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Summary

The COVID-19 pandemic has emerged as the biggest life-threatening disease of this
century. Whilst vaccination should provide a long-term solution, this is pitted against
the constant threat of mutations in the virus rendering the current vaccines less
effective. Consequently, small molecule antiviral agents would be extremely useful to
complement the vaccination program. The causative agent of COVID-19 is a novel
coronavirus, SARS-CoV-2, which encodes at least nine enzymatic activities that all
have drug targeting potential. The papain-like protease (PLpro) contained in the

nsp3 protein generates viral non-structural proteins from a polyprotein precursor, and
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cleaves ubiquitin and ISG protein conjugates. Here we describe the expression and
purification of PLpro. We developed a protease assay that was used to screen a
custom chemical library from which we identified Dihydrotanshinone | and Ro 08-
2750 as compounds that inhibit PLpro in protease and isopeptidase assays and also
inhibit viral replication in cell culture-based assays.

(150 words)

Introduction

By early January 2021, COVID-19 infections and deaths across 191
countries/regions were reported to be 87 million and 1.9 million respectively [1].
These numbers occurred in just over one year since the first COVID-19 outbreak
was reported in December 2019. COVID-19 is a highly contagious disease with a
human-to-human mode of transmission [2]. Accelerated by travellers, by the end of
January 2020, the World Health Organisation (WHO) declared the disease as a
“public health emergency of international concern” and the first European COVID-19
case was reported in France [3].

The causative agent of COVID-19 was identified as a novel coronavirus,
Severe Acute Respiratory Syndrome coronavirus 2 (SARS-CoV-2). The SARS-CoV-
2 genome was first sequenced and published in early January 2020 [4]. COVID-19
falls within the subgenus Sarvecovirus, genus Betacoronavirus, and is closely
related (88% nucleotide sequence identity) to a bat-derived SARS-like coronavirus,
and to the virus causing SARS (SARS-CoV-1; 79%), and more distantly related to
MERS-CoV (50%) the causative agent of MERS (Middle East Respiratory
Syndrome) [5].

There is currently no cure for COVID-19. In June 2020, Dexamethasone, an
anti-inflammatory drug, was approved by the UK government for COVID-19 patients
in National Health Service (NHS) hospitals [6]. In August 2020, remdesivir was
approved by the Food and Drug Administration (FDA) in the United States [7]; this is
currently the only small molecule antiviral drug approved for use against COVID-19.
In addition, Casirivimab and Imdevimab, monoclonal antibody drugs, were approved
under Emergency Use Authorization (EUA) by the FDA in November 2020 [8]. The
other focus of treatment is prevention via vaccination. Multiple mRNA-based and

virus-based vaccines have been rolled out across the world with similar overall
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safety and effectiveness [9-11]. However, the emergence of a new variant of SARS-
CoV-2 in the UK in September 2020, has raised great concern since it is 70% more
transmissible [12]. Additional variants arising across the world may render the
existing vaccines less efficient. Given the uncertainty of the progression of the virus
and the time frame needed to vaccinate the global community, it is crucial to search
for drugs to provide treatment for COVID-19 patients.

The genome of COVID-19 is arranged as shown in Figure 1A [4]. Once the
virus has entered a cell, two open reading frames, ORF 1a and ORF 1ab are
translated. ORF1ab is generated from an internal ribosomal frame shift. This
produces polypeptides that are processed by two viral proteases to produce 16 non-
structural proteins (nsp) 1 to 16. The main protease is the 3C-like protease (3CLpro),
corresponding to nsp5. 3CLpro cleaves in between each of the nsp 4-16 proteins.
The second protease, Papain-like protease (PLpro), is contained in a small domain
of the nsp3 protein; it cleaves after LXGG motifs between each of the remaining
nsp1-3 [13]. Interestingly, PLpro is also a deubiquitylase (DUB) and a delSGylase,
cleaving after the diglycine residues of ubiquitin (Ub) and the UBL protein ISG15
(interferon-induced gene 15), respectively, and thus has roles outside polyprotein

cleavage [14, 15]. In this paper we describe our search for PLpro inhibitors.

Results
PLpro expression and purification

Nsp3 is the largest non-structural protein (1945 amino acids). It contains
multiple domains which are arranged in the following order: ubiquitin-like (Ubl-1),
acidic-domain (AC domain), ADP-ribose-1"-phosphatase (ADRP) /macro/x-domain,
SARS unique Domain (SUD), Ubl-2, PLpro domain, nucleic acid-binding domain
(NAB), marker domain (G2M), double-pass transmembrane domains (TM 1-2 and
TM 3-4), and the Y domain (subdomains Y1-3) [14, 16] (Figure 1A). For expression
and purification, we selected the region from 1564-1878 amino acids that has been
previously described to produce a truncated nsp3 which encompasses the Ubl-2 and
PLpro main domains [4, 14].

We expressed PLpro in both bacterial and insect cell systems to determine
which versions of the purified protein retained the most enzymatic activity. For
bacterial expression, PLpro was tagged with either His-Sumo or His-TEV at its N-

terminus. After protein pulldown from bacterial lysate, the His-Sumo and His-TEV
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affinity tags were removed by Ulp1 and TEV proteases respectively (Figure 1B and
Supplementary Figure S1A). For expression in insect cells, the protein was tagged
with Flag-His at the N-terminus and the tag remained on the final protein
(Supplementary Figure 1SB). The activities of all 3 proteins were compared as

described below.

PLpro protease activity

We used a quenched Forster (fluorescence) resonance energy transfer
(FRET) technique to monitor the protease activity [17]. 2-aminobenzoyl (Abz) and a
nitro-L-tyrosine (Y-(3-NO2)R), were added to opposite ends of a small synthetic
peptide that contained the cleavage sequence recognized by PLpro. This generates
a fluorescence-quenching pair (Figure 2A) in which emission from Abz is absorbed
by the neighbouring Y-(3-NO2)R; cleavage is detected as an increase in apparent
emission from Abz at 420 nM. Two cleavage sequences were initially selected which
corresponded to the ten amino acids between nsp1/2 and nsp2/3, designated Pro1
and Pro2, respectively. To test for cleavage of the substrates, bacterial His-TEV-
PLpro was added to the substrate in the assay buffer. Over the 20 minutes of
incubation, increasing fluorescence signal was observed for substrate Pro2 but not
for Pro1 (Supplementary Figure S2A). Consistent with this, it has been recently
shown that full length nsp3 protein but not the isolated PLpro domain can cleave
between nsp1/2 [18]. Although cleavage of Pro2 occurred, the rate was relatively
slow making it less suitable for screening. We therefore designed a third substrate
based on Pro2, called Pro3, which lengthened the recognition sequence peptide
from 10 to 12 amino acids [19] (Figure 2A). This modification resulted in a more rapid
reaction (Supplementary Figure S2B) and Pro3 was, therefore, used as substrate in
subsequent experiments.

The bacterial His-TEV-PLpro (tag removed) was more active than insect cell
Flag-His-PLpro at the same enzyme concentration (Figure S2D). The two bacterial
expression proteins, His-TEV and His-Sumo-PLpro (tags removed) showed similar
activity (Figure S2C). Since the His-Sumo PLpro is an intact protein with no extra
amino acids (after tag removal) and also produced a higher yield after purification,
this version of PLpro was used for all of the remaining experiments.

By assaying PLpro cleavage activity across a wide range of substrate

concentrations, we found that the Michaelis constant (Km) for PLpro was quite high
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(1854 uM) (Figure 2B). Cleavage increased over an hour at a variety of enzyme
concentrations (Figure 2C). We chose 1.75 uM of enzyme and 20 uM of substrate to

use in the high-throughput screen.

The high-throughput screening for over 5000 chemicals

The screen to identify small molecule inhibitors was performed using an
existing custom library of over 5000 compounds aliquoted at 2 different
concentrations,1.25 uM or 3.75 uM, in a total of 48 384-well plates. The plates were
organised with columns 3-22 containing the compounds; the remaining columns
were used for reaction controls including substrate only and substrate with enzyme
but no drug (Figure 3Aii). The PLpro enzyme was pre-incubated with the drugs for 10
minutes, and then the reaction was initiated by the addition of substrate. The activity
was recorded from 0 to 20 minutes with 3 minutes intervals between readings, this
resulted in 7 timepoints which were then used to calculate the slope (Figure 3Ai).

We selected a total of 29 candidates from the plates using 3.75 uM drug
concentration and a further 8 candidates were selected from the plates with 1.25 uM
concentration (Figure 3B) that exhibited apparent inhibition greater than or equal to
25%; 4 of the drugs were overlapping in both concentrations. Amongst the hits, 22
out of 29 drugs from the high concentration plates and 1 drug from the low
concentration plates were auto-fluorescent at 420 nm, and were excluded from our
list. Three additional candidates were eliminated because the degree of inhibition
was weak and the same drugs did not inhibit at higher concentration. This narrowed

the final list down to 7 drugs (Table 1).

Gel-based PLpro assay to test candidates

We wanted to exclude artifacts that might result from the fluorescent-based
assay. For this reason we designed a gel-based PLpro protease assay (Figure 4A
and B). We constructed a new version of the PLpro substrate that had the 10 amino
acids at the junction of nsp2-3 containing the cleavage site attached to GST at the N-
terminus and MBP at its C-terminus, resulting in a 67 kDa peptide (Supplementary
Figure S3A). If PLpro mediated cleavage occurs, products of 25 kDa and 42 kDa will
be generated which can easily be detected and visualized by SDS-PAGE (see
Figure 4Ci, lane 3).
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One of the hits from the screen, Dihydrotanshinone | was previously shown to
inhibit the PLpro from SARS-CoV-1 [20]. Two other tanshinone derivatives,
Tanshinone IIA and Cryptotanshinone, were shown to be better inhibitors of this
enzyme than Dihydrotanshinone | [20]. In separate studies, a non-covalent inhibitor,
GRL-0617, has been reported to be effective against SARS-CoV-1/ -2 PLpro by
different groups [21-23]. We, therefore, decided to include these drugs in our
validation experiments. As shown in Figure 4C, 5 of 7 candidate hits —PDK1/Akt/Flt
Dual Pathway Inhibitor (Figure 4Cii), Cdk4 Inhibitor Il (Figure 4Ci),
Dihydrotanshinone I, Ro 08-2750 (Figure 4Ciii) and beta-Lapachone — strongly
inhibited the enzyme activity at both drug concentrations tested as indicated by the
reduced levels of the 25 and 42 kDa products (red dot in Figure 4). Two of the final 7
drugs, Ursodiol and Pyrocatechuic acid, did not inhibit PLpro cleavage of the
substrate in this assay and, therefore, appear to be false positives. We tested some
of the auto-fluorescent hits, but none inhibited cleavage of the peptide, further
confirming them as false positives (Figure 4Cii and iii). Tanshinone IIA and
Cryptotanshinone also inhibited cleavage, but only at the higher concentration. Thus,
Dihydrotanshinone | appears to be the strongest inhibitor amongst the Tanshinone
derivatives. Similarly, GRL-0617 also inhibited cleavage only at the highest
concentration. 3CLpro, contained in the nsp5 protein, is the other main protease
encoded by SARS-CoV-2, and, like PLpro, 3CLpro is also has an active site
cysteine. However, none of the five screen hits inhibited 3CLpro activity in an
analogous gel-based assay (Milligan, Zeisner et al. this series; Supplementary
Figure S3B).

We determined the ICsp value for all 5 inhibitors from the screen that were
validated by gel-based assay. All of them are below 1 uM: 0.26 uM for PDK/Akt/FIt
Dual Pathway Inhibitor, 0.53 uM for Ro 08-2750, 0.39 uM for Cdk4 Inhibitor I, 0.61
uM for beta-Lapachone, and 0.59 uM for Dihydrotanshione | (Figure 5A-E). The 1Cso
for the 3 published drugs was slightly higher in our experimental conditions: 1.79 uM
for GRL-0617, 1.57 uM for Tanshinone IlA, and 1.34 uM for Cryptotanshinone
(Figure 5F-H), consistent with the gel-based assay results. During this time we
realised that PDK1/Akt/FIt Dual Pathway Inhibitor was also identified in several other
screens being performed in the lab. We, therefore, considered it to likely to be non-

specific and we eliminated it from further consideration.



https://doi.org/10.1101/2021.04.07.438804
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.04.07.438804; this version posted April 8, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY 4.0 International license.

Inhibition of PLpro isopeptidase activity

We performed orthogonal assays using two different substrates of PLpro to
test the inhibition of isopeptidase activity of PLpro by the small molecule inhibitors
identified in the screen. When K48-linked triubiquitin (Ub3) is incubated with PLpro, it
is efficiently cleaved to diubiquitin (Ub2) and monoubiquitin (Ub1) as the final
products [18]. Similarly, pro-ISG15 is cleaved to ISG15. When PLpro is pre-
incubated with 10 uM of beta-Lapachone or Dihydrotanshinone I, we observed
potent inhibition of both K48-linked Ub3 and pro-ISG15 cleavage whereas moderate
inhibition was observed for both Ro 08-2750 and the previously identified inhibitor of
PLpro, GRL-0617, at these concentrations (Figure 6). A potential 3CLpro inhibitor,
shikonin, did not inhibit isopeptidase activity with either substrate. These
experiments demonstrate the inhibitory effect of these small molecules across a

spectrum of PLpro substrates.

Cell culture-based antiviral proliferation assay

We next tested the ability of these compounds to inhibit viral growth in a cell
culture-based assay where VERO EG6 cells are infected with SARS-CoV-2. Two of
the drugs, beta-Lapachone and Cdk4 Inhibitor Ill, were cytotoxic in the low
micromolar range and were not pursued (Supplementary Figure S4A and B). The
two tanshinone derivatives not identified in our screen (Cryptotanshinone and
Tanshinone |IA) did not inhibit viral growth below 200 uM (Supplementary Figure
S4C and D). Ro 08-2750 and GRL-0617 were better at inhibiting viral growth (ECso
20 and 32.6 uM respectively) but also exhibited some cell toxicity at higher
concentrations (Figure 7Bi, Ci and Supplementary Figure S5). Dihydrotanshinone |
proved to be the best inhibitor since it effectively inhibited the SARS-CoV-2
proliferation at an ECso of 8 uM (Figure 7Ai) and did not exhibit much cytotoxicity,
even at high concentrations.

Since remdesivir is the one and only approved antiviral compound for COVID-
19, we wanted to test whether any of the drugs we have found show any synergy
with remdesivir (Supplementary Figure S5). However, addition of 0.5 yM remdesivir,
a concentration just below that required to inhibit viral growth, did not reduce the

ECso of any of our compounds (Figure 7A-Cii).
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Discussion

Dihydrotanshinone |, which emerged as the best overall hit from our screen, is
a natural compound isolated from lipophilic fraction of Salvia miltiorrhiza, which has a
long history in traditional Chinese medicine [24]. Several derivatives of Tanshinones
were previously reported to be inhibitors for SARS-CoV-1 PLpro and to a lesser
extent in 3CLpro [20, 24]. We have found that Dihydrotanshinone | is the best
inhibitor of SARS-CoV-2 PLpro and did not inhibit 3CLpro. Although we, like other
groups [23, 25, 26], used a truncated nsp3 protein including just the Ubl2 and PLpro
domains, and there is evidence that cleavage by the full length nsp3 may have
slightly different specificities [18]. The fact that Dihydrotanshinone | stops viral
replication suggests that it is a good nsp3 PLpro inhibitor in cells.

PLpro also recognizes and removes K48-linked polyubiquitin chains (Ub) and
ISG15 from host cell target proteins. It is known that either ubiquitin or ISG15 are
covalently bonded to target proteins during the cellular response to viral infection.
The deubiquitinating (DUB) and delSGylating activities of PLpro following LXGG
motifs thus have an implication in viral invasion by shutting down the viral induced
host innate immune response [27]. PLpro of SARS-CoV-2 further shows preferential
activity in cleaving ISG15 over Ub in comparison to SARS-CoV-1 [18, 21, 23].
Interestingly, although the high transmission (and potentially more deadly) U.K.
variant of SARS-CoV-2, B.1.1.7 was believed attributed to multiple mutations in the
spike protein, the significance of a particular point mutation, A1708D, in PLpro for

viral invasion remains unexplored [28].

Experimental Procedures

Expression constructs

The coding sequence of SARS-CoV-2 nsp3 1564-1878 amino acid (NCBI reference
sequence NC_045512.2) was selected as previously reported [14]. The His-TEV
bacterial sequence was codon optimized (Table S2) and cloned into plasmid pET11a
at Ndel/BamHlI sites (synthesised and cloned by GeneWiz) (Addgene ID 169192).
The His-Sumo bacterial version was codon optimized and cloned into K27-Sumo
(Addgene ID 169193) via NEBuilder HiFi DNA Assembly Cloning Kit (NEB). Vector
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template was amplified using primers oEcoli-C_48 and 49, PLpro sequence was

amplified from His-TEV bacteria strain using primers oEcoli-C_51 and 52.

Expression and purification

Bacteria

His-TEV and His-Sumo constructs were introduced into T7 express lysY/I9 E. coli
cell (NEB) for expression. Cells were grown at 37°C to log phase to achieve OD 0.8.
Cells were then induced by the addition of 0.5 mM IPTG and switched to 18°C to
incubate overnight. Cells were harvested and lysed in buffer A (50 mM Tris-HCI, pH
7.5, 10% glycerol, 1 mM DTT, 0.02% NP-40, 500 mM NaCl and 30 mM imidazole),
with the addition of 100 ug/ml lysozyme and sonicated 24 x 5 sec. Lysates were
centrifuged and the supernatant was collected. The supernatant was incubated with
Ni-NTA agarose beads (Thermo) for 2 hrs at 4°C. Beads were washed with wash
buffer A. The protein was eluted with 200 mM (His-TEV) or 400 mM (His-Sumo) of
imidazole. Fractions were pooled and dialyzed in buffer B (50 mM Tris-HCI, pH 7.5,
10% glycerol, 1 mM DTT, 0.02% NP-40 and 50 mM NaCl) and 0.1 mg/ml His-TEV
protease (His-TEV) or 0.02 mg/ml His-Ulp1 (His-Sumo) to cleave-off the His-TEV-
and His-Sumo-tag respectively. After dialysis the lysate was incubated with Ni-NTA
agarose beads once again to remove the proteases. The flow through was collected
and loaded onto a MonoQ 5/50 GL column (GE healthcare) with buffer B, with
gradient from 0.1 M to 1 M NaCl. Flow through was collected and concentrated using
Amicon ultra 10 kDa (Merck). It was then loaded onto a Superdex S200 Increase
10/300 GL (GE healthcare) with buffer C (25 mM HEPES-KOH, pH 7.6, 10%
glycerol, 0.02% NP-40, 150 mM NaCl and 2 mM DTT). Peak fractions were collected

and pooled.

Baculovirus

3xFlag-Hise-PLpro (3FH-PLpro) was expressed in baculovirus-infected insect cells.
The coding sequence was codon-optimised for S. frugiperda and synthesised
(GeneArt, Thermo Fisher Scientific). PLpro DNA was subcloned into the biGBac
vector pLIB [29] to include an N-terminal 3xFlag-Hise tag (sequence:
MDYKDHDGDYKDHDIDYKDDDDKGSHHHHHHSAVLQ) (Addgene ID 169194).

Baculoviruses were generated using the EMBacY baculoviral genome [30] in Sf9
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cells (Thermo Fisher Scientific). For protein expression Sf9 cells were infected with

baculovirus and collected 48 hours after infection, flash-frozen and stored at -70°C.

PLpro gel-based assay substrate

TLKGG//APTKYV (nsp2/3 junction) was used as the substrate for gel-based assay.
GST-tag and MBP-tag were attached to its N- and C-terminus respectively (Addgene
ID 169195). The cleavage at G//A resulted in 25 and 42 kDa products. The
constructs were expressed in T7 express lysY/I9 E. coli cell (NEB) as follows. Cells
were grown at 37°C to log phase to achieve OD 0.8. Cells were then induced by the
addition of 1 mM IPTG at 37°C for 4 hrs. Cells were harvested and lysed in buffer D
(50 mM Tris-HCI, pH 7.5, 10% glycerol, 1 mM DTT, 0.02% NP-40, 300 mM NacCl),
with the addition of 1X protease inhibitor Leupeptin (Merck), Pepstatin A (Sigma),
AEBSF (Sigma), 100 ug/ml lysozyme and sonicated for 24 x 5 sec. Lysate was
centrifuged and supernatant was collected. The supernatant was incubated with
amylose resin (NEB) for 2 hrs at 4°C. Beads were washed with wash buffer D. The
protein was eluted with 10 mM maltose. Peak fractions were collected and
concentrated using Amicon ultra 10 kDa (Merck). It was then loaded on Superdex
S200 Increase 10/300 GL (GE healthcare) with buffer C. Peak fractions were

collected and pooled.

Ulp1 catalytic fragment

An expression plasmid pFGET19-Ulp1 from Addgene. Plasmids were transformed
into T7 express lysY/19 E. coli cell (NEB) for expression. Cells were grown at 37°C to
log phase to achieve OD 0.8. Cells were then induced by the addition of 1 mM IPTG
at 37°C for 4 hrs. Cells were harvested and lysed with in buffer E (50 mM Tris-HCI,
pH 8, 5 mM magnesium acetate, 10% glycerol, 1 mM DTT, 0.02% NP-40, 500 mM
NaCl, 20 mM imidazole), with the addition of 1X protease inhibitor Leupeptin
(Merck), Pepstatin A (Sigma-Aldrich), AEBSF (Sigma-Aldrich), 100 ug/ml lysozyme
and sonicate 24x5s. Lysate was centrifuged and supernatant was collected. The
supernatant was incubated with Ni-NTA agarose beads (Thermo Scientific) for 1 hr
at 4°C. Beads were washed with wash buffer D. The protein was eluted with 250 mM
imidazole. Peak fractions were collected and concentrated using Amicon ultra 10
kDa (Merck). It was then loaded on Superdex S200 Increase 10/300 GL (GE
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healthcare) with buffer F (50 mM Tris-HCI, pH 8, 5 mM magnesium acetate, 10%
glycerol, 0.5 mM TCEP, 0.01% NP-40, 500 mM NaCl). Peak fractions were collected

and pooled.

Fluorescent-based assay

Three synthetic peptide substrates were used- Pro1: ELNGG//AYTRY (nsp1-2
junction), Pro2: TLKGG//APTKYV (nsp2-3 junction) and Pro3: FTLKGG//APTKVT
(nsp2-3 junction). Anthranilate (2-aminobenzoyl-Abz) and nitro-L-tyrosine [Y(3-
NO2)R] were attached at the N- and C-termini as fluorescent donor and quencher
respectively. The substrates were made in-house by the Peptide Synthesis
department in the Francis Crick Institute. Fluorescence was read on a Spark
multimode microplate reader (Tecan) with an excitation wavelength at 330 nm and
emission wavelength at 420 nm. The buffer used for the assay was buffer G: 50 mM
HEPES-KOH, pH 7.6, 2 mM DTT, 10% glycerol, 0.02% Tween-20, 20 uM substrate

and 1.75 uM enzyme, unless it was stated in the figure.

Enzymatic assay

Kinetic constants were measured using a fluorescent-based assay. 0.5 uM enzyme
were used in the titration of substrate Pro3 from 800 to 1.43 uM with 0.75-fold. Vmax
and Km were calculated from non-linear Michaelis-Menten via linear regression of

slope value.

High-throughput inhibitor screening

A total of over 5000 chemicals (Sigma, Selleck, Enzo, Tocris, Calbiochem, and
Symansis) were obtained from High-Throughput Screening (HTS) facility in Francis
Crick Institute. The drugs were aliquoted into 48 384-well plates in 2 concentrations
with final concentration of 1.25 uM and 3.75 uM in 20 pl reaction. 5 ul of enzyme was
pre-incubated with drugs for 10 min before the addition of 15 ul substrate.
Fluorescence was monitored at 2 minutes for 20 minutes with 3 minutes intervals

giving a total of 7 readings.

Data analysis

MATLAB was used to process data (more details in nsp13 paper in this issue)
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Gel-based assay

0.5 uM of enzyme was pre-incubated with the selected inhibitor drugs for 10
minutes. 0.5 uM of gel-based assay substrates were added and incubated at RT for
5 hrs. The reactions were ran on 4-15% TGX gel (BioRad, Hercules, CA) and

stained with Instant blue stain (Expedeon).

Assays for deubiquitylation and delSGylation activity

Expression and purification of PLpro and the substrates K48-linked Ub3 and pro-
ISG15 were as described previously [18]. PLpro was diluted in buffer G (50 mM
HEPES-KOH pH 7.6, 2 mM DTT, 10% (v/v) glycerol, 0.02% (v/v) Tween-20) to 100
nM and pre-incubated with indicated concentrations of inhibitor at room temperature
for 10 mins. The substrates Ub3 and pro-ISG15 were diluted in buffer G to a
concentration of 2 yM. An equal volume of substrate was then mixed with the
inhibited PLpro to give a final concentration of 50 nM PLpro, 10 uM inhibitor and 1
MM substrate. The reaction was incubated for 1 hour at 25°C and the reactions were
stopped by addition of LDS sample buffer. The samples were separated on 4-12%
NuPAGE Bis-Tris Gels (ThermoFisher Scientific) and stained using Pierce Silver
Stain Kit (ThermoFisher Scientific).

Cell-based assay
SARS-CoV-2 production, infection and recombinant mAb production was done as

described by Zeng, Weissmann, Bertolin et al. this series.

Data Availability Statement
All data in this paper can be found in FigShare (https://figshare.com/).

Author Contributions

Chew Theng Lim: Conceptualisation, Methodology, Validation, Formal analysis,
Investigation, Resources, Writing — Original Draft, Writing — Review and Editing,
Visualisation. Kang Wei Tan: Conceptualisation, Methodology, Validation, Formal
analysis, Investigation, Resources, Writing — Original Draft, Writing — Review and

Editing, Visualisation. Mary Wu: Methodology, Investigation, Resources. Rachel

12


https://doi.org/10.1101/2021.04.07.438804
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.04.07.438804; this version posted April 8, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY 4.0 International license.

Ulferts: Methodology, Investigation. Lee A. Armstrong: Investigation, Writing —
Original Draft, Visualisation. Eiko Ozono: Investigation, Validation. Lucy S.

Drury: Investigation, Validation, Writing — Original Draft, Visualisation. Jennifer C.
Milligan: Investigation, Methodology. Theresa U. Zeisner: Methodology. Jingkun
Zeng: Software. Florian Weissmann: Resources. Berta Canal: Resources. Ganka
Bineva-Todd: Resources. Nicola O’Reilly: Resources. Micheal Howell:
Supervision. Rupert Beale: Supervision. Yogesh Kulathu: Supervision. Karim
Labib: Supervision. John F.X Diffley: Conceptualisation, Methodology, Writing —

Review and Editing, Supervision, Project administration, Funding acquisition.

Acknowledgements

We thank Anne Early and Agustina P. Bertolin for their assistance and High-
Throughput Screening (HTS) for dispensing the compound libraries. Theresa U.
Zeisner received funding from the Boehringer Ingelheim Fonds. Berta Canal and
Florian Weissmann received funding from the European Union's Horizon 2020
research and innovation programme under the Marie Sktodowska-Curie grant
agreement Nos 895786 and 844211 respectively. Yogesh Kulathu and Lee A.
Armstrong are supported by Medical Research Council UK (MC_UU_00018/3),
EMBO Young Investigator Programme (Yogesh Kulathu), ERC Starting grant
(677623) (Yogesh Kulathu) and Lister research prize (Yogesh Kulathu). This work
was supported by the Francis Crick Institute, which receives its core funding from
Cancer Research UK (FC001066), the UK Medical Research Council (FC001066),
and the Wellcome Trust (FC001066). This work was also funded by a Wellcome
Trust Senior Investigator Award (106252/Z/14/Z) to J.F.X.D.

References

1 Dong, E., Du, H. and Gardner, L. (2020) An interactive web-based dashboard to track
COVID-19 in real time. The Lancet Infectious Diseases. 20, 533-534

2 Riou, J. and Althaus, C. L. (2020) Pattern of early human-to-human transmission of
Wuhan 2019 novel coronavirus (2019-nCoV), December 2019 to January 2020.
Eurosurveillance. 25, 2000058

3 Bernard Stoecklin, S., Rolland, P., Silue, Y., Mailles, A., Campese, C., Simondon, A.,
Mechain, M., Meurice, L., Nguyen, M., Bassi, C., Yamani, E., Behillil, S., Ismael, S., Nguyen,

13


https://doi.org/10.1101/2021.04.07.438804
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.04.07.438804; this version posted April 8, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY 4.0 International license.

D., Malwy, D., Lescure, F. X., Georges, S., Lazarus, C., Tabai, A., Stempfelet, M., Enouf, V.,
Coignard, B., Levy-Bruhl, D. and team, I. (2020) First cases of coronavirus disease 2019
(COVID-19) in France: surveillance, investigations and control measures, January 2020.
Eurosurveillance. 25, 2000094

4 Wu, F., Zhao, S., Yu, B., Chen, Y. M., Wang, W., Song, Z. G., Hu, Y., Tao, Z. W., Tian, J.
H., Pei, Y. Y., Yuan, M. L., Zhang, Y. L., Dai, F. H,, Liu, Y., Wang, Q. M., Zheng, J. J., Xu, L.,
Holmes, E. C. and Zhang, Y. Z. (2020) A new coronavirus associated with human respiratory
disease in China. Nature. 579, 265-269

5 Lu, R., Zhao, X., Li, J., Niu, P., Yang, B., Wu, H., Wang, W., Song, H., Huang, B., Zhu, N.,
Bi, Y., Ma, X,, Zhan, F., Wang, L., Hu, T., Zhou, H., Hu, Z., Zhou, W., Zhao, L., Chen, J., Meng,
Y., Wang, J,, Lin, Y., Yuan, J., Xie, Z., Ma, J., Liu, W. J., Wang, D., Xu, W., Holmes, E. C., Gao, G.
F., Wu, G., Chen, W., Shi, W. and Tan, W. (2020) Genomic characterisation and epidemiology
of 2019 novel coronavirus: implications for virus origins and receptor binding. The Lancet.
395, 565-574

6 Matthay, M. A. and Thompson, B. T. (2020) Dexamethasone in hospitalised patients
with COVID-19: addressing uncertainties. The Lancet Respiratory Medicine. 8, 1170-1172
7 Beigel, J. H., Tomashek, K. M., Dodd, L. E., Mehta, A. K., Zingman, B. S., Kalil, A. C,,

Hohmann, E., Chu, H. Y., Luetkemeyer, A., Kline, S., Lopez de Castilla, D., Finberg, R. W,
Dierberg, K., Tapson, V., Hsieh, L., Patterson, T. F., Paredes, R., Sweeney, D. A,, Short, W. R.,
Touloumi, G., Lye, D. C., Ohmagari, N., Oh, M. D., Ruiz-Palacios, G. M., Benfield, T.,
Fatkenheuer, G., Kortepeter, M. G., Atmar, R. L., Creech, C. B., Lundgren, J., Babiker, A. G.,
Pett, S., Neaton, J. D., Burgess, T. H., Bonnett, T., Green, M., Makowski, M., Osinusi, A.,
Nayak, S., Lane, H. C. and Members, A.-S. G. (2020) Remdesivir for the Treatment of Covid-
19 - Final Report. N Engl J Med. 383, 1813-1826

8 Cohen, M. S. (2021) Monoclonal Antibodies to Disrupt Progression of Early Covid-19
Infection. New England Journal of Medicine. 384, 289-291
9 Polack, F. P., Thomas, S. J., Kitchin, N., Absalon, J., Gurtman, A., Lockhart, S., Perez, J.

L., Perez Marg, G., Moreira, E. D., Zerbini, C., Bailey, R., Swanson, K. A., Roychoudhury, S.,
Koury, K., Li, P, Kalina, W. V., Cooper, D., Frenck, R. W., Jr., Hammitt, L. L., Tureci, O., Nell,
H., Schaefer, A., Unal, S., Tresnan, D. B., Mather, S., Dormitzer, P. R., Sahin, U., Jansen, K. U.,
Gruber, W. C. and Group, C. C. T. (2020) Safety and Efficacy of the BNT162b2 mRNA Covid-
19 Vaccine. N Engl J Med. 383, 2603-2615

10 Voysey, M., Clemens, S. A. C., Madhi, S. A., Weckx, L. Y., Folegatti, P. M., Aley, P. K.,
Angus, B., Baillie, V. L., Barnabas, S. L., Bhorat, Q. E., Bibi, S., Briner, C., Cicconi, P., Collins, A.
M., Colin-Jones, R., Cutland, C. L., Darton, T. C., Dheda, K., Duncan, C. J. A., Emary, K. R. W.,
Ewer, K. J., Fairlie, L., Faust, S. N., Feng, S., Ferreira, D. M., Finn, A., Goodman, A. L., Green,
C. M., Green, C. A, Heath, P. T., Hill, C., Hill, H., Hirsch, I., Hodgson, S. H. C., Izu, A., Jackson,
S., Jenkin, D., Joe, C. C. D, Kerridge, S., Koen, A., Kwatra, G., Lazarus, R., Lawrie, A. M.,
Lelliott, A, Libri, V., Lillie, P. J., Mallory, R., Mendes, A. V. A., Milan, E. P., Minassian, A. M.,
McGregor, A., Morrison, H., Mujadidi, Y. F., Nana, A., O’Reilly, P. J., Padayachee, S. D.,
Pittella, A., Plested, E., Pollock, K. M., Ramasamy, M. N., Rhead, S., Schwarzbold, A. V., Singh,
N., Smith, A., Song, R., Snape, M. D, Sprinz, E., Sutherland, R. K., Tarrant, R., Thomson, E. C,,
Torok, M. E., Toshner, M., Turner, D. P. J., Vekemans, J., Villafana, T. L., Watson, M. E. E.,
Williams, C. J., Douglas, A. D., Hill, A. V. S., Lambe, T., Gilbert, S. C., Pollard, A. J., Aban, M.,
Abayomi, F., Abeyskera, K., Aboagye, J., Adam, M., Adams, K., Adamson, J., Adelaja, Y. A,,
Adewetan, G., Adlou, S., Ahmed, K., Akhalwaya, Y., Akhalwaya, S., Alcock, A., Ali, A., Allen, E.
R., Allen, L., Almeida, T. C. D. S. C., Alves, M. P. S., Amorim, F., Andritsou, F., Anslow, R.,

14


https://doi.org/10.1101/2021.04.07.438804
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.04.07.438804; this version posted April 8, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY 4.0 International license.

Appleby, M., Arbe-Barnes, E. H., Ariaans, M. P., Arns, B., Arruda, L., Azi, P., Azi, L., Babbage,
G., Bailey, C., Baker, K. F., Baker, M., Baker, N., Baker, P., Baldwin, L., Baleanu, ., Bandeira,
D., Bara, A., Barbosa, M. A. S., Barker, D., Barlow, G. D., Barnes, E., Barr, A. S., Barrett, J. R,
Barrett, J., Bates, L., Batten, A., Beadon, K., Beales, E., Beckley, R., Belij-Rammerstorfer, S.,
Bell, J., Bellamy, D., Bellei, N., Belton, S., Berg, A., Bermejo, L., Berrie, E., Berry, L., Berzenyi,
D., Beveridge, A., Bewley, K. R., Bexhell, H., Bhikha, S., Bhorat, A. E., Bhorat, Z. E., Bijker, E.,
Birch, G., Birch, S., Bird, A., Bird, O., Bisnauthsing, K., Bittaye, M., Blackstone, K., Blackwell,
L., Bletchly, H., Blundell, C. L., Blundell, S. R., Bodalia, P., Boettger, B. C., Bolam, E., Boland,
E., Bormans, D., Borthwick, N., Bowring, F., Boyd, A., Bradley, P., Brenner, T., Brown, P.,
Brown, C., Brown-O'Sullivan, C., Bruce, S., Brunt, E., Buchan, R., Budd, W., Bulbulia, Y. A,,
Bull, M., Burbage, J., Burhan, H., Burn, A,, Buttigieg, K. R., Byard, N., Cabera Puig, I.,
Calderon, G., Calvert, A., Camara, S., Cao, M., Cappuccini, F., Cardoso, J. R., Carr, M., Carroll,
M. W., Carson-Stevens, A., Carvalho, Y. d. M., Carvalho, J. A. M., Casey, H. R., Cashen, P.,
Castro, T., Castro, L. C., Cathie, K., Cavey, A., Cerbino-Neto, J., Chadwick, J., Chapman, D.,
Charlton, S., Chelysheva, I., Chester, O., Chita, S., Cho, J.-S., Cifuentes, L., Clark, E., Clark, M.,
Clarke, A., Clutterbuck, E. A., Collins, S. L. K., Conlon, C. P., Connarty, S., Coombes, N.,
Cooper, C., Cooper, R., Cornelissen, L., Corrah, T., Cosgrove, C., Cox, T., Crocker, W. E. M.,
Crosbie, S., Cullen, L., Cullen, D., Cunha, D. R. M. F., Cunningham, C., Cuthbertson, F. C., Da
Guarda, S. N. F,, da Silva, L. P., Damratoski, B. E., Danos, Z., Dantas, M. T. D. C., Darroch, P.,
Datoo, M. S., Datta, C., Davids, M., Davies, S. L., Davies, H., Davis, E., Davis, J., Davis, J., De
Nobrega, M. M. D., De Oliveira Kalid, L. M., Dearlove, D., Demissie, T., Desai, A., Di Marco, S.,
Di Maso, C., Dinelli, M. I. S., Dinesh, T., Docksey, C., Dold, C., Dong, T., Donnellan, F. R., Dos
Santos, T., dos Santos, T. G., Dos Santos, E. P., Douglas, N., Downing, C., Drake, J., Drake-
Brockman, R., Driver, K., Drury, R., Dunachie, S. J., Durham, B. S., Dutra, L., Easom, N.J. W,,
van Eck, S., Edwards, M., Edwards, N. J., El Muhanna, O. M,, Elias, S. C., Elmore, M., English,
M., Esmail, A., Essack, Y. M., Farmer, E., Farooq, M., Farrar, M., Farrugia, L., Faulkner, B.,
Fedosyuk, S., Felle, S., Feng, S., Ferreira Da Silva, C., Field, S., Fisher, R., Flaxman, A.,
Fletcher, J., Fofie, H., Fok, H., Ford, K. J., Fowler, J., Fraiman, P. H. A., Francis, E., Franco, M.
M., Frater, J., Freire, M. S. M., Fry, S. H., Fudge, S., Furze, J., Fuskova, M., Galian-Rubio, P.,
Galiza, E., Garlant, H., Gavrila, M., Geddes, A., Gibbons, K. A,, Gilbride, C., Gill, H., Glynn, S.,
Godwin, K., Gokani, K., Goldoni, U. C., Goncalves, M., Gonzalez, |. G. S., Goodwin, J.,
Goondiwala, A., Gordon-Quayle, K., Gorini, G., Grab, J., Gracie, L., Greenland, M.,
Greenwood, N., Greffrath, J., Groenewald, M. M., Grossi, L., Gupta, G., Hackett, M., Hallis,
B., Hamaluba, M., Hamilton, E., Hamlyn, J., Hammersley, D., Hanrath, A. T., Hanumunthadu,
B., Harris, S. A., Harris, C., Harris, T., Harrison, T. D., Harrison, D., Hart, T. C., Hartnell, B.,
Hassan, S., Haughney, J., Hawkins, S., Hay, J., Head, I., Henry, J., Hermosin Herrera, M.,
Hettle, D. B, Hill, J., Hodges, G., Horne, E., Hou, M. M., Houlihan, C., Howe, E., Howell, N.,
Humphreys, J., Humphries, H. E., Hurley, K., Huson, C., Hyder-Wright, A., Hyams, C., Ikram,
S., Ishwarbhai, A,, lvan, M., Iveson, P., lyer, V., Jackson, F., De Jager, J., Jaumdally, S., Jeffers,
H., Jesudason, N., Jones, B., Jones, K., Jones, E., Jones, C., Jorge, M. R,, Jose, A., Joshi, A,,
Junior, E. A. M. S., Kadziola, J., Kailath, R., Kana, F., Karampatsas, K., Kasanyinga, M., Keen, J.,
Kelly, E. J., Kelly, D. M., Kelly, D., Kelly, S., Kerr, D., Kfouri, R. d. A., Khan, L., Khozoee, B.,
Kidd, S., Killen, A., Kinch, J., Kinch, P., King, L. D. W., King, T. B., Kingham, L., Klenerman, P.,
Knapper, F., Knight, J. C., Knott, D., Koleva, S., Lang, M., Lang, G., Larkworthy, C. W.,
Larwood, J. P.J., Law, R., Lazarus, E. M., Leach, A,, Lees, E. A., Lemm, N.-M,, Lessa, A., Leung,
S., Li, Y., Lias, A. M., Liatsikos, K., Linder, A., Lipworth, S., Liu, S., Liu, X,, Lloyd, A., Lloyd, S.,
Loew, L., Lopez Ramon, R., Lora, L., Lowthorpe, V., Luz, K., MacDonald, J. C., MacGregor, G.,

15


https://doi.org/10.1101/2021.04.07.438804
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.04.07.438804; this version posted April 8, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY 4.0 International license.

Madhavan, M., Mainwaring, D. O., Makambwa, E., Makinson, R., Malahleha, M.,
Malamatsho, R., Mallett, G., Mansatta, K., Maoko, T., Mapetla, K., Marchevsky, N. G.,
Marinou, S., Marlow, E., Marques, G. N., Marriott, P., Marshall, R. P., Marshall, J. L., Martins,
F. J., Masenya, M., Masilela, M., Masters, S. K., Mathew, M., Matlebjane, H., Matshidiso, K.,
Mazur, O., Mazzella, A., McCaughan, H., McEwan, J., McGlashan, J., Mclnroy, L., Mcintyre,
Z., McLenaghan, D., McRobert, N., McSwiggan, S., Megson, C., Mehdipour, S., Meijs, W.,
Mendonca, R. N. A., Mentzer, A. J., Mirtorabi, N., Mitton, C., Mnyakeni, S., Moghaddas, F.,
Molapo, K., Moloi, M., Moore, M., Moraes-Pinto, M. |., Moran, M., Morey, E., Morgans, R.,
Morris, S., Morris, S., Morris, H. C., Morselli, F., Morshead, G., Morter, R., Mottal, L.,
Moultrie, A., Moya, N., Mpelembue, M., Msomi, S., Mugodi, Y., Mukhopadhyay, E., Muller,
J., Munro, A., Munro, C., Murphy, S., Mweu, P., Myasaki, C. H., Naik, G., Naker, K., Nastouli,
E., Nazir, A, Ndlovu, B., Neffa, F., Njenga, C., Noal, H., Noé, A., Novaes, G., Nugent, F. L.,
Nunes, G., O'Brien, K., O'Connor, D., Odam, M., Oelofse, S., Oguti, B., Olchawski, V., Oldfield,
N. J., Oliveira, M. G., Oliveira, C., Oosthuizen, A., O'Reilly, P., Osborne, P., Owen, D.R. J.,
Owen, L., Owens, D., Owino, N., Pacurar, M., Paiva, B. V. B., Palhares, E. M. F., Palmer, S.,
Parkinson, S., Parracho, H. M. R. T., Parsons, K., Patel, D., Patel, B., Patel, F., Patel, K.,
Patrick-Smith, M., Payne, R. O., Peng, Y., Penn, E. J., Pennington, A., Peralta Alvarez, M. P.,
Perring, J., Perry, N., Perumal, R., Petkar, S., Philip, T., Phillips, D. J., Phillips, J., Phohu, M. K.,
Pickup, L., Pieterse, S., Piper, J., Pipini, D., Plank, M., Du Plessis, J., Pollard, S., Pooley, J.,
Pooran, A., Poulton, I., Powers, C., Presa, F. B., Price, D. A., Price, V., Primeira, M., Proud, P.
C., Provstgaard-Morys, S., Pueschel, S., Pulido, D., Quaid, S., Rabara, R., Radford, A., Radia,
K., Rajapaska, D., Rajeswaran, T., Ramos, A. S. F., Ramos Lopez, F., Rampling, T., Rand, J.,
Ratcliffe, H., Rawlinson, T., Rea, D., Rees, B., Reiné, J., Resuello-Dauti, M., Reyes Pabon, E.,
Ribiero, C. M., Ricamara, M., Richter, A., Ritchie, N., Ritchie, A. J., Robbins, A. J., Roberts, H.,
Robinson, R. E., Robinson, H., Rocchetti, T. T., Rocha, B. P., Roche, S., Rollier, C., Rose, L.,
Ross Russell, A. L., Rossouw, L., Royal, S., Rudiansyah, I., Ruiz, S., Saich, S., Sala, C., Sale, J.,
Salman, A. M., Salvador, N., Salvador, S., Sampaio, M., Samson, A. D., Sanchez-Gonzalez, A,,
Sanders, H., Sanders, K., Santos, E., Santos Guerra, M. F. S., Satti, |., Saunders, J. E.,
Saunders, C., Sayed, A., Schim van der Loeff, I., Schmid, A. B., Schofield, E., Screaton, G.,
Seddiqi, S., Segireddy, R. R., Senger, R., Serrano, S., Shah, R., Shaik, I., Sharpe, H. E.,
Sharrocks, K., Shaw, R., Shea, A., Shepherd, A., Shepherd, J. G., Shiham, F., Sidhom, E., Silk, S.
E., da Silva Moraes, A. C., Silva-Junior, G., Silva-Reyes, L., Silveira, A. D., Silveira, M. B. V.,
Sinha, J., Skelly, D. T., Smith, D. C., Smith, N., Smith, H. E., Smith, D. J., Smith, C. C., Soares,
A., Soares, T., Solérzano, C., Sorio, G. L., Sorley, K., Sosa-Rodriguez, T., Souza, C. M. C. D. L.,
Souza, B. S. D. F., Souza, A. R,, Spencer, A. )., Spina, F., Spoors, L., Stafford, L., Stamford, I,
Starinskij, I., Stein, R., Steven, J., Stockdale, L., Stockwell, L. V., Strickland, L. H., Stuart, A. C,,
Sturdy, A., Sutton, N., Szigeti, A., Tahiri-Alaoui, A., Tanner, R., Taoushanis, C., Tarr, A. W,,
Taylor, K., Taylor, U., Taylor, I. J., Taylor, J., te Water Naude, R., Themistocleous, Y.,
Themistocleous, A., Thomas, M., Thomas, K., Thomas, T. M., Thombrayil, A., Thompson, F.,
Thompson, A., Thompson, K., Thompson, A., Thomson, J., Thornton-Jones, V., Tighe, P. J.,
Tinoco, L. A., Tiongson, G., Tladinyane, B., Tomasicchio, M., Tomic, A., Tonks, S., Towner, J.,
Tran, N., Tree, J., Trillana, G., Trinham, C., Trivett, R., Truby, A., Tsheko, B. L., Turabi, A,
Turner, R., Turner, C., Ulaszewska, M., Underwood, B. R., Varughese, R., Verbart, D.,
Verheul, M., Vichos, |., Vieira, T., Waddington, C. S., Walker, L., Wallis, E., Wand, M.,
Warbick, D., Wardell, T., Warimwe, G., Warren, S. C., Watkins, B., Watson, E., Webb, S.,
Webb-Bridges, A., Webster, A., Welch, J., Wells, J., West, A., White, C., White, R., Williams,
P., Williams, R. L., Winslow, R., Woodyer, M., Worth, A. T., Wright, D., Wroblewska, M., Yao,

16


https://doi.org/10.1101/2021.04.07.438804
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.04.07.438804; this version posted April 8, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY 4.0 International license.

A., Zimmer, R., Zizi, D. and Zuidewind, P. (2021) Safety and efficacy of the ChAdOx1 nCoV-19
vaccine (AZD1222) against SARS-CoV-2: an interim analysis of four randomised controlled
trials in Brazil, South Africa, and the UK. The Lancet. 397, 99-111

11 Anderson, E. J., Rouphael, N. G., Widge, A. T., Jackson, L. A., Roberts, P. C., Makhene,
M., Chappell, J. D., Denison, M. R., Stevens, L. J., Pruijssers, A. J., McDermott, A. B., Flach, B.,
Lin, B. C., Doria-Rose, N. A., O’'Dell, S., Schmidt, S. D., Corbett, K. S., Swanson, P. A., Padilla,
M., Neuzil, K. M., Bennett, H., Leav, B., Makowski, M., Albert, J., Cross, K., Edara, V. V., Floyd,
K., Suthar, M. S., Martinez, D. R., Baric, R., Buchanan, W., Luke, C. J., Phadke, V. K., Rostad, C.
A., Ledgerwood, J. E., Graham, B. S. and Beigel, J. H. (2020) Safety and Immunogenicity of
SARS-CoV-2 mRNA-1273 Vaccine in Older Adults. New England Journal of Medicine. 383,
2427-2438

12 Kirby, T. (2021) New variant of SARS-CoV-2 in UK causes surge of COVID-19. The
Lancet Respiratory Medicine. 9, e20-e21

13 Maier, H. J., Bickerton, E. and Britton, P. (2015) Coronaviruses- Methods and
protocols. Coronaviruses: Methods and Protocols. 1282(1), 1-282

14 Baez-Santos, Y. M., Barraza, S. J., Wilson, M. W., Agius, M. P., Mielech, A. M., Davis,
N. M., Baker, S. C., Larsen, S. D. and Mesecar, A. D. (2014) X-ray structural and biological
evaluation of a series of potent and highly selective inhibitors of human coronavirus papain-
like proteases. ] Med Chem. 57, 2393-2412

15 Baez-Santos, Y. M., St. John, S. E. and Mesecar, A. D. (2015) The SARS-coronavirus
papain-like protease: Structure, function and inhibition by designed antiviral compounds.
Antiviral Research. 115, 21-38

16 Lei, J., Kusov, Y. and Hilgenfeld, R. (2018) Nsp3 of coronaviruses: Structures and
functions of a large multi-domain protein. Antiviral Res. 149, 58-74

17 Blanchard, S. C., Kim, H. D., Gonzalez, R. L., Puglisi, J. D. and Chu, S. (2004) tRNA
dynamics on the ribosome during translation. Proceedings of the National Academy of
Sciences of the United States of America. 101, 12893-12898

18 Armstrong, L. A, Lange, S. M., de Cesare, V., Matthews, S. P., Nirujogi, R. S., Cole, I,
Hope, A., Cunningham, F., Toth, R., Mukherjee, R., Bojkova, D., Gruber, F., Gray, D., Wyatt,
P. G., Cinatl, J., Dikic, I., Davies, P. and Kulathu, Y. (2020) Characterization of protease
activity of Nsp3 from SARS-CoV-2 and its inhibition by nanobodies. bioRxiv,
2020.2012.2009.417741

19 Han, Y.-S., Chang, G.-G., Juo, C.-G,, Lee, H.-J., Yeh, S.-H., Hsu, J. T.-A. and Chen, X.
(2005) Papain-Like Protease 2 (PLP2) from Severe Acute Respiratory Syndrome Coronavirus
(SARS-CoV): Expression, Purification, Characterization, and Inhibition. Biochemistry. 44,
10349-10359

20 Park, J. Y., Kim, J. H., Kim, Y. M., Jeong, H. J., Kim, D. W., Park, K. H., Kwon, H. J., Park,
S.J.,, Lee, W. S. and Ryu, Y. B. (2012) Tanshinones as selective and slow-binding inhibitors for
SARS-CoV cysteine proteases. Bioorg Med Chem. 20, 5928-5935

21 Freitas, B. T., Durie, I. A., Murray, J., Longo, J. E., Miller, H. C,, Crich, D., Hogan, R. J.,
Tripp, R. A. and Pegan, S. D. (2020) Characterization and Noncovalent Inhibition of the
Deubiquitinase and delSGylase Activity of SARS-CoV-2 Papain-Like Protease. ACS Infect Dis.
6, 2099-2109

22 Ratia, K., Pegan, S., Takayama, J., Sleeman, K., Coughlin, M., Baliji, S., Chaudhuri, R.,
Fu, W., Prabhakar, B. S., Johnson, M. E., Baker, S. C., Ghosh, A. K. and Mesecar, A. D. (2008)
A noncovalent class of papain-like protease/deubiquitinase inhibitors blocks SARS virus
replication. Proc Natl Acad Sci U S A. 105, 16119-16124

17


https://doi.org/10.1101/2021.04.07.438804
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.04.07.438804; this version posted April 8, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY 4.0 International license.

23 Shin, D., Mukherjee, R., Grewe, D., Bojkova, D., Baek, K., Bhattacharya, A., Schulz, L.,
Widera, M., Mehdipour, A. R., Tascher, G., Geurink, P. P., Wilhelm, A., van der Heden van
Noort, G. )., Ovaa, H., Muller, S., Knobeloch, K. P., Rajalingam, K., Schulman, B. A,, Cinatl, J.,
Hummer, G., Ciesek, S. and Dikic, I. (2020) Papain-like protease regulates SARS-CoV-2 viral
spread and innate immunity. Nature. 587, 657-662

24 Li, M., Li, Q., Zhang, C., Zhang, N., Cui, Z., Huang, L. and Xiao, P. (2013) An
ethnopharmacological investigation of medicinal Salvia plants (Lamiaceae) in China. Acta
Pharmaceutica Sinica B. 3, 273-280

25 Klemm, T., Ebert, G., Calleja, D. J., Allison, C. C., Richardson, L. W., Bernardini, J. P.,
Lu, B. G., Kuchel, N. W., Grohmann, C., Shibata, Y., Gan, Z. Y., Cooney, J. P., Doerflinger, M.,
Au, A. E., Blackmore, T. R., van der Heden van Noort, G. J., Geurink, P. P., Ovaa, H., Newman,
J., Riboldi-Tunnicliffe, A., Czabotar, P. E., Mitchell, J. P., Feltham, R., Lechtenberg, B. C,,
Lowes, K. N., Dewson, G., Pellegrini, M., Lessene, G. and Komander, D. (2020) Mechanism
and inhibition of the papain-like protease, PLpro, of SARS-CoV-2. EMBO J. 39, e106275

26 Smith, E., Davis-Gardner, M. E., Garcia-Ordonez, R. D., Nguyen, T.-T., Hull, M., Chen,
E., Baillargeon, P., Scampavia, L., Strutzenberg, T., Griffin, P. R., Farzan, M. and Spicer, T. P.
(2020) High-Throughput Screening for Drugs That Inhibit Papain-Like Protease in SARS-CoV-
2. SLAS DISCOVERY: Advancing the Science of Drug Discovery. 25, 1152-1161

27 Mielech, A. M., Chen, Y., Mesecar, A. D. and Baker, S. C. (2014) Nidovirus papain-like
proteases: multifunctional enzymes with protease, deubiquitinating and delSGylating
activities. Virus Res. 194, 184-190

28 Rambaut, A., Loman, N., Pybus, O., Barclay, W., Barrett, J., Carabelli., A., Connor, T.,
Peacock, T., Robertson, D. L. and Volz, E. (2020) Preliminary genomic characterisation of an
emergent SARS-CoV-2 lineage in the UK defined by a novel. Virological. Org. 5

29 Weissmann, F., Petzold, G., VanderLinden, R., Huis In 't Veld, P. J., Brown, N. G,,
Lampert, F., Westermann, S., Stark, H., Schulman, B. A. and Peters, J. M. (2016) biGBac
enables rapid gene assembly for the expression of large multisubunit protein complexes.
Proc Natl Acad Sci U S A. 113, E2564-2569

30 Trowitzsch, S., Bieniossek, C., Nie, Y., Garzoni, F. and Berger, |. (2010) New
baculovirus expression tools for recombinant protein complex production. J Struct Biol. 172,
45-54

Figure Legends

Figure 1. Design, expression and purification of PLpro enzyme
A. Schematic of the COVID-19 genome showing the 29.9 kb single-strand (+)
RNA. ORF 1ab is 21.5 kb and codes for a polyprotein which after processing,
produces 16 proteins named nsp1-16. The nsp3 protein contains the catalytic
core PLpro enzyme used in this study which comprises the Ubl2 and PLpro
domains (highlighted in red). The ‘948 bp’ highlighted in red indicates the
sequence that was the basis of the bacterial and insect cell expression

constructs used for protein purification.
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B. Purification of His-Sumo-PLpro. Lane 1, Digestion of the pulldown (PD) with
Ulp1; lane 2, flow-through (FT) of 2" Ni-NTA; lane 3, FT from the MonoQ;
lane 4, concentrated from lane 3 before applying to a gel filtration column;
lanes 13-16 are the gel filtration fractions containing PLpro monomer from that

were pooled for further assay.

Figure 2. Enzyme assay design and enzyme characteristic

A. (i) Schematic of the Pro3 peptide designed for used in the FRET assay. The
synthetic peptide contains 12 amino acids from the nsp2/3 junction in the
natural polypeptide, in the centre of this is the FTLKGG//APTKVT sequence
recognized by PLpro which cleaves between G and A. During synthesis the
peptide had the fluorescent Anthranilate (2-aminobenzoyl-Abz) tag added to
the N terminus and the quencher nitro-L-tyrosine (Y(3-NO2)R) fused to the C
terminus. (ii) Organization in 384 well plate.

B. Determination of the enzyme kinetics. The initial velocity of substrate
hydrolysis over the titration of substrate is plotted. The Km were calculated
using Michaelis-Menten equation. Data was collected from three replicates.

C. Protease activity of PLpro. Titration of the purified enzyme (0.5-2 uM)
incubated with the substrate. Fluorescent intensity was measured for 1 hour.

Data was collected from three replicates.

Figure 3. High-throughput screening of the drug library.

A. Flow diagram of the drug screen. Over 5000 chemicals were dispensed into
24 of 384-well plates, enzyme was pre-incubated with drug before the addition
of substrate and fluorescent intensity was read at an excitation 330 nm and
emission wavelength at 420 nm with a Tecan Spark plate reader.

B. Results of the screen. Two concentrations of the drug library were aliquoted-
1.25 uM and 3.75 uM. A single dot from the scatter plot represents each of
the over 5000 chemicals. There are 8 drugs and 29 drugs, in low and high
concentration respectively that reduce the PLpro activity equal or more than
25%. Amongst those hits, 4 drugs were overlapping. In the low concentration

(1.25 uM), 1 drug is auto-fluorescent and 3 have a Z score of more than -3.5.
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Figure 4. Validation of the hits with a gel-based protease assay.

A. Schematic of the substrate designed for the gel-based protease assay. A
polypeptide with a N terminal GST and a C terminal MBP domain separated
by 10 amino acids from the natural nsp2/3 junction (similar to that used in the
fluorescence assay) was constructed. Cleavage between the amino acids G
and A results in 25 kDa and 42 kDa products.

B. Flow diagram of the gel-based assay.

C. (i-iii) Two concentrations of each drug were used, 3.75 uM and 10 uM. Only
Cdk4 Inhibitor Ill, Dihydrotanshinone |, GRL-0617, Tanshinone IIA,
Cryptotanshinone, PDK1/Akt/FIt Dual Pathway Inhibitor, Ro 08-2750
(2,3,4,10-Tetrahydro-7,10-dimethyl-2,4-dioxobenzo[g]pteridine-8-
carboxaldehyde) and beta-Lapachone show inhibition towards PLpro
cleavage. GRL-0617, Tanshinone IIA, and Cryptotanshinone are the

published drug inhibitors of PLpro.

Figure 5. Determination of the ICsg of the validated hits with the fluorescent-based
assay. A. PDK1/AKT/FIt Dual Pathway Inhibitor, B. Ro 08-2750, C. Cdk4 Inhibitor IlI,
D. beta-Lapachone, E. Dihydrotanshinone |, F. GRL-0617, G. Tanshinone IIA, H.

Cryptotanshinone.

Figure 6. Inhibition of PLpro isopeptidase activities.

A. PLpro DUB activities. PLpro cleaves K48-linked Ub3 to Ub2 and Ub1. These
activities were inhibited strongly by beta-Lapachone and Dihydrotanshinone I,
moderately by Ro 08-2750 and GRL-0617, but not by shikonin.

B. PLpro delSGylating activities. Pro-ISG15 is being cleaved to ISG15 by PLpro.

Similar observation as in A.
Figure 7. Determination of the ECso of Dihydrotanshinone | (Ai), Ro 08-2750 (Bi),
GRL-0617 (Ci) in a cell culture-based assay and the synergistic effect of each drug

with remdesivir (Aii, Bii and Cii). Data was collected from three replicates.

Table 1. Percentage of inhibition and Z score on hits from screening
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Supplemental Materials
Figure S1. (Related to Figure 1) Purification of PLpro in bacteria and baculovirus.

A. Purification of His-TEV-PLpro from bacteria. Lanes 11-13 contain monomer of
PLpro from the last step of the purification on a gel filtration column and these
were pooled.

B. Purification of Flag-His-PLpro from baculovirus. Lane 2-4 contain monomer of
PLpro from a gel filtration column and were pooled. The tag remains intact

with protein.

Figure S2. (Related to Figure 2) Optimalization of the FRET assay for PLpro.

A. PLpro was able to cleave substrate Pro2 (nsp2/3) but not Pro1 (nsp1/2) (see
Material & Methods)

B. PLpro was able to cleave substrate Pro3 (12 amino acids) more efficiently
than Pro2 (10 amino acids).

C. Comparison between the TEV-tagged and Sumo-tagged versions of PLpro
enzyme activities.

D. Comparison between the baculovirus and bacterial (TEV-tagged) purified

PLpro.

Figure S3. (Related to Figure 4) Gel-based assay.
A. Purification of the substrate (67 kDa) with Superdex S200. Fractions 14-18
were pooled and used for the gel-based assay.
B. Dihydrotanshione I, beta-Lapachone, Cryptotanshinone, Tanshinone IIA,
Cdk4 Inhibitor Ill, GLR-0617, and Ro 08-2750 did not inhibit 3CLpro (nsp5)
activity. Z-VAD-FMK is a novel inhibitor discovered against nsp5 (reference

nsp5 paper)

Figure S4. ECs of beta-Lapachone (A), Cdk4 Inhibitor 11l (B), Cryptotanshinone (C),

and Tanshinone IlA (D) from the cell culture-based viral proliferation assay.

Figure S5. (Related to Figure 7) (A and C) Viral proliferation assay for
Dihydrotanshinone I, Ro 08-2750, GRL-0617, beta-Lapachone, Cryptotanshinone,
Tanshinone IlIA, and Cdk4 Inhibitor IIl. B. There is no obvious additional effect of
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combining remdesivir with drugs in (A). These drugs either do not stop COVID-19

viral proliferation or are cytotoxic.

Table S1. Chemical list of over 5000 chemicals with scores from low and high

concentration.

Table S2. Oligomers and PLpro optimized sequence.
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Table 1: P%@ﬁ%ﬁ&%ﬂi&h@ﬁ’iﬁ}éﬁ“@%ﬁ%&éﬁﬁiﬁiﬁdﬁgﬂﬁiéﬁé&éﬁﬂg"ﬁ?&%‘i@%ﬁ'.feffﬂo Gispiay the prepdnt n perpetiiy 1t 1
avatable-trgeraS o2 —4-0-rteratienalt

Inhibition (%)
No.| Name 3.75 uM (slope value/control)[1.25 uM (slope value/control)| Z score
1 PDK1/Akt/FIt Dual Pathway Inhibitor 100 (0/491) 89 (50/452) -14.53
2 Ursodiol 55 (187/420) 26 (324/440) -7.78
3 Pyrocatechuic acid 9 (226/444) 0 (453/441) -6.846
4 Ro 08-2750 2 (287/491) 19 (366/452) -5.79
5 | Cdk4 Inhibitor IlI 39 (302/491) 19 (367/452) -5.34
6 beta-Lapachone 4 (322/486) 7 (420/453) -4.66
7 Dihydrotanshinone | 3 (329/490) 0 (449/440) -4.52
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Table S2: Oligomer and PLpro sequence

Oligo

oEcoli-C 48
oEcoli-C 49
oEcoli-C_51
oEcoli-C_52

His-TEV-PLpro

Sequence Target
gccaccaatctgttctetgtg K27-Sumo
taataagcggccgceacatcac K27-Sumo

tgatgtgcggccgcttattattatttaatggtggtggte PLpro
acagagaacagattggtggcgaagtgcgtaccattaaag PLpro

catatgcatcaccatcaccatcacGAAAACTTGTACTTCCAAGGTGAAGAAGTGCGT
GGATAACATCAACCTGCATACCCAGGTTGTTGATATGAGCATGACCTATGGTCAGC?
GTGCAGATGTTACCAAAATCAAACCGCATAATAGCCATGAAGGCAAAACCTTTTATC
CGTGTTGAAGCATTTGAGTATTATCATACCACCGATCCGAGCTTTCTGGGTCGTTAT
AAAATGGAAATATCCGCAGGTTAATGGTCTGACCAGCATTAAATGGGCAGATAATA?
TGACACTGCAGCAGATTGAACTGAAATTTAACCCTCCGGCACTGCAGGATGCCTATT
GCAAATTTTTGTGCACTGATTCTGGCCTATTGCAACAAAACCGTTGGTGAACTGGGT
CCTGTTTCAGCATGCAAATCTGGATAGCTGTAAACGTGTTCTGAATGTTGTTTGTA?
CACTGAAAGGTGTGGAAGCAGTTATGTATATGGGCACCCTGAGCTATGAACAGTTC?
ACCTGTGGTAAACAGGCAACCAAATATCTGGTTCAGCAAGAAAGCCCGTTTGTGATC
TGAGCTGAAACATGGCACCTTTACCTGTGCAAGCGAATACACCGGTAATTATCAGTC
GCAAAGAAACCCTGTATTGTATTGATGGTGCCCTGCTGACAAAAAGCAGCGAATAT?
TATAAAGAAAATAGCTACACCACCACCATTAAATAAggatcc
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'ACCATTAAAGTTTTTACCACCGT
\GTTTGGTCCGACCTATCTGGATG
iITGCTGCCGAATGATGATACCCTG
'ATGAGCGCACTGAATCATACCAA
\CTGTTATCTGGCAACCGCACTGC
'ATCGTGCACGTGCCGGTGAAGCA
‘GATGTTCGTGAAACCATGAGCTA
VAACCTGCGGTCAGCAGCAGACCA
VAAAAAGGTGTTCAGATTCCGTGT
s ATGAGTGCACCGCCTGCACAGTA
iITGGCCATTATAAACACATCACCA
VAAGGTCCGATTACCGACGTGTTC
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