI36 at its
a-ketoamide N-benzyl group (Fig. 3A). A covalent bond between C145 of
MP™ and the warhead of an inhibitor is clearly visible in all structures.
MPI29, MPI37, MPI38, and MPI42 have an aldehyde warhead. In the
MP-MPI29 complex as shown in Fig. 3B, MPI29 forms a number of
hydrogen bonds with MP™. The amide of the P1 Opal side chain lactam
forms three hydrogen bonds with MF™ residues including F140 at its
backbone oxygen, H163 at one of its imidazole nitrogen atoms and E166
at its side chain carboxylate. These three hydrogen bonds have also been
observed in structures of MP™ bound with other inhibitors containing a
P1 Opal side chain lactam. There are two hydrogen bonds generated
between two backbone amides of MPI29 and M'™ residues including
H164 at its backbone oxygen and E166 at its backbone nitrogen. Similar
hydrogen bonds have been observed in structures of M"™ bound with
other peptidyl inhibitors. The P4 N-terminal carbamide cap of MPI29
uses its two nitrogen atoms to form hydrogen bonds with the backbone
oxygen of M™ E166. In previously published structures of M?™ bound
with peptidyl aldehyde inhibitors that have a P4 N-terminal carbamate,
typically only one hydrogen bond is observed between the P4 N-terminal
cap and M"™ E166. One additional hydrogen bond that is formed be-
tween the P4 N-terminal cap and M"™ E166 provides an explanation of
very high in vitro potency of MPI29. Since the introduction a carbamide
nitrogen causes binding energy loss due to desolvation, this energy loss
is apparently counteracted possibly by this additional hydrogen bond
formed between MPI29 and M'™. In the M™-MPI29 complex, the
hemithioacetal hydroxide is predominantly in an S configuration and
poises to interact with three MP™ backbone amide NH groups from
G143, S144 and C145 that purportedly generate an oxyanion hole to
stabilize the transition state of M"™-catalyzed hydrolysis of a substrate.
This favorable binding of the hemithioacetal hydroxide at the oxyanion
hole likely contributes to strong in vitro potency for peptidyl aldehyde
inhibitors. It is debating that whether the hemithioacetal hydroxide is at
its deprotonated and therefore charged form. Since a hemithioacetal
hydroxide has a much lower pKa value than a regular alcohol and the
site prefers a negatively charged hydroxide, it is highly likely that the
hemithioacetal hydroxide is negatively charged. If this is the situation,
one may generally bear in mind to introduce a negatively charged
moiety in a designed inhibitor to bind to this anion hole in M"™ for
improved affinity. In MP™°-MPI29, the P2 dimethylcyclopropylproline is
in van der Waals distances to most surrounding M™ residues in the S2
pocket, which indicates favorable hydrophobic interactions. Based on
the structure, there is not much space left for adding additional chemical
moieties into the inhibitor to improve affinity. However, the plasticity of
MP™ may allow the change around the S2 pocket to accommodate even
large P2 residues in inhibitors. The P3 tert-butylglycine is in the van der
Waals distance to the side chain of MP™ E166 but apparently doesn’t
engage other residues in M"™. This is known in most peptidyl inhibitors
for MP™, However, the tert-butyl group in the P4 N-terminal cap fits
nicely to the MP™ P4 binding pocket indicating favorable van der Waals
interactions with surrounding MP™ residues. All these favorable in-
teractions likely contribute to the exceedingly high in vitro potency of
MPI29. In previously published structures of M*™ bound with peptidyl
inhibitors that contained a P4 N-terminal benzoxycarbonyl (CBZ) group
such as the MP™-MPI18 structure shown in Fig. 3H, the CBZ group was
typically not structurally defined [32,33,39]. It is apparent that the
tert-butyl carbamide fits better than the CBZ group to the S4 pocket of
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MPro'

MPI30 is different from MPI29 only at its warhead. It has an
a-ketoamide. In its crystal structure as shown in Fig. 3C, MPI30 forms
interactions with MP™ similar to MPI29 at the P1, P2 and P3 residues
and the P4 N-terminal group. We observed one additional hydrogen
bond that is formed between the P4 N-terminal carbamide oxygen and
the side chain of MF™ Q189. Q189 is a residue that adopts different
conformations in reported structures. Given that its hydrogen bonding
interactions with an inhibitor may improve the inhibitor selectivity over
other proteins, one may take advantage of this aspect to design M"™
inhibitors. The keto group of the a-ketoamide of MPI30 covalently in-
teracts with M"™ C145 to generate a hemithioacetal. Unlike MPI29, the
hemithioacetal hydroxide adopts a conformation pointing away from
the oxyanion hole. It is in an unambiguously S configuration and in-
teracts with H41 through two water-bridged hydrogen bonds. The amide
part of the warhead points toward the oxyanion hole. The amide oxygen
is assigned at the oxyanion hole due to its ability to form hydrogen bonds
with three backbone NH groups from MF™, The amide nitrogen interacts
indirectly with the backbone oxygen of MP™ T26 through two water-
bridged hydrogen bonds. All these interactions likely contribute to the
high in vitro potency of MPI30. As aforementioned, aldehyde-based in-
hibitors potentially generate a negatively charged hemithioacetal hy-
droxide to potently bind the M anion hole. Give that the
hemithioacetal hydroxide points away from the anion hole in the MP™-
MPI30 structure, this potential strong interaction is lost. The a-ketoa-
mide is also expected to react with the MP™ active site cysteine much
weaker than the aldehyde warhead. Apparently both weakening effects
are counterbalanced by additional interactions that are generated be-
tween MP™ and the MPI30 a-ketoamide.

Since MPI32-36 have an MPI30 base structure and different N-ap-
pendages on the a-ketoamide, they are presented together in Fig. 3D.
Except at the appendage position, all other parts of MPI32-36 interact
with MP™ similar to MPI30. We designed MPI32-36 with a hope that
their a-ketoamide N-appendages may reach the MP™ S3' pocket for
favorable interactions. However, all N-appendages have a Z configura-
tion that is energetically favorable and consequently makes them point
away from the MP™ S3’ pocket. The appendage of MPI35 is long enough
to fold back to the MP™ §3° pocket. Since the N-benzyl group of MPI36
has weak electron density around the phenyl ring, it is difficult to assess
its interactions with MF™, Its more favorable in vitro potency than MPI34
and MPI35 is likely due to higher structural rigidity of the N-benzyl
group than two flexible N-alkyl groups in MPI34 and MPI35. The indi-
rect interaction between the a-ketoamide nitrogen and M"™ T26 that
was observed in the MP™-MPI30 structure is not observed in MF™
complexes with MPI32-36. All N-appendages occupy the original water
position and consequently remove interactions involving this water
molecule. This might contribute to low in vitro potency of MPI32-36.
Other N-aromatic functionalities and modifications to the N-benzyl
group may be introduced to MPI36 to improve the binding to MP™.
However, delicate tuning will be necessary.

As shown in Fig. 3E and F, MPI37 and MPI38 interact with M"™
similar to MPI29. The P2 residue in MPI37 occupies slightly less space
than that in MPI29. This may contribute to less in vitro potency of MPI37
than MPI29. In MP™-MPI38, there exists a water molecule that bridges
an indirect interaction between the P2 backbone nitrogen and the side
chain of MP™ Q189. MPI38 displays an M"™ binding mode very similar
to MPI18 that was previously developed and structurally resolved in its
complex with MP™ (PDB entry: 7RVR and Fig. 3H) [32]. The only dif-
ference is at the P4 N-terminal cap. MPI18 has a P4 N-terminal CBZ
group that displays loose binding to M™ and cannot be unambiguously
refined in its M*™ complex structure. However, MPI38 has an N-tert--
butylcarbamide cap whose structure can be clearly refined in the
MP™-MPI38 complex. MPI38 is slightly more potent than MPI18. This
slightly higher potency might be attributed to more favorable in-
teractions between the P4 N-terminal cap and the M’™ P4 binding
pocket. Another noticeable difference is at Q189. The side chain of Q189
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adopted two different conformations in the two structures. As discussed
previously, Q189 is a relatively flexible residue that has shown very
different structural modes in M"™-inhibitor complexes.

MPI42 is structurally similar to MPI29 except that it has a P4 N-
terminal isovaleramide. As shown in Fig. 3G, MPI42 interacts with M"™
similar to MPI29 except at the P4 N-terminal cap. The isovaleramide cap
adopts a unique orientation that points deep into the M*™ S4 pocket.
This is different from most currently known peptidyl aldehyde in-
hibitors. MP™ naturally prefers a P4 valine in its substrates. Iso-
valeramide is almost structurally identical to valine except that it
doesn’t have an a-amine. It is apparent that isovaleramide engages
favorable interactions with M"™ by binding deep to the M*™ P4 binding
pocket. This explains its much higher in vitro potency than MPI40 that
has an additional methyl group at the P4 N-terminal cap. The 3,3-dime-
thylbutamide cap in MPI40 is too bulky to fit into the relatively small
MP™ S4 pocket. Due to the high potency induced by this small iso-
valeramide cap, it is suggested to be incorporated into future inhibitor
designs for improved affinity toward M.

2.4. Characterizations of in cellulo MF™ inhibition potency of MPI29-47
and PF-07321332

When expressed in a human cell host, M™ leads to acute cytotoxicity
and drives the host cell to undergo apoptosis. Using this unique feature,
we previously developed a cell-based assay to characterize in cellulo
potency of MP™ inhibitors [21]. In this assay, an inhibitor with in cellulo
potency suppresses cytotoxicity from an M ™-eGFP (enhanced green
fluorescent protein) fusion protein that is ectopically expressed in 293T
cells and consequently leads to host cell survival and enhanced overall
expression of MP™-eGFP that can be characterized by flow cytometry.
We consider that this assay is more advantageous over a direct antiviral
assay in the characterization of M"™ inhibitors since an inhibitor may
block functions of host proteases such as TMPRSS2, furin, and cathepsin
L that are critical for SARS-CoV-2 infection and therefore provides false
positive in cellulo potency results for MP™ inhibitors [40-42]. False
positive results from targeting TMPRSS2, furin, and cathepsin L will lead
to wrong structure-activity relationship studies of MF™ inhibitors. Using
this novel cellular assay, we characterized a number of repurposed drugs
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for MP™ inhibitors. Our results indicated that some of these inhibitors
suppress SARS-CoV-2 via mechanisms different from M’™ inhibition
[21]. Using this novel cellular assay, we characterized all synthesized
inhibitors in this work. Inhibitor-driven M"°-eGFP expression data are
presented in Fig. 4 and the determined in cellulo ECs values are sum-
marized in Table 1. MPI29-39 that have a P4 N-terminal carbamide cap
all showed low in cellulo potency. Since data for all these inhibitors do
not reach a plateau at their highest tested concentrations, their ECsg
values can only be estimated as higher than 5 or 10 pM. Although MP129
has the most in vitro potency among all inhibitors that we synthesized, it
has very weak potency in cells. MPI40-42 have a P4 N-terminal amide
cap. In comparison to MPI29-39, they showed higher in cellulo potency.
Their determined ECsq values are in a single digit pM range. MPI43 has a
P4 N-terminal carbamate and is different from MPI29 and MPI40 at only
one atom position. It has a determined in cellulo ECsq value as 0.37 pM.
This in cellulo potency is 20-fold higher than MPI40 and 160-fold higher
than MPI29. Considering that MPI29, MPI40 and MPI43 are different
only at one atom position and MPI29 has much higher in vitro potency
than MPI43, their drastically reversed potency in cells is intriguing.
These three inhibitors must have very different plasma/cellular stability,
cellular permeability, or both. MPI44 has a P4 N-terminal CBZ cap. It has
a determined in cellulo ECsq value similar to that of MPI43. Since MPI43
and MPI44 have similar in vitro potency as well, the identity of a P4
N-terminal carbamate seems to have little effect on an inhibitor’s in vitro
and in cellulo potency. MPI45 and MPI146 each have chemical moieties at
two positions that are switched from that in MPI29 to that in MPI8. Both
have high in cellulo potency. Their determined ECs values are 0.74 and
0.14 pM respectively. It is evident that chemical moieties in MPI8 are
optimal for high in cellulo potency. The in cellulo potency of MPI45 is
much lower than that of MPI46 likely due to its P4 N-terminal carbamide
cap. MPI47 have a P4 N-terminal amide. Its determined in cellulo ECsg
value is similar to that for MP140-42 that also contains a P4 N-terminal
amide. All four compounds have relatively low cellular potency.
PF-07321332 has a determined in cellulo ECsq value as 3.4 pM. Its better
in cellulo potency than other inhibitors with an N-terminal amide is
likely due to its N-terminal trifluoro group that may protect the N-ter-
minal amide from hydrolysis and/or facilitate the permeability into
cells. PF-07321332 was previously shown with an antiviral ECso value

11079 o MPI34
ax106 = MPI35
5 - MPI36
< e10°7 « mpIa7
i 4x106- — MPI38
o
2x%10°
o 1 T I T 1
0.001 001 0.1 1 10 100
Conc. (uM)
D o MPI44
120- " MPW5
-+ MPI46
100
. —+ MPI47
£ 801 ¢ pr.o7321332
u_:j 60 -
Y
2 40
20
0 1 T T T 1
0.001 001 0.1 1 10 100
Conc. (uM)

Fig. 4. Cellular potency of MPI29-47 in their inhibition of M*™ to drive host 293T cell survival and overall M"™-eGFP expression. In D, fluorescent intensity is
normalized due to that data for PF-07321332 was collected at a different time using different setups.
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as 78 nM to inhibit SARS-CoV-2 in infecting ACE2" A549 cells [14].
Please note that both different cells and different systems were used in
this analysis. Direct comparison of the antiviral ECsq value from this
study to the in cellulo ECsp value determined in our study is not mean-
ingful. Multiple reasons likely contribute to the discrepancy.

2.5. Characterizations of antiviral potency and cytotoxicity of four
selected inhibitors on three SARS-CoV-2 variants

Three most cellularly potent inhibitors MPI43, MPI44 and MPI46
were advanced to antiviral assays. One inhibitor MPI40 that has low
cellular potency was characterized as well as a negative control. To
quantify their antiviral ECsy values, we conducted plaque reduction
neutralization tests of three SARS-CoV-2 variants including USA-WA1/
2020, Beta and Delta in Vero E6 cells for all four inhibitors. We infec-
ted Vero E6 cells by virus in the presence of an inhibitor at various
concentrations for three days and then quantified viral plaque reduction.
Based on viral plaque reduction data, we determined antiviral ECgg
values for all inhibitors. MPI40 showed no inhibition at all tested con-
centrations, which matches its detected low in cellulo potency. All other
three inhibitors have high antiviral potency. Their determined antiviral
ECsg values are similar and around 1 pM (Fig. 5 and Table 1). MPI46
shows the most well shaped antiviral data. It inhibits the Delta variants
slightly better than the other two SARS-CoV-2 variants. A similar assay
of PF-07321332 in its inhibition of USA-WA1/2020 in Vero R6 cells led
to a determined antiviral ECsq value as 1.3 pM (Supplementary Fig. S1).
Please note that the determined antiviral ECsq value for PF-07321332 as
75nM in Vero E6 cells was obtained by the combination use of 2 mM CP-
100356 that is an inhibitor of the prototypical ABC transporter [14]. In
our study, CP-100356 was not used in all the compounds tested.

We have also characterized cytotoxicity for MPI43, MPI44 and
MPI46 in 293T cells using the MTT assay [43]. Cytotoxicity curves of
these inhibitors are shown in Supplementary Fig. S2. Determined CCsg
values are 34.2, 143.7 and 163.4 pM for MPI43, MPI44 and MPI46,
respectively. In term of selectivity index (CCso/antiviral ECsp), MPI43,
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MPI44 and MPI46 range from 56 to 233.

3. Discussion

As a potential repurposed drug for COVID-19, boceprevir provided a
high hope during the early phase of the COVID-19 pandemic. However,
it is only moderate against SARS-CoV-2. Although it shows inhibition of
MP™, it has very weak potency to inhibit M°™ in a human cell host [21].
Lin et al. made ML1000 (MPI30 in our series) based on boceprevir.
Although it showed high in vitro potency, its antiviral potency was
minimal [35]. In our study, both MPI29 and MPI30 are highly potent
MP™ inhibitors in vitro. The in vitro potency of MPI29 has even reached
the detection limit of our kinetic assay. However, both inhibitors show
very low in cellulo potency. Except MPI45 that has some MPI8 moieties,
all other inhibitors that have a P4 N-terminal carbamide cap all display
low in cellulo potency. Based on these data, we can conclude that MF™
inhibitors that have a P4 N-terminal carbamide will have low cellular
and antiviral potency. Although reasons for this low cellular and anti-
viral potency need to be further investigated, the emergency of
COVID-19 demands to focus on other routes to develop M"™ inhibitors
as potential SARS-CoV-2 therapeutics.

An alternative to the P4 N-terminal carbamide is amide. We syn-
thesized several inhibitors that contain a P4 N-terminal amide. In
comparison to inhibitors that have a P4 N-terminal carbamide, P4
amide-containing inhibitors are relatively more potent in cells but their
cellular potency is moderate. In comparison to P4 amide-containing
inhibitors that we designed, PF-07321332 that has an N-terminal tri-
fluoroacetamide is much more potent in cells. It is highly possible that
the bulky trifluoroacetyl group protects the N-terminal tri-
fluoroacetamide of PF-07321332 from degradation, a situation that does
not exist for other P4 amide-containing inhibitors that we generated. It is
also possible the trifluoroacetyl group assists cellular permeability of PF-
07321332. Unlike inhibitors with a P4 N-terminal carbamide, all three
inhibitors with a P4 N-terminal carbamate show high cellular potency
and also high antiviral potency. These three inhibitors have also low
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Fig. 5. Plaque reduction neutralization tests (PRNTs) of MPI40, MPI43, MPI44, and MPI46 on their inhibition of three SARS-CoV-2 strains USA-WA1,/2020, Beta and

Delta in Vero E6 cells. Two repeats were conducted for each concentration.
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cytotoxicity. Our collected data support a conclusion that a P4 N-ter-
minal carbamate in a boceprevir-based M"™ inhibitor is key for high
cellular and antiviral potency.

In other positions, a P1 Opal residue, a P2 dimethylcyclopropylpro-
line, and a P3 tert-butylglyine or O-tert-butylthreonine are optimal for
high cellular and antiviral potency. In previous work, we discovered that
a P3 O-tert-butylthreonine is critical for an MP™ inhibitor to have high
cellular and antiviral potency [32]. This observation is supported by the
high cellular and antiviral potency of MPI46. MPI8 was previously
discovered as a highly potent SARS-CoV-2 inhibitor with an ECs( value
as 30 nM [21,33,39]. All boceprevir-based inhibitors that we developed
in this work do not reach the potency of MPI8. To improve cellular and
antiviral potency of inhibitors such as MPI43, MPI44 and MPI46, a
possible route is to search for alternative O-alkyl groups in the P4
N-terminal carbamate cap for improved binding to the M"™ P4 binding
pocket.

For the warhead, all current data indicate that aldehyde has the best
activity. Changing it to either a-ketoamide or nitrile significantly de-
creases both in vitro and in cellulo potency of an inhibitor. Compounds
with an aldehyde will lead to a concern of cytotoxicity. Cytotoxicity and
potency of an aldehyde inhibitor for M"™ need to be carefully balanced
when it is finally applied in animals or human patients. Pharmacokinetic
(PK)/pharmacodynamic (PD) features will also need to be considered.
Most currently reported MF™ inhibitors do not have PK/PD results in
animals available. We recently characterized MPI8 PK results in rats
[44]. MPI8 displayed a relatively quick clearance rate in rats with a
half-life as 1.22 h by oral administration. However, PK results for
PF-07321322 have shown that it is stable in animals, although it is
metabolized by CYP3A4 in humans [14]. The nitrile warhead and other
structural moieties likely contribute to this high stability. Since
PF-07321332 is a component of an approved drug for COVID-19
already, combining characteristics within PF-07321332 such as the
nitrile warhead that has low cytotoxicity concern and that from other
boceprevir and/or MPI8-based inhibitors including MPI43, MPI44 and
MPI46 for improved PK/PD features need to be explored. PF-07321332
requires to be used together with ritonavir due to its metabolic insta-
bility. Strong side effects from ritonavir and serious and sometimes fatal
drug interactions between ritonavir and other medications have been
reported [45-49]. An obvious drug development goal is to develop a
PF-07321332-based SARS-CoV-2 antiviral that will not require the
combination use with ritonavir. The metabolization weak point of
PF-07321332 is at the P1 Opal side chain lactam. Changing this site to
other chemical moieties for improved PK characteristics is likely but has
not yet been reported.

We also synthesized a number of a-ketoamide inhibitors with
different alkyl substituents at the a-ketoamide nitrogen. The purpose
was to make these N-appendages reach the M’™ P3’ binding pocket.
Unfortunately, all these inhibitors have low in vitro and in cellulo po-
tency. Structures of their complexes with MP™ all show a Z configuration
at the a-ketoamide. The Z configuration is more energetically favored
than the E form. It is evident that steric hindrance between the hemi-
thioacetal hydroxide and an N-appendage prevents the N-appendage
from adopting a favorable position to interact with the M*™ P3’ binding
pocket. Although further optimization in related MP™ inhibitors may
likely generate interactions with the M"™ P3’ binding pocket, we suggest
other routes to take advantage of the M"™ P3’ binding pocket. In our
characterized structures, the P4 N-terminal isovaleramide of MPI42
shows a unique conformation that binds deep into the MP™ P4 binding
pocket. The N-terminal trifluoroacetamide of PF-07321332 binds at the
same MF™ pocket [14]. This unique binding explains MPI42’s much
higher in vitro potency than its close relative MPI40. We think MPI42
points to a unique way to develop potent M*™ inhibitors by exploring P4
N-terminal chemical moieties with a similar size as isovaleramide.

European Journal of Medicinal Chemistry 240 (2022) 114596

4. Conclusion

Based on our systematic analysis of boceprevir-based M"™ inhibitors,
we conclude that a P4 N-terminal carbamate in an inhibitor is critical to
yield high cellular and antiviral potency. However, chemical moieties at
all sites including the P4 N-terminal carbamate and the warhead might
be continuously optimized. Combined features from PF-07321332 (e.g.
nitrile warhead) and newly developed inhibitors such as MPI43, MPI44
and MPI46 can be considered. In vitro DMPK and ADME assays will
provide insights into how to further optimize the boceprevir-based M*™
inhibitors.
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