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ABSTRACT
The SARS-CoV-2 papain-like protease (PLpro) and the main protease (Mpro) catalyze hydrolysis of the viral polyproteins pp1a/1ab
into functional nonstructural proteins. PLpro and Mpro are medicinal chemistry targets, with Mpro inhibitors being used for COVID-
19 treatment. PLpro also catalyzes hydrolysis of ubiquitin and interferon-stimulated gene 15 (ISG15) from post-translationally
modified human proteins. Here we report how screening of reported deubiquitinase inhibitors using solid-phase extraction
coupled to mass spectrometry assays with oligopeptide substrates based on pp1a/1ab and on an ISG15-modified human protein
enabled the identification of substrate-selective PLpro inhibitors. The results reveal that the deubiquitinase inhibitor ML364
selectively inhibits the deISGylase activity of isolated PLpro over its pp1a/1ab-processing activity. Structure-activity relationship
and computational studies support the assignment of ML364 and derivatives as substrate-selective PLpro inhibitors. The combined
results provide proof-of-concept for developing substrate-selective inhibitors of PLpro and, by implication, related proteolytic
enzymes, including deubiquitinases.
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Introduction

he SARS-CoV-2 genome encodes the viral polyproteins
a/1ab (pp1a/1ab), which are catalytically hydrolyzed into
unctional nonstructural proteins by two viral nucleophilic
ysteine proteases—the papain-like protease (PLpro) and
he main protease (Mpro) [1–3]. Proteolytic processing of
p1a/1ab is essential for viral replication [1–3]; thus, both
Lpro and Mpro are targets for small-molecule inhibitors
4–9], including for coronaviruses other than SARS-CoV-2.
his is an open access article under the terms of the Creative Commons Attribution Licen
riginal work is properly cited.
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Inhibitors of Mpro, but not yet PLpro, are currently in clinical
use [10–14].

PLpro catalyzes peptide bond hydrolysis of pp1a/1ab on the C-
terminal side of three LXGG motifs (with X being N or K;
Figure 1) [3, 15]. PLpro also catalyzes the hydrolysis of isopeptide
bonds linking the C-terminal LRGG motifs of ubiquitin (Ub) or
ubiquitin-like modifiers (UBL) and the Nε-amino groups of lysine
residues [16, 17]. Post-translational protein modification by Ub or
UBL has multiple regulatory functions and is linked to diseases,
se, which permits use, distribution and reproduction in any medium, provided the

1 of 19

https://doi.org/10.1002/chem.71248
https://orcid.org/0009-0004-2407-583X
https://orcid.org/0000-0002-2354-3281
https://orcid.org/0000-0003-1735-0640
https://orcid.org/0000-0002-4653-8661
https://orcid.org/0000-0001-5683-1151
https://orcid.org/0000-0002-0290-6565
mailto:christopher.schofield@chem.ox.ac.uk
mailto:lennart.brewitz@ichf.edu.pl
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1002/chem.71248


FIGURE 1 PLpro catalysis and substrates used in this study. (a and b) SARS-CoV-2 PLpro-catalysed hydrolysis of: (a) the pp1a/1ab-derived
linear oligopeptide nsp2/3808-827 [33] and (b) the Nε-Lys193-branched IRF3189-197-ISG15 oligopeptide IRF3-ISG15 [34], which serve as SPE-MS assay
substrates. The consensus LXGG motif preferred for PLpro catalysis and present in both substrates is in red; (c) view from a reported SARS-CoV-2 PLpro

C111S variant:Zn:ISG15 crystal structure (PDB ID: 7RBS [30]); (d) active site view from a reported SARS-CoV-2 PLpro C111S variant:Zn:ISG15 crystal
structure (PDB ID: 7RBS [30]) showing binding of the C-terminal LRGG motif of ISG15 in the PLpro S sites near the catalytic triad residues (C111, H272,
D286) [3, 35]; note that the binding of substrate residues to the C-terminal side of the scissile substrate amide bond in the PLpro S′ sites has not yet been
crystallographically resolved.
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ncluding cancer [18–22]. Ub/UBL-protein modifications are
irectly reversed by deubiquitinases (DUBs), which show varied
electivities for particular Ub/UBL-modified proteins and/or the
b/UBL modification [18, 21, 23, 24]. Human DUBs are medicinal

hemistry targets, with small-molecule DUB inhibitors currently
n clinical trials [19, 20, 25].

ARS-CoV-2 PLpro prefers human protein substrates which are
ost-translationally modified with interferon-stimulated gene 15
ISG15) over those modified with Ub [16, 17]. PLpro-catalyzed
emoval of ISG15 from ISGylated interferon regulatory factor 3
IRF3) enhances the virulence of SARS-CoV-2 [16, 26–29]. ISG15
inds to the PLpro S sites (i.e., those equivalent to the N-terminal
ide of the PLpro scissile pp1a/1ab bonds) and allosteric sites
16, 17, 30], while the protein bearing the Nε-lysine-ISGylation

odification binds, at least, to the PLpro S′ sites (i.e., those
quivalent to the C-terminal side of the PLpro scissile pp1a/1ab
onds).

mall-molecules that selectively block the PLpro deISGylase
ctivity over its pp1a/1ab-processing activity are of interest as
of 19
probes for investigating the roles of the PLpro deISGylase activity
in SARS-CoV-2 pathogenesis. The development of substrate-
selective inhibitors of proteases and other enzyme classes is of
general interest from a medicinal chemistry perspective [31], but
is challenging in the case of PLpro, in part because robust bio-
chemical assays that clearly distinguish between the deISGylase
and pp1a/1ab-processing activities of isolated PLpro have not been
reported. Most reported PLpro inhibitors bind to the S1-S4 pockets,
hence likely inhibit both deISGylase and pp1a/1ab-processing
PLpro activities indiscriminately (Figure 1) [6–9]; note that some
PLpro inhibitors have been shown to additionally bind at the S′
sites [32].

Many reported SARS-CoV-2 PLpro deISGylase assays
monitor hydrolysis of fluorescent groups (e.g., 7-amino-4-
methylcoumarin, AMC) conjugated to the C-terminus of
ISG15 derivatives (e.g., ISG15-AMC) [16, 17, 26, 36, 37]. Such
fluorophores, however, likely interfere with optimal binding to
the PLpro S′ sites, limiting the ability of these assays to differentiate
between deISGylase and pp1a/1ab-processing activities.
Fluorescence-based PLpro assays are reported that use substrates
Chemistry – A European Journal, 2026
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inding to the S′ sites [38, 39], including assays monitoring
he deISGylase/DUB activity by employing Ub derivatives
-terminally linked via an isopeptide bond to a peptide fragment

40]; these substrates, however, likely suffer from suboptimal
ctive site binding, including because of the sterically bulky
luorophore proximal to the S′ sites [38, 40]. Mass spectrometry
MS)-based assays have also been employed to monitor PLpro DUB
ctivity; however, the reported assays employ Ub2 and derivatives
s substrates which are not the preferred cellular PLpro substrates
30, 41, 42].

e have developed solid-phase extraction (SPE) coupled to MS
ssays that directly monitor PLpro (or Mpro)-catalysed hydrolysis
f linear oligopeptide fragments derived from the sequence of
ARS-CoV-2 pp1a/1ab [33, 43]. The SPE-MS assays are of use in
nvestigating the effects of small-molecules on protease catalysis,
omplementing commonly used absorbance- or fluorescence-
ased assays [33, 43–53]. We have extended the substrate scope
f the SPE-MS PLpro assays to comprise Nε-lysine-branched
ligopeptides mimicking post-translational protein modifica-
ion by Ub/UBLs; the Nε-lysine-branched oligopeptides were
omputationally predicted to bind to both the PLpro S and
′ sites [34]. Importantly, the SPE-MS assays using Nε-lysine-
ranched oligopeptides with sequences based on different UBLs
ecapitulated the reported cellular substrate preferences of SARS-
oV-2 PLpro, implying that these SPE-MS assays can differentiate
etween the PLpro deISGylase and pp1a/1ab-processing activities
34].

ere we report how SPE-MS inhibition assays with linear and
ε-lysine-branched oligopeptide substrates were used to distin-
uish between small-molecules acting on the deISGylase and
p1a/1ab-processing activities of PLpro. The results reveal that
he reported deubiquitinase inhibitor ML364 has potential for
ubstrate-selective PLpro inhibition, as supported by structure-
ctivity relationship and computational studies. Although the
tility of ML364 derivatives for cellular studies may be limited
ue to cytotoxicity, the results clearly show the potential of SPE-
S assays to help enable the development of substrate-selective

nhibitors of SARS-CoV-2 PLpro and, by implication, of other
roteolytic enzymes.

Results

.1 Development of Mass Spectrometry Assays
or Inhibition Studies on the PLpro deISGylase
ctivity

PE-MS-based SARS-CoV-2 PLpro inhibition assays with an
ε-lysine-branched oligopeptide substrate were developed to

omplement SPE-MS PLpro inhibition assays using the pp1a/1ab-
erived linear oligopeptide nsp2/3808-827 as a substrate (Figure 1)
33], in order to distinguish between the effects of small-

olecules on the PLpro deISGylase and pp1a/1ab-processing
ctivities. The Nε-Lys193-branched IRF3189-197-ISG15 oligopeptide
IRF3-ISG15) was selected as an SPE-MS assay substrate, because
t was amongst the most efficient Nε-Lys-branched PLpro sub-
trates reported and because it can be prepared via solid-phase
eptide synthesis in high quantity and purity [34].
hemistry – A European Journal, 2026
SPE-MS PLpro assays with IRF3-ISG15 as the substrate were per-
formed using the conditions previously used with nsp2/3808-827 as
the substrate [33]. Assays were performed in the presence of the
inert N-terminally N-acetylated C- and N-terminal product pep-
tides (i.e., Ac-LSTVFMNLRLRGG-NH2, Ac-ENPLKRLLV-NH2)
to enable quantification of PLpro catalysis [34]. This setup also
helps mitigate potential false-positive results due to compound-
induced ionization suppression of the C- and N-terminal product
peptides [33, 47].

The SPE-MS PLpro inhibition assays with IRF3-ISG15 were used
to determine the half-maximal inhibitory concentrations (IC50
values) of nine reported small-molecule PLpro inhibitors. The
inhibition results with IRF3-ISG15 were similar to those reported
with nsp2/3808-827 (Supplementary Table S1) [33]; signal-to-noise
(S/N) ratios and Z′-factors [54] indicated high assay robust-
ness (Supplementary Figure S1). The validated PLpro inhibitor
GRL0617 [55] efficiently inhibited PLpro irrespective of the sub-
strate used, with potencies in the range of those reported using
orthogonal assays (i.e. IC50 ∼1.6-2.4 μM [16, 36, 42, 56–58]; Table 1,
entry i). GRL0617 was therefore used as a positive inhibition
control in subsequent studies. As previously demonstrated with
nsp2/3808-827, many other reported PLpro inhibitors working via
noncovalent substrate-competitive binding failed to efficiently
inhibit in the SPE-MS assays [33], likely due to their inability to
compete with the relatively tight-binding IRF3-ISG15 substrate;
by contrast, they are reported to inhibit in fluorescence-based
PLpro assays which employ relatively less efficient substrates [39].

2.2 Effects of Broad-Spectrum DUB Inhibitors on
the deISGylase Activity of PLpro

Following assay validation, the effects of six reported broad-
spectrum DUB inhibitors on catalysis by isolated recombinant
SARS-CoV-2 PLpro were assessed using SPE-MS assays with
the linear nsp2/3808-827 [33] and the branched IRF3-ISG15 [34]
substrates to investigate their potential for substrate-selective
PLpro inhibition. The results reveal that PR-619 [59] inhibited
PLpro

>25-fold more efficiently than GRL0617 [55] regardless of
the substrate employed (Table 1, entries i-ii), contrasting with
fluorescence-based assay results using Ub-AMC as a substrate
[60]. The inhibition potencies of structurally related b-AP15 [61]
and VLX1570 [62] were also substrate-independent, with b-AP15
being ∼2-fold more efficient in inhibiting PLpro than VLX1570 and
GRL0617 (Table 1, entries iii and iv). NSC632839 [63] inhibited
PLpro substantially less efficiently than structurally related b-AP15
(Table 1, entry v); although NSC632839 might have a marginal
preference for inhibition of PLpro with nsp2/3808-827 (IC50 ∼

34 μM) than with IRF3-ISG15 (IC50 ∼ 46 μM), the difference is
within experimental error.

The DUB inhibitor Degrasyn (WP1130) [64] apparently inhibited
PLpro-catalyzed hydrolysis of nsp2/3808-827 (IC50 ∼ 13 μM; Table 1,
entry vi), but not of IRF3-ISG15 (IC50> 50 μM; Table 1, entry
vi). However, analysis of the corresponding dose-response curves
show imperfect levels of PLpro inhibition (Figure 2), indicating
that Degrasyn was not an efficient PLpro inhibitor. This conclu-
sion is further supported by the observation that the Degrasyn
derivative EOAI3402143 [65] did not inhibit PLpro (Table 1, entry
vii).
3 of 19



TABLE 1 Effects of broad-spectrum DUB inhibitors on PLpro catalysis.

DUB inhibitor
aIC50 [μM] (using linear

nsp2/3808-827)
bIC50 [μM] (using

Nε-Lys-branched IRF3-ISG15)

i 3.4 ± 0.4 2.9 ± 0.4

ii 0.14 ± 0.03 0.11 ± 0.01

iii 0.82 ± 0.15 0.79 ± 0.18

iv 2.2 ± 0.5 2.2 ± 0.5

v 34 ± 12 46 ± 17

vi 13 ± 4 >50

vii >50 >50

aSPE-MS inhibition assays were performed as reported [33], using: SARS-CoV-2 PLpro (0.2 μM), nsp2/3808-827 (VTNNTFTLKGGAPTKVTFGI-NH2 [33]; 2.0 μM),
and the product standards: Ac-VTNNTFTLKGG-NH2 (0.2 μM), and Ac-APTKVTFGI-NH2 (0.2 μM) in buffer (50 mM Tris, pH 8.0, 37◦C);
bSPE-MS inhibition assays were performed using: SARS-CoV-2 PLpro (0.2 μM), Nε-Lys-branched IRF3-ISG15 [34] (Figure 1; 2.0 μM), and the product standards:
Ac-LSTVFMNLRLRGG-NH2 (0.2 μM) [34], and Ac-ENPLKRLLV-NH2 (0.2 μM) [34] in buffer (50 mM Tris, pH 8.0, 37◦C). Inhibitors were commercially sourced
and used as received. Selected dose-response curves are shown in Figure 2. Results are means of three independent runs (n = 3; mean ± standard deviation, SD).

4 of 19 Chemistry – A European Journal, 2026



FIGURE 2 The reported DUB inhibitor ML364 has potential for substrate-selective PLpro inhibition. (a-b) Representative dose-response
curves used to determine IC50-values for reported DUB inhibitors obtained with isolated recombinant SARS-CoV-2 PLpro using SPE-MS assays with: (a)
the linear nsp2/3808-827 [33] or (b) the Nε-Lys-branched IRF3-ISG15 [34] (Figure 1). Color code: GRL0617 [55] (black circles), PR-619 [59] (red inverse
triangles), b-AP15 [61] (blue circles), VLX1570 [62] (orange triangles), Degrasyn (green boxes), and ML364 [66] (violet diamonds). (c-d) Representative
dose-response curves used to determine IC50-values for ML364 derivatives with isolated recombinant SARS-CoV-2 PLpro using SPE-MS assays with:
(c) the linear nsp2/3808-827 [33] or (d) the Nε-Lys-branched IRF3-ISG15 [34] (Figure 1). Color code: 13 (black circles), 18 (red inverse triangles), 25
(blue circles), 29 (orange triangles), 32 (green boxes), and 33 (violet diamonds). Results are means of technical duplicates (n = 2; mean ± SD), three
dose-response curves, each composed of technical duplicates, were independently determined using SPE-MS PLpro inhibition assays.
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.3 ML364 is a Substrate-Selective PLpro

nhibitor In Vitro

PE-MS assays were then used to investigate the effects of
2 small-molecules, which are reported to selectively inhibit
ubsets of human DUBs via noncovalent binding [66–77], on
atalysis by isolated PLpro (Table 2). The results reveal that
ost of the tested DUB inhibitors did not efficiently inhibit

Lpro, irrespective of whether nsp2/3808-827 or IRF3-ISG15 were
mployed as substrates (IC50> 50 μM; Table 2, entries i-xi),
onsistent with their high selectivity for inhibition of human
UBs. Note that reported results on the effects of some of

hese DUB inhibitors on PLpro catalysis suffered from imperfect
eproducibility [60].

nterestingly, the reported ubiquitin-specific protease 2 (USP2)-
elective inhibitor ML364 [66] inhibited PLpro-catalysed hydrol-
sis of IRF3-ISG15 (IC50 ∼ 6.4 μM; Table 2, entry xii), but not of
sp2/3808-827 (IC50> 50 μM; Table 2, entry xii), indicating potential

or substrate-selective inhibition. The Hill slope of the ML364
ose-response curves obtained with IRF3-ISG15 derived from
hemistry – A European Journal, 2026
the predicted value of -1 (Figure 2), suggesting the possibility for
a complex inhibition mode including e.g., binding at multiple
sites and/or binding of ML364 aggregates. Note that fluorescence-
based assays with Z-LRGG-AMC as the substrate have shown that
ML364 inhibits PLpro at a concentration of 0.2 mM [60]. Hence,
data indicating that ML364 may be a substrate-selective PLpro

inhibitor should be interpreted with care. Given the modular
structure of ML364 (Figure 3), structure-activity relationship
studies were performed aiming to obtain more potent inhibition
and investigate roles of the three main structural elements
of ML364 (i.e., the amide, sulfonamide, and anthranilic acid
groups), including on the apparent selectivity for inhibition of the
PLpro deISGylase activity over its pp1a/1ab-processing activity.

2.4 Effects of the ML364 Amide Group on PLpro

Inhibition

Following the reported synthesis of ML364 [66], a set of
ML364 derivatives with varied amide N-substituents was
synthesized from reported 2-((4-methylphenyl)sulfonamido)-
5 of 19



TABLE 2 Effects of reported DUB inhibitors on PLpro catalysis.

DUB inhibitor

aIC50 [μM]
(using linear
nsp2/3808-827)

bIC50 [μM]
(using Nε-Lys-

branched
IRF3-ISG15) DUB inhibitor

aIC50 [μM]
(using linear
nsp2/3808-827)

bIC50 [μM]
(using Nε-Lys-

branched
IRF3-ISG15)

i >50 >50 vii >50 >50

ii >50 >50
viii

>50 >50

iii >50 >50 ix >50 >50

iv >50 >50 x >50 >50

v >50 >50 xi >50 >50

vi >50 >50 xii >50 6.4 ± 0.5

aSPE-MS inhibition assays were performed as reported [33], using: SARS-CoV-2 PLpro (0.2 μM), nsp2/3808-827 (VTNNTFTLKGGAPTKVTFGI-NH2 [33]; 2.0 μM),
and the product standards: Ac-VTNNTFTLKGG-NH2 (0.2 μM), and Ac-APTKVTFGI-NH2 (0.2 μM) in buffer (50 mM Tris, pH 8.0, 37◦C);
bSPE-MS inhibition assays were performed using: SARS-CoV-2 PLpro (0.2 μM), Nε-Lys-branched IRF3-ISG15 [34] (Figure 1; 2.0 μM), and the product standards:
Ac-LSTVFMNLRLRGG-NH2 (0.2 μM) [34], and Ac-ENPLKRLLV-NH2 (0.2 μM) [34] in buffer (50 mM Tris, pH 8.0, 37◦C). Selected dose-response curves are shown
in Figure 2. Results are means of three independent runs (n = 3; mean ± SD).
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FIGURE 3 The modular structure of ML364 facilitates structure-activity relationship studies. (a) ML364 bears an anthranilic acid core
with sulfonamide and amide substituents [66]. (b) Outline synthesis of ML364 derivatives. Reagents and conditions: i) Na2CO3, H2O, 80◦C, 50–85%; ii)
amine, HATU [78], iPr2NEt [79], DMF, 80◦C, 7–65%. Z: CR or N. For details, see Supporting Information and Tables 3–5.
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-(trifluoromethyl)benzamide 1a [66] in 18–55% overall yields
Figure 3b) to investigate the effects of the amide group on
Lpro inhibition. The effects of the resultant ML364 derivatives
n catalysis by isolated PLpro were investigated using SPE-MS
ssays with both IRF3-ISG15 and nsp2/3808-827 as substrates.
he combined results reveal that none of the synthesized ML364
erivatives tested inhibited the pp1a/1ab-processing ability of
Lpro, whereas some of the ML364 derivatives inhibited the
eISGylase activity of PLpro, supporting the assignment of ML364
s a substrate-selective inhibitor.

he results indicate that the 2-amino-4-phenylthiazole group
f ML364 is important for the efficient inhibition of the PLpro

eISGylase activity, because: (i) the ML364 N-alkyl amides 1–3
id not inhibit both PLpro activities (Table 3, entries ii-iv), (ii) sub-
titution of the thiazole sulfur atom for an oxygen atom or an NH
roup reduced inhibition potency by ∼2- and ∼5-fold, respectively
Table 3, entries v-vi), and (iii) ML364 derivatives lacking the
hiazole C4 phenyl group (i.e., 6), bearing the phenyl substituent
t the thiazole C3 position (i.e., 7) or bearing a benzothiazole
roup instead of the 4-phenylthiazole group (i.e., 8), did not
nhibit PLpro (Table 3, entries vii-ix). The ML364 derivative 9 with
para-methoxy-substituted C4 phenyl group inhibited PLpro with

imilar potency as ML364 (Table 3, entry x). By contrast, the
ara-chloro-substituted and para-nitro-substituted derivatives 10
nd 11 inhibited PLpro with ∼5-fold reduced potency, whereas
he para-phenyl-substituted derivative 12 did not inhibit (Table 3,
ntries xi-xiii). Notably, the naphthyl-substituted ML364 deriva-
ive 13 inhibited PLpro with similar potency as ML364, indicating
hat groups sterically bulkier than phenyl groups are tolerated at
he thiazole C4 position (Table 3, entry xiv).

.5 Effects of the ML364 Sulfonamide Group on
Lpro Inhibition

L364 sulfonamide derivatives 14–20 were synthesized in two
teps [66] via the corresponding acid intermediates 14a-20a in
hemistry – A European Journal, 2026
3–21% overall yields (Figure 3b) to investigate the effects of the
sulfonamide group on PLpro inhibition potency and substrate
selectivity. The chloro-substituted ML364 derivative 10 was used
as a template for sulfonamide modifications, because the corre-
sponding sulfonamide derivatives were more potent inhibitors
than those lacking the chlorine (Supplementary Table S2). The
SPE-MS assay results reveal that substitution of the ML364
sulfone group for a methylene or a carbonyl group ablates PLpro

inhibition (Table 4, entries ii-iii). Thus, subsequent efforts focused
on altering the sulfonamide aryl group.

Substitution of the tolyl methyl group of ML364 for a sterically
bulkier tert-butyl group decreased PLpro inhibition potency ∼2-
fold with IRF3-ISG15 (IC50 ∼ 13 μM; Table 4, entry iv), while
its substitution for an electron-donating methoxy or an electron-
withdrawing nitro group did not substantially affect inhibition
potency compared to ML364 (Table 4, entries v and vi). The
1-naphthyl-substituted sulfonamide 20 inhibited the PLpro deIS-
Gylase activity with similar potency as ML364 (IC50 ∼ 8 μM;
Table 4, entry viii), whereas changing the position of the ML364
tolyl methyl group from the para- to the ortho-sulfonamide
position ablated inhibition (Table 4, entry vii). The combined
results indicate that the sulfonamide group is important for
inhibition and that, while different sulfonamide aryl groups are
tolerated, they do not substantially increase inhibition potency.

2.6 Effects of the ML364 Anthranilic Acid Group
on PLpro Inhibition

Given that modifications to the amide and sulfonamide
groups of ML364 did not improve potency for inhibition of
the PLpro deISGylase activity, we investigated the effects of
the ML364 anthranilic acid group on PLpro inhibition. Nine
chloro-substituted ML364 derivatives (i.e., 21–28) with altered
anthranilic acid groups were synthesized using different
anthranilic acid derivatives as starting materials (Figure 3b).
7 of 19



TABLE 3 Effects of ML364 amide group on PLpro catalysis.

aIC50 [μM]
(using linear
nsp2/3808-827)

bIC50 [μM]
(using Nε-Lys-

branched
IRF3-ISG15)

aIC50 [μM]
(using linear
nsp2/3808-827)

bIC50 [μM]
(using Nε-Lys-

branched
IRF3-ISG15)

R R

i >50 6.4 ± 0.5
viii

>50 >50

ii >50 >50 ix >50 >50

iii >50 >50 x >50 7.5 ± 0.6

iv >50 33 ± 1 xi >50 35 ± 8

v >50 17 ± 2 xii >50 32 ± 1

vi >50 32 ± 1
xiii

>50 >50

vii >50 >50 xiv >50 5.3 ± 0.5

aSPE-MS inhibition assays were performed as reported [33], using: SARS-CoV-2 PLpro (0.2 μM), nsp2/3808-827 (VTNNTFTLKGGAPTKVTFGI-NH2 [33]; 2.0 μM),
and the product standards: Ac-VTNNTFTLKGG-NH2 (0.2 μM), and Ac-APTKVTFGI-NH2 (0.2 μM) in buffer (50 mM Tris, pH 8.0, 37◦C);
bSPE-MS inhibition assays were performed using: SARS-CoV-2 PLpro (0.2 μM), Nε-Lys-branched IRF3-ISG15 [34] (Figure 1; 2.0 μM), and the product standards:
Ac-LSTVFMNLRLRGG-NH2 (0.2 μM) [34], and Ac-ENPLKRLLV-NH2 (0.2 μM) [34] in buffer (50 mM Tris, pH 8.0, 37◦C). Selected dose-response curves are shown
in Figure 2. Results are means of two independent runs (n = 2; mean ± SD).
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he results reveal that substitution of the ML364 anthranilic acid
F3 substituent for a hydrogen reduced potency for inhibition
f the PLpro deISGylase activity ∼3-fold compared to ML364,
s did substitution of its C-CF3 group for a nitrogen (Table 4,
ntries ix-x); by contrast, the corresponding 3-aminobenzoic acid-
nd 4-aminobenzoic acid-derived isomers of 21 did not inhibit
Table 4, entries xi-xii). Notably, altering the position of the

L364 CF3 group from the position para to the carboxamide
of 19
to the meta position resulted in a ∼2-fold increased potency
for inhibition of the PLpro deISGylase activity compared to
ML364, while the corresponding ortho-CF3 isomer did not inhibit
(Table 4, entries xiii-xiv). Substitution of the CF3 group of 10
for a sterically bulkier tert-butyl group decreased PLpro inhibition
potency by ∼4-fold compared to ML364, while its substitution
for a phenyl group ablated inhibition (Table 4, entries xv and
xvi).
Chemistry – A European Journal, 2026



TABLE 4 Effects of the ML364 aniline N-substituent and anthranilic acid group on PLpro catalysis.

aIC50 [μM]
(using linear
nsp2/3808-827)

bIC50 [μM]
(using Nε-Lys-

branched
IRF3-ISG15)

aIC50 [μM]
(using linear
nsp2/3808-827)

bIC50 [μM]
(using Nε-Lys-

branched
IRF3-ISG15)

R R

i ML364 >50 6.4 ± 0.5 ix >50 20 ± 1

ii >50 >50 x >50 20 ± 3

iii >50 >50 xi >50 >50

iv >50 13 ± 6 xii >50 >50

v >50 8.1 ± 2.4
xiii

>50 4.5 ± 0.3

vi >50 6.4 ± 1.0 xiv >50 >50

vii >50 >50 xv >50 29 ± 2

viii
>50 7.6 ± 3.8 xvi >50 >50

aSPE-MS inhibition assays were performed as reported [33], using: SARS-CoV-2 PLpro (0.2 μM), nsp2/3808-827 (VTNNTFTLKGGAPTKVTFGI-NH2 [33]; 2.0 μM),
and the product standards: Ac-VTNNTFTLKGG-NH2 (0.2 μM), and Ac-APTKVTFGI-NH2 (0.2 μM) in buffer (50 mM Tris, pH 8.0, 37◦C);
bSPE-MS inhibition assays were performed using: SARS-CoV-2 PLpro (0.2 μM), Nε-Lys-branched IRF3-ISG15 [34] (Figure 1; 2.0 μM), and the product standards:
Ac-LSTVFMNLRLRGG-NH2 (0.2 μM) [34], and Ac-ENPLKRLLV-NH2 (0.2 μM) [34] in buffer (50 mM Tris, pH 8.0, 37◦C). Selected dose-response curves are shown
in Figure 2. Results are means of two independent runs (n = 2; mean ± SD).
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TABLE 5 Effects of optimized ML364-based inhibitors on PLpro inhibition potency and substrate selectivity.

ML364 derivative
aIC50 [μM] (using

linear nsp2/3808-827)

bIC50 [μM] (using
Nε-Lys-branched

IRF3-ISG15)

Selectivity for IRF3-ISG15
versus nsp2/3808-827

inhibition

i ML364 >100 6.4 ± 0.5 >15:1
ii >100 6.7 ± 1.2 >14:1

iii >100 7.8 ± 2.6 >13:1

iv >100 23 ± 2 >4:1

v >100 3.4 ± 0.2 >29:1

vi >100 3.6 ± 0.1 >27:1

aSPE-MS inhibition assays were performed as reported [33], using: SARS-CoV-2 PLpro (0.2 μM), nsp2/3808-827 (VTNNTFTLKGGAPTKVTFGI-NH2 [33]; 2.0 μM),
and the product standards: Ac-VTNNTFTLKGG-NH2 (0.2 μM), and Ac-APTKVTFGI-NH2 (0.2 μM) in buffer (50 mM Tris, pH 8.0, 37◦C);
bSPE-MS inhibition assays were performed using: SARS-CoV-2 PLpro (0.2 μM), Nε-Lys-branched IRF3-ISG15 [34] (Figure 1; 2.0 μM), and the product standards:
Ac-LSTVFMNLRLRGG-NH2 (0.2 μM) [34], and Ac-ENPLKRLLV-NH2 (0.2 μM) [34] in buffer (50 mM Tris, pH 8.0, 37◦C). Selected dose-response curves are shown
in Figure 2. Results are means of two independent runs (n = 2; mean ± SD).
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.7 Development of Improved ML364-Based
Lpro Inhibitors

he ML364 amide, sulfonamide, and anthranilic acid groups
ssociated with the most efficient PLpro inhibition were combined
o synthesize the ML364 derivatives 29–33 in 8–24% overall yields
Table 5). The SPE-MS assay results reveal that the ML364 deriva-
ives 32 and 33 inhibited isolated PLpro with ∼2-fold improved
otency compared to ML364, indicating that bulky 1-naphthyl
ubstituents at both the sulfonamide and amide positions have
eneficial effects on inhibition potency and substrate selectivity.
hus, none of the ML364 derivatives substantially inhibited
0 of 19
the pp1a/1ab-processing activity of PLpro (Table 5, entries v-
vi); they inhibited the deISGylase activity of PLpro over its
pp1a/1ab-processing activity with >27:1 selectivity.

2.8 Selectivity of the ML364 Derivatives for PLpro

Inhibition

The selectivity of the ML364 derivatives for inhibition of PLpro

over Mpro was investigated using SPE-MS assays [43, 47] to inform
on possible off-target effects. The results reveal that eight of
the tested 28 ML364 derivatives inhibited isolated recombinant
Chemistry – A European Journal, 2026
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ARS-CoV-2 Mpro with moderate potency (i.e., 5–15 μM), albeit
ubstantially less efficiently than clinically used Mpro inhibitors
Supplementary Table S3).

.9 Cytotoxicity Studies

e investigated the effects of the ML364 derivatives on Vero cells
sing DAPI staining and on human-derived MCF7 cells using
esazurin assays. The results reveal that the ML364 derivatives
ere typically cytotoxic at concentrations >50 μM (Supplemen-

ary Table S4 and Figure S2). Although further investigation is
equired, it is possible that at least some of the tested ML364
erivatives inhibit catalysis of host cysteine proteases given that
L364 is a reported USP2 inhibitor [66].

.10 Modeling Studies

e performed docking and molecular dynamics (MD) simula-
ions with the ML364 derivative 32 and SARS-CoV-2 PLpro to
nvestigate the mechanism by which 32 selectively inhibits the
eISGylase activity of PLpro over its pp1a/1ab-processing activity
Table 5, entry v). Based on reported computational results on the
inding of ML364 derivatives to PLpro [60, 80], we investigated
he binding of 32 to both the S and S′ sites of PLpro (Figure 4,
upplementary Figures S3 and S4). MD simulations predict a
table pose of 32 at the S′ sites, in which the thiazole N and amide
roup of 32 are positioned to hydrogen bond with the side chains
f K274 and T265, respectively. The thiazole C4 naphthyl group
f 32 also interacts with the side chains of W106 and H272 via
-stacking interactions (Figure 4). H272 is part of the catalytic

riad, but the predicted binding pose of 32 appears to preserve the
ydrogen-bonding network with C111 and D286 (Supplementary
igure S5). Note that, in principle, 32 may adopt alternative
inding modes and/or conformations at the PLpro active site,
s predicted by reported docking and MD studies with ML364
erivatives [60, 80].

lthough binding energy calculations using molecular mechan-
cs with Poisson–Boltzmann or generalized Born and surface area
ontinuum solvation (MMG/PBSA) indicate binding to the S sites
o be as favorable as binding to the S′ sites (Supplementary Table
5), the predicted binding pose of 32 at the PLpro S′ sites was
bserved for a larger fraction of the simulation time than that at
he S sites (57% versus 17%; Supplementary Figure S6, Tables S6
nd S7). The combined computational results thus suggest that
2 preferentially binds to the S′ sites in a manner that prevents
inding of branched substrates, while not directly interfering with
he binding mode of linear substrates, in accord with selective
nhibition of deISGylase activity (Figure 2, Supplementary Figure
4). Note, however, that it has not yet been crystallographically
efined how the substrate residues to the C-terminal side of the
cissile substrate amide bond bind in the PLpro S′ sites. The PLpro

ocking and MD simulations protocol was validated using the
eported inhibitor GRL0617 [55] (Supplementary Figure S7).

Discussion

ovel COVID-19 therapeutics are needed to complement
linically-used inhibitors of the SARS-CoV-2 Mpro and the SARS-
hemistry – A European Journal, 2026
CoV-2 RNA-dependent RNA polymerase, the efficacy of which
is increasingly challenged by resistance [81–85]. In addition to
these targets, other SARS-CoV-2-encoded proteins are under
investigation for COVID-19 treatment [86–89], including PLpro,
which, like Mpro, is a protease essential for pp1a/1ab-processing
[1–3]. Although inhibitors of PLpro have demonstrated efficacy
in infection models [90–93], their use may be susceptible to
resistance [94, 95]. Thus, medicinal chemistry efforts are ongoing
to develop novel types of PLpro inhibitors [8, 32, 96–102].

The functions of PLpro extend beyond pp1a/1ab-processing, in
particular to catalyzing the hydrolysis of isopeptide bonds link-
ing ISG15 (and Ub) with human host proteins [16, 17]. The
development of probe compounds that distinguish between the
pp1a/1ab-processing and deISGylase activities of PLpro is of inter-
est to better understand the roles of PLpro during infection [103].
Substrate-selective PLpro inhibitors are also of interest because
they can inform on how the deISGylase/deubiquitinase activities
of PLpros from different coronaviruses affect pathogenicity. To
our knowledge, substrate-selective PLpro inhibitors have not
yet been reported, likely in part reflecting a lack of assays
with isolated PLpro that differentiate its pp1a/1ab-processing and
deISGylase activities.

We employed SPE-MS assays with the pp1a/1ab-derived linear
oligopeptide nsp2/3808-827 [33] and the Nε-Lys193-branched
IRF3189-197-ISG15 oligopeptide IRF3-ISG15 mimicking post-
translational ISGylation of IRF3 to distinguish between the
effects of small-molecules on the deISGylase and pp1a/1ab-
processing activities of isolated recombinant SARS-CoV-2
PLpro. The combined inhibition results imply that the reported
USP2 inhibitor ML364 [66] selectively inhibits the deISGylase
activity of PLpro (IC50 ∼ 6.7 μM with IRF3-ISG15 compared to
>50 μM with nsp2/3808-827; Table 2, entry xii). Structure-activity
relationship studies reveal that the ML364 derivatives 32 and
33 with sterically bulky 1-naphthyl substituents inhibited the
PLpro deISGylase activity ∼2-fold more efficiently than ML364
(Table 5). Notably, none of the tested ML364 derivatives inhibited
the pp1a/1ab-processing activity of PLpro (Tables 3–5).

MD simulations of 32 suggest that ML364 derivatives may exert
substrate-selective inhibition of the PLpro deISGylase activity by
binding in the PLpro S′ sites rather than the S sites (Figure 4), as
supported by a larger fraction of simulation time for which the
S′ binding mode was observed (Supplementary Figure S6, Tables
S6 and S7). These results are consistent with previous modelling
studies on ML364-related molecules [80], although alternative
binding modes cannot be ruled out (Supplementary Figure S3)
[60, 104].

Binding to the PLpro S′ sites could enable substrate-selective
inhibition, because post-translationally modified human host
proteins are branched C-terminal to the scissile amide bond
and so likely have additional binding interactions in the PLpro

S′ site region compared to pp1a/1ab (Figure 1). The branched
structure of IRF3-ISG15 likely mimics these additional binding
interactions in the PLpro S′ site region, as implied by reported
competition studies showing that PLpro preferred IRF3-ISG15 as
a substrate over nsp2/3808-827 [34]. Further experimental work is
required to validate the potential of ML364 and derivatives for
substrate-selective PLpro inhibition within cells.
11 of 19



FIGURE 4 MD simulations predict that the ML364 derivative 32 binds at the PLpro S′ sites. (a) Predicted binding mode of 32 to the S′
sites of SARS-CoV-2 PLpro determined from cluster analysis of three 100 ns MD simulations. (b) Interactions of 32 with the side chains of K274, W106,
H272, and T265 in the S′ sites. (c and d).Superimposition of the reported PLpro C111S variant:Zn:ISG15 crystal structure (PDB ID: 7RBS [30]) with the
PLpro:Zn:32 prediction suggests that the ML364 derivative 32 does not interfere with ISG15 binding, including with respect to the C-terminal LRGG motif
of ISG15 in the PLpro S sites near the catalytic triad (C111, H272, D286) [3, 35].
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he potential of ML364 derivatives for substrate-selective inhi-
ition of PLpro is inter alia precedented by reported substrate-
elective inhibitors for: thrombin [105], γ-secretase [106, 107],
yclooxygenase-2 [108–110], a disintegrin and metalloproteinase
omain-containing protein 10 [111], prolyl oligopeptidase [112],
irtuin 2 [113], and insulin-degrading enzyme [114, 115]. Substrate-
elective enzyme inhibition can be achieved through differ-
nt mechanisms, including by [31]: (i) substrate-competitive
nhibitors, which impede binding of relatively weakly binding
ubstrates but not of tight-binding substrates, (ii) binding to sites
ot occupied by all the substrates, such as S′ sites or exosites,
iii) allosteric binding modes which alter protein conformations
nd/or hinder binding of a subset of substrates, and (iv) molecules
hat selectively bind one substrate over others, as precedented
y inhibitors of enzymes other than PLpro [116–122]. By contrast,
ctive site inhibitors reacting with the nucleophilic active site
ysteine (C111) should not directly enable substrate-selective PLpro

nhibition [123–125].

he modest potency of the current ML364 derivatives suggests
hat the relatively shallow PLpro S′ sites are more challenging to
arget than the well-defined S sites, suggesting that different types
f inhibitors may achieve higher levels of substrate selectivity.
2 of 19
Cyclic peptides are an attractive alternative to improve substrate-
selective PLpro inhibition due to their ability to bind to protein
surfaces with high affinity [126–128]. Although cyclic peptide
inhibitors of PLpro [129], Mpro [130–138], and human DUBs [139,
140] are reported, their potential for substrate-selective inhibition
remains to be investigated.

Further work with folded proteins is required to validate the
potential of ML364 derivatives for selective inhibition of the PLpro

deISGylase activity in cells. However, such studies may be com-
promised by the cytotoxicity of the current ML364 derivatives,
which might also inhibit human DUBs given the similar active
site geometries and substrate scopes of PLpro and DUBs (ML364 is
a reported USP2 inhibitor [66]), and possibly other proteins, given
that at least some of the ML364 derivatives inhibited isolated Mpro

(Supplementary Table S3). Of particular interest is the potential
of ML364 and derivatives for dual PLpro and Mpro inhibition,
which could be advantageous for the development of more potent
and robust COVID-19 therapeutics, reducing the likelihood of
drug-induced resistance [141, 142].

The combined results suggest that SPE-MS assays may also have
potential to enable identification of inhibitors distinguishing
Chemistry – A European Journal, 2026
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he PLpro deISGylase and DUB activities [16, 17], provided two
ifferent Nε-Lys-branched oligopeptides with sequences derived
rom ISG15 and Ub are employed as substrates [34]. Molecules
electively inhibiting the PLpro deISGylase or DUB activity could
omplement functional assignment work on Middle East Respi-
atory Syndrome coronavirus PLpro variants, which showed only
eISGylase or DUB activity [143, 144].

n addition to the PLpro pp1a/1ab-processing, deISGylase, and
UB activities, PLpro is also reported to catalyse hydrolysis
f peptide bonds C-terminal to LXGG motifs in the coding
equence of host proteins [145–148]. Thus, SPE-MS assays with
inear oligopeptides whose sequences derive from those of pro-
osed host protein substrates might enable identification of
olecules which inhibit PLpro-catalysed hydrolysis of specific

ost substrates to inform on their relevance during infection [149].

he utility of the SPE-MS assays for identification of substrate-
elective PLpro inhibitors might extend to viruses other than
ARS-CoV-2 that also encode for PLpro-related proteases with
UB activity [150–153], as well as human DUBs, given their
iverse substrate scope, with several human DUBs showing
electivity for specific substrates. For example, like PLpro, human
biquitin-specific peptidase 18 (USP18) preferentially catalyses
eISGylation over deubiquitinylation reactions [154–156]. Con-
idering the importance of DUBs in human physiology and as
edicinal chemistry targets [18–21, 25, 155], identification of

ubstrate-selective DUB inhibitors may enable development of
afer medicines.

Materials and Methods

ynthesis of PLpro Inhibitors

he synthesis and characterization of ML364 derivatives are
escribed in the associated Supporting Information.

roduction and Purification of Isolated
ecombinant SARS-CoV-2 PLpro

ecombinant isolated PLpro from the SARS-CoV-2 nsp3 (E746-
1063) Wuhan-Hu-1 [157] strain was produced using E. coli
emo21(DE3) cells and purified (as validated by SDS-PAGE and
S analyses) as reported [33].

eptide Synthesis

inear (e.g., nsp2/3808-827 and the N-acetylated product stan-
ards) and Nε-Lys-branched (i.e., IRF3-ISG15) oligopeptides
ere prepared by solid phase peptide synthesis (SPPS) using a
iberty Blue peptide synthesizer (CEM Microwave Technology
td.), as reported [33, 34].

PE-MS Inhibition Assays

PE-MS PLpro inhibition assays were performed using isolated
ecombinant SARS-CoV-2 PLpro and either the nsp2/3808-827
hemistry – A European Journal, 2026
substrate (VTNNTFTLKGGAPTKVTFGI-NH2 [33]; Figure 1; 2.0
μM) together with the Ac-VTNNTFTLKGG-NH2 (0.2 μM) and Ac-
APTKVTFGI-NH2 (0.2 μM) product standards as reported [33], or
the IRF3-ISG15 substrate (Figure 1; 2.0 μM) [34] together with the
Ac-LSTVFMNLRLRGG-NH2 (0.2 μM) [34] and Ac-ENPLKRLLV-
NH2 (0.2 μM) [34] product standards. Note that PLpro aliquots
were used for inhibition assays, which were thawed and frozen
not more than twice. Solutions of the inhibitors (100%v/v DMSO)
were dry dispensed across 384-well polypropylene assay plates
(Greiner, #781280) in a ∼3-fold and 11-point dilution series (100
μM top concentration) using an ECHO 550 acoustic dispenser
(Labcyte). DMSO and formic acid were used as negative and
positive inhibition controls, respectively. The total DMSO concen-
tration was kept constant at 0.5%v/v in all wells of the assay plate.
Each reaction was performed in technical duplicates in adjacent
wells of the assay plates; assays were also performed at least in
independent duplicates (n = 2).

The Enzyme Mixture (25 μL/well), containing SARS-CoV-2
PLpro (0.4 μM) in 50 mM Tris buffer (pH 8.0), was dispensed
across the inhibitor-containing 384-well assay plates with a
multidrop dispenser (Thermo Fischer Scientific) at 20◦C under an
ambient atmosphere. The plates were subsequently centrifuged
(1000 rpm, ∼5 s) and incubated for 15 min at 20◦C. Substrate
Mixtures A or B (25 μL/well) were added using the multidrop
dispenser (Substrate Mixture A: IRF3-ISG15 [34] (4.0 μM), Ac-
LSTVFMNLRLRGG-NH2 [34] (0.4 μM), and Ac-ENPLKRLLV-
NH2 [34] (0.4 μM) in 50 mM Tris buffer (pH 8.0); Substrate
Mixture B: nsp2/3808-827 [33] (4.0 μM), Ac-VTNNTFTLKGG [33]
(0.4 μM), and Ac-APTKVTFGD [33] (0.4 μM) in 50 mM Tris
buffer (pH 8.0)). The plates were centrifuged (1000 rpm, ∼5 s) and
incubated for 100 min (Substrate Mixture A) or 120 min (Substrate
Mixture B) at 37◦C; the enzyme reaction was then halted by
addition of 10%v/v aqueous formic acid (5 μL/well). The plates
were then centrifuged (1000 rpm, ∼10 s) and analyzed by MS.

MS analyses were performed using a RapidFire RF 365 high-
throughput sampling robot (Agilent) attached to an iFunnel
Agilent 6550 accurate mass quadrupole time-of-flight (Q-TOF)
mass spectrometer operated in the positive ionization mode.
Assay samples were aspirated under vacuum for 0.6 s, then loaded
onto a C4 solid phase extraction (SPE) cartridge. After loading,
the C4 SPE cartridge was washed with 0.1%v/v aqueous formic acid
to remove nonvolatile buffer salts (5.5 s, 1.5 mL/min). Peptides
were eluted from the SPE cartridge with 0.1%v/v aqueous formic
acid in 85/15v/v acetonitrile/water into the mass spectrometer
(5.5 s, 1.25 mL/min), and the SPE cartridge was re-equilibrated
with 0.1%v/v aqueous formic acid (0.5 s, 1.25 mL/min). The mass
spectrometer parameters were: capillary voltage: 4000 V; nozzle
voltage: 1000 V; fragmentor voltage: 365 V; gas temperature:
280◦C; gas flow: 13 L/min; sheath gas temperature: 350◦C; sheath
gas flow: 12 L/min.

For analysis of data obtained with Substrate Mixture A, the
m/z +1 charge states of the IRF3189-197-derived product peptide
(i.e., ENPLKRLLV-NH2 [34]) and the corresponding N-acetylated
product peptide, which was used as an internal standard, were
used to extract ion chromatogram data [34]. Additionally, the
m/z +2 charge states of the ISG15145-157-derived product peptide
(i.e., LSTVFMNLRLRGG-NH2 [34]) and the corresponding N-
acetylated product peptide, which was used as an internal
13 of 19
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tandard, were used to extract ion chromatogram data [34]; peak
reas were integrated using the RapidFire Integrator software
Agilent).

or analysis of data obtained with Substrate Mixture B, the m/z+1
harge states of both the C-terminal and the N-terminal product
eptides, as well as the corresponding N-acetylated C-terminal
nd N-terminal product peptides, which were used as internal
tandards, were used to extract ion chromatogram data [33].

tatistical Analysis of SPE-MS Data

aw MS data were exported into Microsoft Excel and manually
hecked for outliers; outliers identified (<3% of all data points)
ere excluded from subsequent analyses. Processed data were
sed to calculate the averaged product peptide concentrations
sing the equation:

veraged product peptide concentrations = (0.2 μM × (integral
-terminal product peptide) / (integral N-acetylated C-terminal
roduct peptide) + 0.2 μM × (integral N-terminal product
eptide) / (integral N-acetylated N-terminal product peptide)) /
.

ormalized dose-response curves (DMSO and formic acid con-
rols) were obtained from the raw data by nonlinear regression
nd used to determine IC50-values (GraphPad Prism 5). The
tandard deviation (SD) of two (n = 2; Tables 3–5) or three (n =
; Tables 1–2) independent IC50 determinations, each composed
f technical duplicates, was calculated using GraphPad Prism
. Z′-factors were calculated according to the literature using
icrosoft Excel [54]. Data are presented as means of two or three

ndependent runs (n = 2 or 3; mean ± SD) in Tables 1–5 and as
eans of technical duplicates (n = 2; mean ± SD) in Figure 2.

ell Viability Assays

o investigate the effects of the ML364 derivatives on
ealthy cells, monolayers of Green monkey Vero cells
RRID:CVCL_0059) were treated with each ML364 derivative at
ifferent concentrations to generate a 0.5 log dose-response curve.
ells were incubated for 48 h and then fixed in 4% PFA. Cells were

tained with 4′,6-diamidino-2-phenylindole (DAPI) (5 μg/mL)
or 10 min at room temperature and the fluorescence signal
uantified using a plate reader (BMG Clariostar). Data were
ormalized to a DMSO control and cytotoxicity values (CC50)
ere calculated.

esazurin Assays

7000 MCF7 human cells (RRID:CVCL_0031; American Type
ulture Collection (ATCC): CRL-12584) were seeded in 100 μL
MEM media + 10%v/v FBS per well in a 96-well plate, in

riplicate, for 6 h. For IFN-α-treated cells, IFN-α (#11105-1, final
oncentration 1000 U/mL of media) was added to the seeding
edia. After seeding, 0.8 μL of the relevant DMSO compound

tock (DMSO only as a negative control, 1.25 mM, 2.5 mM,
mM or 10 mM) were added to the corresponding wells at the
4 of 19
appropriate final concentration (0 μM, 10 μM, 20 μM, 40 μM or
80 μM, respectively), and the plate was incubated in a humidified
incubator (37◦C, 5% CO2) for 67 h. Following incubation, media in
each well were replaced with fresh DMEM media (+ 10%v/v FBS)
containing resazurin (10 μg/mL final concentration, prepared
from a 10 mg/mL resazurin PBS stock) and incubated for 270 min.
The plate was then imaged in fluorescence mode using a plate
reader (CLARIOstar, λex = 545 nm, λem = 600 nm). Data were
processed using GraphPad Prism (v. 10.2.3) by averaging all
replicates for each condition and normalizing relative to DMSO
controls, with the DMSO control intensity representing 100%
cell viability. Viability curves were generated using the nonlinear
regression curve fit (variable slope) built-in function.
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