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The papain-like protease PLpro is an essential coronavirus enzyme that is required for processing 

viral polyproteins to generate a functional replicase complex and enable viral spread1,2. PLpro is 

also implicated in cleaving proteinaceous post-translational modifications on host proteins as an 

evasion mechanism against host antiviral immune responses3–5. Here we perform biochemical, 

structural and functional characterization of the severe acute respiratory syndrome coronavirus 2 

(SARS-CoV-2) PLpro (SCoV2-PLpro) and outline differences with SARS-CoV PLpro (SCoV-

PLpro) in regulation of host interferon and NF-κB pathways. SCoV2-PLpro and SCoV-PLpro 

share 83% sequence identity but exhibit different host substrate preferences; SCoV2-PLpro 

preferentially cleaves the ubiquitin-like interferon-stimulated gene 15 protein (ISG15), whereas 

SCoV-PLpro predominantly targets ubiquitin chains. The crystal structure of SCoV2-PLpro in 

complex with ISG15 reveals distinctive interactions with the amino-terminal ubiquitin-like domain 

of ISG15, highlighting the high affinity and specificity of these interactions. Furthermore, upon 

infection, SCoV2-PLpro contributes to the cleavage of ISG15 from interferon responsive factor 3 

(IRF3) and attenuates type I interferon responses. Notably, inhibition of SCoV2-PLpro with 

GRL-0617 impairs the virus-induced cytopathogenic effect, maintains the antiviral interferon 

pathway and reduces viral replication in infected cells. These results highlight a potential dual 

therapeutic strategy in which targeting of SCoV2-PLpro can suppress SARS-CoV-2 infection and 

promote antiviral immunity.

The novel coronavirus SARS–CoV-2 is the cause of the current worldwide outbreak of the 

respiratory disease coronavirus disease 2019 (COVID-19)6. COVID-19 generally has less 

severe symptoms and a lower case-fatality rate but is transmitted more rapidly compared 

with the related SARS-CoV, which caused the SARS outbreak in 2003. The SARS-CoV-2 

genome shares high sequence identity with SARS-CoV7,8. Both viruses critically rely on the 

activity of viral proteases: the main protease (Mpro, also known as 3CLpro or non-structural 

protein 5 (nsp5)) and the papain-like protease (PLpro, the protease domain of nsp3) to 

generate a functional replicase complex and enable viral spread1,2. SCoV-PLpro cleaves 

ubiquitin and ISG15, known regulators of host innate immune pathways, and inhibition of 

SCoV-PLpro has been shown to block SARS-CoV replication3–5.

SARS-CoV-2 PLpro preferentially cleaves ISG15

SCoV-PLpro and SCoV2-PLpro are closely related and diverge from Middle East respiratory 

syndrome (MERS) coronavirus PLpro (MERS-PLpro) (Extended Data Fig. 1a). Purified 

SCoV-PLpro and SCoV2-PLpro exhibit differences in their substrate preferences, as 

revealed by their cleavage of ubiquitin or ISG15 from substrates in HeLa cells treated with 

interferon-α (IFN-α) (Extended Data Fig. 1b). SCoV-PLpro strongly reduced the 

appearance of ubiquitinated substrates, with a lesser effect on ISGylated substrates, whereas 

SCoV2-PLpro preferentially reduced appearance of ISG15-conjugated (ISGylated) protein 

substrates (Extended Data Fig. 1b).

We next used activity-based probes, namely a highly reactive propargylamide (Prg) 

‘warhead’, which forms a covalent bond with catalytic cysteines, and a 7-amido-4-

methylcoumarine (AMC) probe, which emits fluorescence upon cleavage, enabling the 

monitoring of the kinetics of the protease activity9–13. SCoV2-PLpro preferentially reacted 
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with the ISG15–Prg probe, but showed weak activity towards K48-linked di-ubiquitin (K48-

Ub2) and Nedd8, and no activity towards SUMO-based Prg probes (Fig. 1a, Extended Data 

Fig. 1c). SCoV-PLpro showed highest reactivity with K48-Ub2 Prg probes, and less 

reactivity towards the ISG15–Prg probe (Fig. 1a, Extended Data Fig. 1c). This substrate 

preference was further confirmed using competition assays with increasing doses of K48-

Ub2 (Extended Data Fig. 1d, e). In the reaction with SCoV-PLpro, K48-Ub2 effectively 

competed with both ISG15–Prg and ISG15–AMC, whereas competitive displacement was 

much less effective with SCoV2-PLpro. We also examined the catalytic efficiency (turnover 

number (k cat)/Michaelis constant (K m)) of both PLpro proteins (Fig. 1b, Extended Data 

Table 2), which indicated that SCoV2-PLpro cleaved AMC from ISG15–AMC more 

efficiently than from K48-Ub2–AMC, whereas SCoV-PLpro cleaved AMC from K48-Ub2 

more efficiently. Of note, the apparent catalytic efficiencies (k cat/K m) of the two PLpro 

enzymes towards ISG15 were similar, but SCoV2-PLpro showed slightly higher specificity 

towards ISG15 (indicated by lower K m) (Fig. 1b, Extended Data Table 2). Consistently, 

SCoV2-PLpro bound ISG15 with a 20-fold higher affinity compared with K48-Ub2, whereas 

SCoV-PLpro bound K48-Ub2 with a 10-fold higher affinity compared with both mouse and 

human ISG1514 (Fig. 1c, Extended Data Table 3). Indeed, the deISGylase activity of 

SCoV2-PLpro towards Prg- or AMC-based substrates, was similar to or higher than that of 

mouse USP18, a specific deISGylase12,15 (Extended Data Fig. 1f, g). Both PLpro enzymes 

also displayed weak deneddylation activity towards hyperneddylated CUL1, a common 

feature of dened-dylases such as DEN1 (Extended Data Fig. 1c, h, i). Together, these results 

indicate that SCoV2-PLpro preferentially cleaves ISG15 from substrates over ubiquitin 

chains and Nedd8 in vitro, whereas SCoV-PLpro targets ubiquitin chains and, to a lesser 

extent, ISG15 and Nedd8 (Fig. 1d).

Structural analysis of SCoV2-PLpro–ISG15

To gain insight into the molecular basis underlying specificity of SCoV2-PLpro–ISG15, we 

determined the crystal structure of a complex comprising SCoV2-PLpro(C111S) and mouse 

ISG15 (Fig. 2a, Extended Data Fig. 2a). Notably, ISG15 displays two tandem ubiquitin-like 

folds. The overall assembly of SCoV2-PLpro and the two ISG15 domains was similar to the 

complex of MERS-PLpro with human ISG15 complex16 (Protein Data Bank (PDB) ID: 

6BI8; Extended Data Fig. 2a). The catalytic cysteine residue is also conserved in SARS 

(Extended Data Fig. 2b). Compared with the crystal structure of ISG15 in isolation (PDB 

ID: 5TLA)17, the N-terminal half of ISG15 is rotated by almost 90° and rests on the S2 helix 

of SCoV2-PLpro (Fig. 2b). The structure of SCoV-PLpro in complex with the C terminus of 

mouse ISG15 (PDB ID: 5TL7)17 showed that SCoV-PLpro and SCoV2-PLpro share the 

same binding mode to the C-lobe of mouse ISG15 (Extended Data Fig. 2c). We next 

compared the structure of the SCoV2-PLpro–ISG15 complex to that of SCoV-PLpro bound 

to K48-Ub2, in which the proximal ubiquitin is linked to the catalytic site. The main 

difference between these complexes is an interaction remote from the catalytic site, in which 

a protease S2 site binds the distal ubiquitin in the K48-linked chain, or the N-terminal 

ubiquitin-like fold in ISG15. Whereas SCoV-PLpro Leu76 mediates a hydrophobic 

interaction with Ile44 on ubiquitin, the corresponding residue on SCoV2-PLpro is Thr75 

(Fig. 2c). To mimic the hydrophobic interaction observed in SCoV-PLpro, we generated two 
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variants of SCoV2-PLpro (T75A and T75L). The T75L mutant, but not T75A, resulted in a 

K48-Ub2–AMC cleavage (Fig. 2d). This indicates that the presence and size of the 

hydrophobic residue at this site are critical determinants for ubiquitin binding. We also 

compared papain-like proteases from other coronaviruses, including the common human 

coronaviruses OC43, 229E and NL63 (Extended Data Fig. 3). The S2 binding site in papain-

like proteases is poorly conserved across coronaviruses and exhibits variable hydrophobicity 

at the position corresponding to Thr75 of SCoV2-PLpro, which might influence substrate 

specificity.

Next, we examined whether other residues in SCoV2-PLpro contribute to its enhanced 

affinity for ISG15. SCoV2-PLpro Val66 faces the hydrophobic patch (Ala2, Thr20 and 

Met23) on the N-terminal ubiquitin fold domain of ISG15 (Fig. 2e). Both PLpro enzymes 

share Phe (SCoV2-PLpro Phe69 and SCoV-PLpro Phe70) as the core residue mediating 

hydrophobic interactions with either ubiquitin or ISG15. Mutating Phe69 (F69A) or Val66 

(V66A) on SCoV2-PLpro decreased its enzymatic activity and showed slower reaction with 

ISG15-Prg compared to the wild type (Fig. 2f).

The interaction between SCoV2-PLpro and K48-Ub2 and mouse ISG15 was also examined 

using molecular dynamics simulations (Extended Data Fig. 2d, e). Multi-microsecond 

molecular dynamics simulations confirmed that SCoV2-PLpro interacts more tightly with 

ISG15 compared with K48-Ub2 (reconfirming K d values measured in Fig. 1e). In three 

independent runs of 3.2 μs, ISG15 remained bound as in the SCoV2-PLpro–ISG15 X-ray 

structure. By contrast, the distal ubiquitin of K48-Ub2 separated from SCoV2-PLpro in four 

out of six runs on a microsecond time scale. We identified L75T to be the differentiator 

between K48-Ub2 and SCoV-PLpro, as it weakens the hydrophobic cluster within the 

binding interface. We observed that water transiently enters between K48-Ub2 Ile44 and 

SCoV2-PLpro Thr75 before dissociation. Indeed, in simulations of the SCoV-PLpro double 

mutant (S67V/L76T) with K48-Ub2, a similar water-mediated dissociation mechanism was 

observed (Extended Data Fig. 2f, g). Together, these results suggest that the S2 region 

determines substrate specificity and that SCoV2-PLpro shows a relative preference towards 

ISG15.

GRL-0617 is an inhibitor of SCoV2-PLpro

Given the urgency to identify novel therapeutic strategies against COVID-19, we tested the 

effect of GRL-0617, a non-covalent inhibitor of SCoV-PLpro18, on SCoV2-PLpro (Fig. 3a). 

GRL-0617 was developed as an inhibitor of SCoV-PLpro and does not inhibit other host 

proteases18,19. On the basis of the binding mode of GRL-0617 and other naphthalene-based 

inhibitors to SCoV-PLpro18–21, we postulated that the conserved Tyr268 of SCoV2-PLpro 

could also bind GRL-0617 and block the entry of the ISG15 C terminus towards the 

catalytic cleft of the protease (Fig. 3b, Extended Data Fig. 4a–c). Indeed, the half maximal 

inhibitory concentration (IC50) of GRL-0617 for SCoV2-PLpro was similar to the one for 

SCoV-PLpro (Fig. 3c, Extended Data Fig. 4d, e). GRL-0617 is ineffective against MERS-

PLpro22; we hypothesized that this could be due to the presence of Thr instead of Tyr at this 

conserved position (Tyr268 in SCoV2-PLpro) (Extended Data Fig. 3a). Accordingly, the 

mutation of Tyr268 to either Thr (Y269T) or Gly (Y268G) in SCoV2-PLpro strongly 
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reduced the inhibitory effect of GRL-0617 (Fig. 3c, Extended Data Fig. 4d, e), indicating the 

critical role of Tyr268 in this process. Molecular dynamics simulations of GRL-0617 with 

SCoV-PLpro and SCoV2-PLpro further confirmed a common binding mode between 

GRL-0617 and Tyr268 (Tyr269 in SCoV-PLpro) (Extended Data Fig. 4b, c).

To assess the potential therapeutic value of GRL-0617 against COVID-19, we tested the 

effect of GRL-0617 on the deISGylase or deubiquitinase activities of SCoV2-PLpro on host 

proteins. GRL-0617 effectively blocked SCoV2-PLpro activity, leading to increased levels 

of ISGylated proteins in lysates of IFN-α-treated cells (Extended Data Fig. 4f). GRL-0617 

also blocked the deubiquitination activity of SCoV-PLpro (Extended Data Fig. 4f). Of note, 

the effects of GRL-0617 on the reaction between Prg probes with SCoV2-PLpro were more 

prominent with ISG15C-term–Prg than ISG15FL–Prg or ubiquitin versus K48-Ub2 to SCoV-

PLpro (Extended Data Fig. 4g, h), which is consistent with the structural data indicating that 

the ISG15 N-terminal ubiquitin-fold domain potentiates the interaction with SCoV2-PLpro. 

These results showed that GRL-0617 inhibits both SCoV2-PLpro and SCoV-PLpro.

PLpro regulates IFN and NF-κB pathways

To understand the differences in the pathophysiological roles of SCoV2-PLpro and SCoV-

PLpro, and to expand our knowledge of the SARS-CoV-2 protein interaction map23, we 

analysed the cellular inter-actome of both proteins. ISG15 was significantly enriched in 

complexes with a catalytically inactive version of SCoV2-PLpro (C111S), whereas a SCoV-

PLpro mutant (C111S) predominantly associated with ubiquitin (Fig. 4a, b). In mammalian 

cells treated with type I IFNs (IFN-α), unconjugated ISG15 and ISG15-positive smears 

(probably representing ISGylated substrates) on western blots were more pronounced in 

immunoprecipitates of GFP-SCoV2-PLpro(C111S) than those of GFP-SCoV-PLpro(C111S) 

(Fig. 4c). GRL-0617 treatment blocked this association (Fig. 4c). Moreover, these closely 

related PLpro enzymes associate with distinct and specific sets of host proteins (Fig. 4a). For 

SCoV2-PLpro, these interactions include PRKDC (associated with induction by type I 

interferons24), heterogenous nuclear ribonucleo-protein K (HNRNPK; involved in host RNA 

splicing, a process essential for SARS-CoV-2 replication in cells25) and galectin1, which can 

induce viral fusion with target cells during HIV infection26 (Fig. 4a). By contrast SCoV-

PLpro strongly associates with several serine protease inhibitors (serpins), including serpin 

B3, which has been proposed to inhibit papain proteases27,28. Co-expression of serpin B3 

with PLpro enzymes partially restored NF-κB signalling in cells expressing SCoV-PLpro, 

but had no effect on SCoV2-PLpro regulation of the IFN pathway (Extended Data Fig. 5a, 

b).

Consistently, expression of SCoV2-PLpro and SCoV-PLpro in mammalian cells decreased 

ISGylation of cellular proteins following IFN-α stimulation (Extended Data Fig. 5c), 

including ISGylation of interferon regulatory factor 3 (IRF3), a critical component in the 

type 1 interferon pathway29. Both SCoV2-PLpro and SCoV-PLpro reduced IRF3 

ISGylation, with SCoV2-PLpro having a more potent effect (Fig. 4d). Decreases in 

phosphorylation of TBK1 and IRF3, and nuclear translocation of IRF3 were detected upon 

expression of SCoV-PLpro or SCoV2-PLpro (Extended Data Fig. 5d, e). SCoV2-

PLpro(C111S) showed stronger dominant negative effects on IRF3 phosphorylation 
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compared with SCoV-PLpro(C111S) (Extended Data Fig. 5d, e). TBK1 phosphorylation 

also activates the NF-κB pathway, causing upregulation of inflammatory signalling30. 

Although expression of SCoV-PLpro had less effect on IRF3 ISGylation (Fig. 4d), it 

strongly attenuated degradation of IκB-α (Extended Data Fig. 5f, g). SCoV-PLpro also 

caused a severe reduction in nuclear translocation of p65 in cells treated with TNF 

(Extended Data Fig. 5h).

Sensing of viral nucleic acids is mimicked by poly(I:C) treatment, which induces IFN-β 
expression31. Expression of SCoV2-PLpro more effectively decreased the activation of the 

IFNB1 promoter compared with SCoV-PLpro following poly(I:C) treatment. This inhibitory 

effect of both PLpro enzymes was neutralized by GRL-0617 treatment (Extended Data Fig. 

6a, c). By contrast, expression of SCoV-PLpro predominantly blocked TNF-induced NF-κB 

p65 expression, also in a GRL-0617-dependent manner (Extended Data Fig. 6b, d). 

Together, we show how two closely related coronaviruses (SARS and SARS-CoV-2) 

differentially counteract the host immune system using their PLpro enzymes.

Role of PLpro in viral spread and IFN responses

GRL-0617 has been shown to inhibit viral replication of SARS-CoV18. Thus, to determine 

whether inhibiting SCoV2-PLpro can also block SARS-CoV-2 replication, we infected 

CaCo-2 cells with SARS-CoV-2 and treated them with GRL-0617 (Fig. 5a). The effect of 

GRL-0617 was measured by inhibition of cytopathogenic effect (CPE). We observed a 

gradual dose-dependent inhibition of SARS-CoV-2-induced CPE in the presence of 

GRL-0617, with 100 μM GRL-0617 almost completely inhibiting CPE (Fig. 5b). In 

addition, GRL-0617 treatment reduced active viral replication (SARS-CoV-2 subgenomic 

RNA4-encoding E gene), as measured by genetic monitoring of the intracellular production 

of viral RNA (Fig. 5c). Consequently, a decrease in the release of viral particles from 

infected cells into the supernatant was also observed upon GRL-0617 treatment (Fig. 5d, 

Extended Data Fig. 7a). This suggests that inhibition of SCoV2-PLpro by GRL-0617 

impedes viral replication, thereby attenuating the ongoing viral RNA synthesis.

Having demonstrated a role for expression of SCoV2-PLpro and SCoV-PLpro in attenuating 

host antiviral IFN pathways, we anticipated that inhibition by GRL-0617 would reverse this 

process. Indeed, GRL-0617 treatment of SARS-CoV-2-infected cells led to a marked 

increase in IRF3 ISGylation (Fig. 5e), which has previously been shown to regulate antiviral 

immune response32. Moreover, phosphorylation of IRF3 and TBK1, markers for IFN 

pathway activation, and p65 phosphorylation, used to monitor NF-κB pathway activation, 

were increased in SARS-CoV-2-infected cells upon GRL-0617 treatment (Fig. 5f). Notably, 

GRL-0617 treatment significantly rescued the expression of IFN-responsive genes (ISG15, 

OAS1, PKR (also known as EIF2AK2)) and MX1) in SARS-CoV-2-infected cells (Fig. 5g, 

Extended Data Fig. 7b). These findings provide evidence that inhibition of SCoV2-PLpro, in 

addition to blocking viral RNA synthesis, can also increase antiviral signalling via TBK1 

and IRF3 (Extended Data Fig. 7c). Although experiments conducted with GRL-0617 

provide evidence supporting the therapeutic value of pharmacologically targeting SCoV2-

Plpro in patients, the low potency of GRL-0617 suggests that additional studies are needed 

to develop more potent and selective PLpro inhibitors.
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Finally, we tested changes in CaCo-2 cells upon infection with SARS-CoV and SARS-

CoV-2. GRL-0617 treatment of infected cells showed an overall similar pattern in 

biochemical and transcriptional parameters of the type I IFN and NF-κB pathways (Fig. 5e–

g). However, we found that GRL-0617 was consistently more effective in restoring 

ISGylation and phosphorylation level of IRF3 and expression of IFN-responsive genes upon 

infection with SARS-CoV-2 compared with SARS-CoV (Fig. 5e–g). By contrast, 

transcription levels of the proinflammatory cytokines IL-6 and IL-8 appeared similar 

between SARS-CoV and SARS-CoV-2 in this epithelial cell culture model (Fig. 5g). 

Consistent with these observations, a recent study has shown that SARS-CoV-2 infection in 

animal models and in human patients with COVID-19 is correlated with low IFN type I and 

type III responses33. Although preferential deISGylation activity of SCoV2-PLpro may 

contribute to decreased type I IFN signalling, more detailed studies are needed to understand 

the key regulatory factors contributing to innate and adaptive immunity that control the 

distinct pathologic outcomes of SARS-CoV and SARS-CoV-2 infections34.

In summary, this study provides mechanistic understanding of the functions of SCoV2-

PLpro during SARS-CoV-2 infection and establishes SCoV2-PLpro as a promising target for 

therapeutic intervention against COVID-19. Recent reports of newly identified inhibitors of 

SCoV2-PLpro35–37 could lead to the rapid development of novel anti-COVID-19 

therapeutics with dual effects—blocking SARS-CoV-2 spread and promoting antiviral 

immunity in the host. Furthermore, the main protease of SARS-CoV-2 has been in focus as a 

potential drug target against COVID-19 and several novel inhibitors have already been 

described38–40. Combining drugs targeting essential SARS-CoV-2 proteases (PLpro and/or 

main protease) with drugs targeting SARS-CoV-2 RNA-dependent polymerase may offer 

successful therapeutic options in future41.

Online content

Any methods, additional references, Nature Research reporting summaries, source data, 

extended data, supplementary information, acknowledgements, peer review information; 

details of author contributions and competing interests; and statements of data and code 

availability are available at https://doi.org/10.1038/s41586-020-2601-5

Methods

No statistical methods were used to predetermine sample size. The experiments were not 

randomized. The investigators were not blinded to allocation during experiments and 

outcome assessment.

Plasmids construction

The papain-like protease domain sequence was obtained from the SARS-CoV-2 complete 

genome (NCBI genome databank, Severe acute respiratory syndrome coronavirus 2 isolate 

Wuhan-Hu-1, complete genome; NC_045512). Protein sequence for CoV2 PLpro Ubl 

domain (amino acids, 746–1060) of Nsp3 protein from SARS-CoV-2 (Nsp3; 

YP_009725299.1) was codon optimized, synthesized and cloned into pET28b with NcoI and 

XhoI to have C-terminal His-tag (Genescript). Protein sequences of the PLpro-Ubl domain 
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of SARS and MERS (PDB ID: 3MJ5 and 5W8U, respectively20,42) were also codon 

optimized, synthesized and cloned into pET28b with NcoI and XhoI to add C-terminal His 

tags (Genescript). Mutants were generated by PCR and verified by sequencing. For 

mammalian expression, PLpros were cloned into pEGFP-C1 (clontech). To produce the 

vector pACE-ISG15, a synthetic cDNA was used for murine ISG15 (residues 1–155) with an 

added N-terminal His6 tag and the recognition site for the HRV-3C protease (Mr. Gene).

Protein purification

BL21(DE3) Escherichia coli competent cells (NEB) were transformed with plasmids and 

grown in LB medium to an OD600 of 0.6–0.8 at 37 °C. Protein production was induced by 

addition of 0.5 mM isopropyl-d-thiogalactopyranoside (IPTG) and 1 mM zinc chloride 

(ZnCl2). The cells were further grown overnight at 18 °C and collected. The cell pellet was 

resuspended in lysis buffer (50 mM Tris-HCl, 150 mM NaCl, 10 mM Imidazole, 2 mM 

DTT, pH 8.5) and lysed by sonication and centrifuged at 13,000 rpm to clarify the 

supernatant. The supernatant was incubated 2 h with TALON beads (Takara) pre-

equilibrated with lysis buffer and non-specific proteins were cleared with washing. Proteins 

were eluted with elution buffer (50 mM Tris-HCl, 150 mM NaCl, 250 mM imidazole, 2 mM 

DTT, pH 8.5). Eluted proteins were buffer exchanged to storage buffer (20 mM Tris-HCl, 

100 mM NaCl, 2 mM DTT, pH 8.5) and stored for biochemical analysis. For crystallization 

of SCoV2-PLpro(C111S), the cell pellet was resuspended in lysis buffer (50 mM Tris-HCl, 

150 mM NaCl, 10 mM imidazole, 1 mM TCEP, pH 7.4) and lysed by sonication and 

centrifuged at 13,000 rpm to clarify the supernatant. The supernatant was incubated 2 h with 

TALON beads (Takara) pre-equilibrated with lysis buffer and non-specific proteins were 

cleared with washing. Proteins were eluted with elution buffer (50 mM Tris-HCl, 150 mM 

NaCl, 250 mM imidazole, 1 mM TCEP, pH 7.4) and further purified on size-exclusion 

column (Superdex 75 16/60, GE Healthcare) pre-equilibrated with 20 mM Tris-HCl, 100 

mM NaCl, 1 mM TCEP, pH7.4. Proteins were concentrated to 20 mg ml-1 and stored for 

crystallization. For the expression of mouse ISG15, BL21(DE3) E. coli competent cells 

(NEB) were transformed with pACE-ISG15. A single bacterial colony was picked and 

transferred in 5 ml DYT medium with 0.2% (w/v) glucose and 100 μg ml-1 ampicillin and 

grown overnight at 37 °C. The preculture was centrifuged for 3 min at 3,000g centrifuged 

and resuspended in 5 ml of fresh medium. Two litres of DYT medium was mixed with 5 ml 

of the pre-culture and grown at 37 °C until it reached an OD600 of 0.6. Protein expression 

was induced by adding IPTG (final concentration 1 mM). The cells were grown for 20 h at 

28 °C and collected by centrifugation (10 min, 5,000g, 4 °C). Five grams of E. coli pellet 

(ISG15 or ISG15(C76S)) were thawed on ice and resuspended in 30 ml of buffer A-ISG15 

(50 mM Na2HPO4, 500 mM NaCl pH 7.0, 1 protease inhibitor tablet (Roche)). The cells 

were disrupted using a French press and the lysate was centrifuged for 1 h 40,000g and 4 °C. 

All cleaning steps were carried out with an ÄkTA chromatography system (GE Healthcare) 

at 4 °C. The supernatant was applied to a 15 ml Ni-FF Sepharose column (GE Healthcare). 

The column was filled with 4 column volumes of 50 mM Na2HPO4, 500 mM NaCl, 15 mM 

imida-zole pH 7.0, washed and the protein was eluted with a linear imidazole gradient over 

20 column volumes and final imidazole concentration of 500 mM (buffer B-ISG15). About 

30 mg of the eluted protein was treated with 1 mg His6–HRV-3C and dialysed against buffer 

A-ISG15 at 16 °C for 16 h. The protein was then applied to the same column containing the 
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protein, concentrated to about 6 mg ml-1 and further purified with a size-exclusion column 

(Superdex 75 16/60, GE Healthcare) pre-equilibrated with 20 mM Tris-HCl, 100 mM NaCl, 

1 mM TCEP, pH7.4.

Ubiquitin, NEDD8, SUMO and ISG15 activity-based probe assay

PLpro proteins were diluted (2 μM final concentration) with activation buffer (25 mM Tris-

HCl pH 7.5, 150 mM NaCl, 10 mM DTT) and incubated for 10 min at 25 °C. and the 

activity-based probes were diluted (0.2 mg ml-1 final concentration) in dilution buffer (50 

mM Tris-HCl 7.5, 150 mM NaCl). The reaction mixture was prepared by mixing equal 

volume of activated PLpro proteins (2 μM) and activity-based probes (0.2 mg ml-1). 

Reactions were conducted at indicated temperature (on ice (0 °C) or 37 °C) and samples 

were taken at the indicated time points and the reactions were quenched by the addition of 

SDS sample buffer. Samples were further analysed by SDS–PAGE and stained with a silver 

staining kit (Thermo Fisher).

AMC probe-based kinetic assay

For determination of enzyme kinetics (k cat and K m), ubiquitin–AMC or ISG15–AMC was 

used as substrate of PLpro or mouse USP18 and the release of AMC was measured by 

increase of fluorescence (excitation/emission, 360/487 nm) on a 384-well microplate reader 

(PHERAstar FSX, BMG Labtech). Fvie microlitres of solution containing different 

concentration of K48-Ub2–AMC (76–0 μM) or ISG15–AMC (40–0 μM) were aliquoted into 

384 well plate and reaction was initiated by addition of 5 μl of PLpro or mouse USP18 (20 

nM) to the well. Initial velocities of AMC release were normalized to a standard curve and 

the velocity versus substrate concentration plot were further analysed by Michaelis–Menten 

enzymatic kinetics, using the k cat function with fixed value of total enzyme concentration as 

provided above. The experiment was repeated at least three times.

Bio-layer interferometry

Binding kinetics were determined with the OctetRed system (Fortebio). Either SCoV2-

PLpro(C111S) or SCoV-PLpro(C111S) at 1 μM were loaded onto an Ni-NTA biosensor and 

equilibrated with binding buffer for the baseline. To examine the association rate, 

equilibrated sensors were transferred into solutions containing various concentration of K48-

Ub2 (90–0 μM), human ISG15 (3–0 μM) or mouse ISG15 (90–0 μM). Dissociation of PLpro 

was initiated by placing the sensor into reaction buffer. Values of association rate constant (k 

on), dissociation rate constant (k off) and dissociation constant (K d) values were calculated 

by Octet Data analysis software (ForteBio).

Crystallization

Equal amounts of SCoV2-PLpro(C111S) and full-length murine ISG15 were mixed, giving 

a final concentration of 250 μM. Protein mixtures were screened with sitting-drop matrix 

screens in a 96-well plate with 100 nl of protein and 100 nl of precipitant solution at 293 K. 

Initial crystals appeared from solution containing 20% PEG 3350, 200 mM potassium 

thiocyanate with 125 μM protein. To optimize the crystallization condition, we diluted the 

protein to vary the concentration, and the diffraction-quality crystals were grown in 
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optimized solution containing 18% PEG 3350, 100 mM bis-tris propane pH 6.5, 200 mM 

potassium thiocyanate with 100 μM protein.

Data collection, processing and structure determination

Crystals were cryo-protected using mother liquor solution supplemented with 25% (v/v) 

ethylene glycerol. Diffraction data were collected on single frozen crystal in a nitrogen 

stream at 100 K at 1.00001 Å in the X06SA beamline at the Swiss Light Source, Villigen. 

Initial data sets were processed using XDS43, and phases were determined by Phaser 

molecular replacement in ccp4 module with SCoV2-PLpro and mouse ISG15 as the 

template model44; PDB IDs: 6W9C and 5TLA). Structure refinement and manual model 

building were performed with Coot and Phenix.Refine45,46 (Extended Data Table 1). There 

were 93.26% and 6.74% of the residues in the favoured and allowed regions of the 

Ramachandran plot respectively, and no residues were found in disallowed regions.

Cell lysates, deubiquitination and deISGylation assay

HeLa or A549 cells were treated with IFN-α (200 U ml-1) for 48 h to induce ISGylation. 

Cells were lysed with lysis buffer (50 mM Tris-HCl (pH 8.0), 150 mM NaCl, 1% (v/v) 

NP-40) and concentration was measured with the BCA assay (Thermo Fisher). Ten 

micrograms of lysates were incubated with 100 nM of PLpro for indicated time points at 37 

°C and analysed by immunoblotting with indicated antibodies. To test the inhibitory effect of 

GRL-0617, 40 μM of GRL-0617 was included during the reaction. Images were obtained 

using Image lab software (Bio-Rad).

Deneddylation and IκBα deubiquitination assay

All proteins described are of human origin. CUL1–RBX1, SKP1–β-TRCP2, UBE2M, 

UBE2D3, NEDD8, UB, APPBP1–UBA3 and UBA1 were purified as previously 

described47. Neddylated CUL1–RBX1 was generated as previously described47. The 

reaction for generating hyperneddylated CUL1–RBX1 was driven at pH 8.8 at 37 °C for 30 

min and purified by size exclusion chromatography. The USP2 catalytic core was purified 

with nickel affinity chromatography, liberated of the His tag by overnight thrombin cleavage, 

followed by ion exchange and size-exclusion chromatography. Den1 was purified by GST 

affinity chromatography, liberated of the GST tag by overnight TEV cleavage, followed by 

ion exchange and size-exclusion chromatography. The Cop9 signallosome (CSN) was 

purified as previously described48. Deneddylation assays were performed with 1 μM 

hyperneddylated CUL1–RBX1, and 5μM protease (SCoV-PLpro, SCoV2-PLpro, DEN1 and 

USP2) or 20 nM CSN. The reaction was performed at 37 °C in 2 5mM Tris 100 mM NaCl, 5 

mM DTT pH 8.5, and in the case of CSN, with and additional 10 mM MgCl2. Samples were 

taken at each indicated time point and quenched with 2× SDS–PAGE sample buffer. Gels 

were stained by Coomassie blue and scanned on an Amersham imager 600. IκBα 
deubiquitylation assays were performed by first generating a ubiquitylated IκBα, with 200 

nM UBA1, 1 μM UBE2D3, 20 μM UB, 500 nM neddylated CRL1–β-TRCP, and 5 μM 

fluorescently labelled IκBα at 37 °C in 50 mM Tris, 50mM NaCl, 10mM MgCl2, 5mM DTT 

pH 7.5 for 30 min. Reaction was quenched by adding 80 mM EDTA for 5 min. The 

deubiquitylation reaction was started by mixing 3 μM of protease (SCoV-PLpro, SCoV2-

PLpro or USP2) with the ubiquitylation reaction, and samples were taken at each time point 
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and quenched with 2× SDS–PAGE sample buffer. Gels were scanned on an Amersham 

Typhoon (GE) detecting the fluorescently labelled IκBα.

Molecular dynamics simulations

SCoV-PLpro (wild type and double mutant) and SCoV2-PLpro with K48-Ub2 —
The coordinates of SCoV-PLpro with bound K48-Ub2 were taken from PDB ID: 5E6J49. For 

the double mutant setup, the mutations S67V and L76T were introduced using 

MODELLER50. For SCoV2-PLpro with bound K48-Ub2, we set up two models. We 

combined the substrate coordinates taken from PDB ID: 5E6J with (1) the X-ray crystal 

structure of the unbound form (PDB ID: 6W9C, re-refined by T. Croll (University of 

Cambridge, UK) (https://drive.google.com/drive/folders/1JBo50CdkBU7K1pFThuqrzhQ-

NcsIAWyG) and (2) with the X-ray crystal structure of the SCoV2-PLpro–mouse ISG15 

complex (PDB ID: 6YVA) after PLpro alignment using PyMol51. In all di-ubiquitin systems, 

the triazole linker was replaced with Lys using MODELLER. To mimic the linker, a 

harmonic-distance restraint potential was applied between the backbone carbonyl carbon 

atoms of Lys48 and Gly75 with a target distance of 9.5 Å and a force constant of 502,080 kJ 

mol-1 nm-2. The covalent propargylamide linker was removed.

SCoV-PLpro and SCoV2-PLpro in complex with inhibitor GRL-0617—The 

coordinates of the SCoV-PLpro–GRL-0617 complex were taken from PDB ID: 3E9S18. The 

oxidized Cys112 was changed to the reduced form (SH) using MODELLER. The simulation 

model of the SCoV2-PLpro– GRL-0617 complex was built according to the X-ray structure 

of the unbound form of SCoV2-PLpro (PDB ID: 6W9C, re-refined by T. Croll). The 

coordinates of the compound GRL-0617 were modelled according to PDB ID: 3E9S after 

PLpro alignment using PyMol. The blocking loop 2 (BL2 loop, GNYQCGH) capping the 

GRL-0617 binding site was remodelled according to the SCoV-PLpro X-ray crystal structure 

of the complex (PDB ID: 3E9S)18 using MODELLER. The GRL-0617 ligand was 

parameterized with the general amber force field (GAFF)52.

SCoV2-PLpro with mouse ISG15—The X-ray crystal structure of the SCoV2-PLpro–

mouse ISG15 complex (PDB ID: 6YVA) served as starting point. Missing residues of 

SCoV2-PLpro and one Zn ion were modelled according to the X-ray crystal structure (PDB 

ID: 6W9C, re-refined by T. Croll).

Missing side chains in all setups were modelled using MODELLER. All crystallographic 

water molecules and ions were retained, except a nickel ion in PDB ID: 5E6J. According to 

pK a calculations using PropK a and additional visual inspections, in all setups His17 of 

SCoV2-PLpro (His18 of SCoV-PLpro) and His272 of SCoV2-PLpro (His273 of SCoV-

PLpro) were charged. We cannot exclude that the protonation state of the catalytic His272 of 

SCoV2-PLpro (His273 of SCoV-PLpro) is in equilibrium between charged and neutral 

forms. All other residues were simulated in their physiological protonation state. The 

proteins were solvated in TIP4P-D water53 with 150 mM NaCl. Molecular dynamics 

simulations were carried out using Gromacs 201854 and the AMBER99SB*-ILDN-q force 

field55–58. Each system was energy minimized, followed by five equilibration steps, in 

which we gradually weakened the position restraints on heavy atoms, first in an NVT 
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ensemble (0.25 ns) and then in an NPT ensemble (4 × 0.5 ns) using a Berendsen thermostat 

and barostat59. Production simulations were run at a temperature of 310 K and a pressure of 

1 bar in an NPT ensemble using a Nosé–Hoover thermostat60,61 and a Parrinello-Rahman 

barostat62. We set up three independent runs of the SCoV2-PLpro systems with bound 

substrates, starting from different MODELLER results for the apo-like model of SCoV2-

PLpro:K48-Ub2 and for the SCoV2-PLpro–mouse ISG15 complex. For simulations with 

bound substrates and with bound inhibitor, we monitored the root-mean-square deviation 

(r.m.s.d.) of each backbone substrate (distal ubiquitin in K48-Ub2 and N-terminal domain of 

mouse ISG15) and of GRL-0617 (heavy atoms) to the respective equilibrated structure after 

alignment on the helix backbone of PLpro (without the flexible UBL domain). From 

simulations of SCoV-PLpro–K48-Ub2, we extracted the minimum heavy-atom distance 

between F70 of SARS and I44 of ubiquitin.

Inhibitor IC50 determination

For IC50 value for inhibitors, ubiquitin–AMC or ISG15–AMC was used as substrate of 

PLpro and the release of AMC was measured by increase of fluorescence (excitation/

emission, 360/487 nm) on a 384-well microplate reader (PHERAstar FSX, BMG Labtech). 

Five microlitres of solution containing different concentrations of GRL-0617 (200–0 μM) 

and 10 μM of ubiquitin–AMC or ISG15–AMC were aliquoted into 384 well plate and 

reaction was initiated by addition of 5 μl of PLpro (30 nM) to the well. Initial velocities of 

AMC release were normalized against DMSO control. The IC50 value was calculated by the 

dose–response–inhibition function in Graphpad Prism with [inhibitor] vs normalized 

response equation. The experiment was repeated three times.

Mass-spectrometry

For interactome analysis, A549 cells were transfected with wild-type or mutant (C111S) 

SCoV-PLpro or SCoV2-PLpro, and for comparison between SARS-CoV and SARS-CoV-2, 

PLpro(C111S) versions of both proteins were transfected. Cells were stimulated with IFN-α 
(200 U ml-1) for 36 h to mimic an infection scenario. Cells were lysed in ice cold lysis buffer 

(50 mM Tris-Cl, pH 7.5; 150 mM NaCl; 1% Triton X-100) and equal amounts of lysates 

were incubated with GFP nanotrap beads in IP buffer (Lysis buffer without detergent). After 

incubation, immunoprecipitates were washed three times with wash buffer (50 mM Tris-

HCl, pH7.5; 400 mM NaCl; 0.5 mM EDTA) and two times with IP buffer. Then, beads were 

incubated with 25 μl of 50 mM Tris-HCl (pH 8.5) containing 4 M urea, 1 mM TCEP, 4 mM 

chloroacetamide for 1 h in the dark at 37 °C. Afterwards, samples were diluted with 50 mM 

Tris-HCl pH 8.5 to a final urea concentration <2 M and digested with 0.5 μg trypsin 

(Promega) at 37 °C overnight. Digests were acidified using trifluoroacetic acid to a pH of 2–

3 and peptides were desalted using C18-stage tips63. Peptides were labelled with tandem 

mass tag (TMT) reagents (Thermo fisher) as described previously64. In brief, peptides were 

resuspended in TMT labelling buffer (0.2 M EPPS pH 8.2, 20% acetonitrile) and were 

mixed with TMT reagents in a 2:1 TMT: peptide ratio. Reaction was performed for one hour 

at room temperature and subsequently quenched by addition of hydroxylamine to a final 

concentration of 0.5% at room temperature for 15 min. Samples were pooled in equimolar 

ratio, acidified and again cleaned-up using C18-stage tips. After drying, peptides were 

resuspended in 0.1% formic acid for liquid chromatography–mass spectrometry. All mass 
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spectrometry data was acquired in centroid mode on an Orbitrap Fusion Lumos mass 

spectrometer hyphenated to an easy-nLC 1200 nano HPLC system with a nanoFlex ion 

source (ThermoFisher Scientific). A spray voltage of 2.6 kV was applied with the transfer 

tube heated to 300 °C and funnel RF set to 30%. Internal mass calibration was enabled (lock 

mass 445.12003 m/z). Peptides were separated on a self-made 32 cm long, 75 μm internal 

diameter fused-silica column, packed in house with 1.9 μm C18 particles (ReproSil-Pur, Dr. 

Maisch) and heated to 50 °C using an integrated column oven (Sonation). HPLC solvents 

consisted of 0.1% formic acid in water (buffer A) and 0.1% formic acid, 80% acetonitrile in 

water (buffer B). Peptides were eluted by a nonlinear gradient from 7 to 40% buffer B over 

90 min followed by a step-wise increase to 95% buffer B in 6 min which was held for 

another 9 min. Full scan mass spectra (350–1400 m/z) were acquired with a resolution of 

120,000 at m/z 200, maximum injection time of 100 ms and AGC target value of 4 × 105. 

The 20 most intense precursors per full scan with a charge state between 2 and 5 were 

selected for fragmentation (‘Top 20’), isolated with a quadrupole isolation window of 0.7 Th 

and fragmented via higher-energy collisional dissociation applying a normalized collision 

energy of 38%. MS2 scans were performed in the Orbitrap using a resolution of 50,000 at m/

z 200, maximum injection time of 86 ms and automatic gain control target value of 1 × 105. 

Repeated sequencing of already acquired precursors was limited by setting a dynamic 

exclusion of 60 s and 7 ppm and advanced peak determination was deactivated. Raw mass 

spectrometry data were analysed with Proteome Discoverer (v.2.4, ThermoFisher Scientific) 

using Sequest HT as a search engine and performing re-calibration of precursor masses by 

the Spectrum RC-node. Fragment spectra were searched against the human reference 

proteome (‘one sequence per gene’, 20,531 sequences, version March 2020) and protein 

sequences for SARS (15 sequences, version March 2020) and CoV2 (14 sequences, version 

February 2020) downloaded from Uniprot in March 2020, as well as common contaminants 

as included in ‘contaminants.fasta’ provided with the MaxQuant software. Static 

modifications were TMT at the peptide N terminus and lysines as well as carbamidomethyl 

at cysteine residues, dynamic modifications were set as oxidation of methionine and 

acetylation at the protein N-terminus. Matched spectra were filtered with Percolator, 

applying a false discovery rate of 1% on peptide spectrum match and protein level. Reporter 

intensities were normalized to the total protein intensities in Proteome Discoverer, assuming 

equal sample loading and additionally by median normalization using the NormalyzerDE 

package65. Statistically significant changes between samples were determined in Perseus 

(v.1.6.6.0) and significant candidates were chosen having p-value ≤0.01 and log2(fold 

change) value minimum of ±0.5 (ref. 66).

Cell culture

Human CaCo-2 cells were obtained from the Deutsche Sammlung vonMikroorganismen und 

Zellkulturen. Cells were grown at 37 °C in Minimal Essential Medium (MEM) 

supplemented with 10% fetal bovine serum (FBS) and containing 100 IU ml-1 penicillin and 

100 μg ml-1 streptomycin. A549 and HeLa cells were obtained from ATCC (ATCC 

CCL-185 and ATCC CCL-2, respectively). All cell lines used tested negative for 

mycoplasma.
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Antibodies

We used the following antibodies and dilutions for this study: ubiquitin (catalogue (cat.) no. 

3936S, Cell Signaling Technology; 1:20:00), ISG15 (cat. no. HPA004627, Sigma Aldrich/

Merck; 1:1,000), GAPDH (cat. no. 2118, Cell Signaling Technology; 1:2,000), GFP trap 

beads (cat no. gta-100, ChromoTek), GFP (cat. no. sc-9996, Santa Cruz Biotechnology; 

1:2,000), IRF3 (cat. no. 4302, Cell Signaling Technology; 1:2,000), phospho-IRF3(Ser396) 

(cat. no. 4947, Cell Signaling Technology; 1:1,000), IκBα (cat. no. 4812, Cell Signaling 

Technology; 1:2,000), phospho-IκBα(Ser32/36) (cat. no. 9246, Cell Signaling Technology; 

1:1,000), TBK1 (cat. no. 3013, Cell Signaling Technology; 1:2,000), pTBK1 (cat. no. 

3300-1 Epitomics; 1:1,000), NF-κB p65 (cat. no. 8008, Santa Cruz Biotechnology; 1:2,000), 

lamin B1 (cat. no. sc-373918, Santa Cruz Biotechnology; 1:2,000).

Virus preparation

SARS-CoV-2 strain FFM1 (accession no. MT358638)67 was isolated from travellers 

returning from Wuhan (China) to Frankfurt (Germany) using CaCo-2 cells. SARS-CoV-2 

FFM1 stocks used in the experiments had undergone one passage on CaCo-2 cells, as 

described previously25. Virus titres were determined as TCID50 per ml in confluent cells in 

96-well microtitre plates.

Antiviral and cytotoxicity assays

Confluent layers of CaCo-2 cells in 96-well plates were infected with SARS-CoV–2 FFM1 

at a MOI of 0.01. Virus was added simultaneously with GRL-0617 and incubated in MEM 

supplemented with 1% FBS with different drug dilutions. CPE was assessed visually 48 h 

after infection. To assess effects of GRL-0617 on CaCo-2 cell viability, confluent cell layers 

were treated with different drug concentration. Cell viability was determined by MTT assay, 

modified after Mosman68, as previously described69. Data for each condition were collected 

for at least three biological replicates.

Luciferase activity assay

To analyse the induction of IFN-β induced genes, a luciferase reporter assay was used in 

A549 cells. In brief, an expression construct containing the luciferase ORF and the IFN-β 
promoter (IFN-β-luciferase) was co-transfected with either a GFP control plasmid or the 

designated PLpro plasmid. For all transfections, 100 ng of luciferase plasmid, 400 ng of 

PLpro or GFP vector was used in each well of a 12-well plate All transfections were 

performed in triplicate and the average of three experiments is shown in figures. Twenty-

four hours after transfection, cells were treated with 500 ng poly(I:C) for 18 h or 50 ng ml-1 

of TNF for 30 min. Luciferase expression was measured using the Luciferase Reporter 

Assay System (Promega). Fold change was calculated by taking vector treated with 

poly(I:C) or TNF as 1.

Immunofluorescence and confocal imaging

HeLa cells expressing GFP-tagged PLpro was treated with TNF (50 ng ml-1) for 45 min. 

Cells were fixed with paraformaldehyde, blocked in 5% serum and immunostained overnight 

at 4 °C with antibody against p65. Confocal imaging was performed using the Zeiss 
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LSM780 microscope system. An Ar ion laser (for excitation of GFP at 488 nm), a He-Ne 

laser (for excitation of Alexa Fluor 546 nm) were used with a 63× 1.4 NA oil-immersion 

objective. Images were analysed in FIJI to determine colocalization between DAPI and 

immunostained p65. Results are indicative of 50 cells taken from 3 independent 

experiments; error bars indicate standard deviation.

Nuclear fractionation

A549 cells from a confluent 60-mm dish were transiently transfected with GFP-tagged 

PLPro followed by treatment with IFN-α (200 ml-1, 36 h). Cells were lysed in hypotonic 

buffer (10 mM HEPES (pH 7.4), 2 mM MgCl2, 25 mM KCl, 1 mM DTT, 1 mM PMSF, and 

protease inhibitor cocktail), kept on ice for 30 min followed by syringe lysis, and 2 M 

sucrose solution was added dropwise, followed by centrifugation at 1,000g for 15 min. The 

supernatant was saved as the cytosolic fraction. The pellet was washed twice in wash buffer 

(10 mM HEPES (pH 7.4), 2 mM MgCl2, 25 mM KCl, 250 mM sucrose, 1 mM DTT, 1 mM 

PMSF, and protease inhibitor cocktail) and saved as the nuclear fraction.

Quantification of viral and cellular RNA

SARS-CoV-2 RNA from cell culture supernatant samples was isolated using ACL buffer and 

the QIAamp 96 Virus kit (Qiagen) according to the manufacturer’s instructions. RNA was 

subjected to OneStep quantitative PCR with reverse transcription (RT–qPCR) analysis using 

the LightCycler Multiplex RNA Virus Master kit (Roche). Intracellular RNA was isolated 

using RLT buffer and the RNeasy 96 HT Kit according to the manufacturer’s instructions. 

PCR was performed on a CFX96 Real-Time System, C1000 Touch Thermal Cycler. Primers 

and probe were adapted from the WHO protocol70 targeting the open reading frame of 

RNA-dependent RNA polymerase (RdRP) of both SARS-CoV-2: RdRP_SARSr-F2 

(GTGARATGGTCATGTGTGGCGG) and RdRP_SARSr-R1 

(CARATGTTAAASACACTATTAGCATA) primers were used at a final concentration of 0.4 

μM and RdRP_SARSr_P2 probe (6-Fam CAG-GTGGAACCTCATCAGGAGATGC BBQ1) 

was used at 0.2 μM. Primers for ACTB (fwd: CATCGAGCACGGCATCGTCA; rev: 

TAGCACAGCCT GGATAGCAAC)71, ISG15 (fwd: GAGAGGCAGCGAACTCATCT; rev: 

AGGGAC ACCTGGAATTCGTT)72 IL6 (fwd: GCAGAAAAAGGCAAAGAATC; rev: 

CTACATTTGCCGAAGAGC), IL8 (fwd: GTTTTTGAAGAGGGCTGAG; rev: 

TTTGCTTGAAGTTTCACTGG) and 18S rRNA (fwd: AGAAACGGC TACCACATCCA ; 

rev: CACCAGACTTGCCCTCCA) were used for SYBR green-based detection of cellular 

genes in a final concentration of 0.4 μM per reaction. For each condition, three biological 

replicates were used. Mean and s.d. were calculated for each group. For interferon-

responsive genes, the following primers were used. MX1 (fwd: 

TTTTCAAGAAGGAGGCCAGCAA; rev: TCAGGAACTTCCGCTTGT CG), OAS1 (fwd: 

TGGCCTTCTATGCCCTCTATCC; rev: TCCCATCAGGTGC ACAGAAGA) and PKR 
(fwd: GGAACTTTGCGATACATGAGCC; rev: CGTCCC GTAGGTCAGTGAAAAA). 

SARS-CoV-2 subgenomic RNA4 encoding E gene, which is processed during discontinuous 

transcription in productively infected cells73, was quantified using primer pairs (fwd: 

AACGTACCTGTCTCTTCCGA; rev: CCAACCAACTTTCGATCTCTTGT) spanning a 

junction of the SARS-CoV-2 subgenomic RNAs and used as a measure of viral activity.
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Extended Data

Extended Data Fig. 1. Biochemical properties of SCoV2-PLpro.
a, Sequence similarity of PLpro from SARS, MERS and SARS-CoV-2. b, IFN-α-treated 

HeLa cell lysates were incubated with PLpro for indicated time points and analysed by 

immunoblot c, Propargylamide-activity based probes of ubiquitin like modifiers were 

reacted with (left) SCoV-PLpro (right) PLproCoV2. d, ISG15-Prg were incubated with 

SCoV-PLpro (left) or SCoV2-PLpro (right) with increasing amount of non-hydrolysable 
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K48-Ub2. e, Initial AMC release rate from ISG15-AMC. Purified SCoV-PLpro and SCoV2-

PLpro were incubated with ISG15-AMC and indicated amounts of K48-Ub2. The release of 

AMC was measured by increase of fluorescence at (Ex./Em. 360/487 nm). f, Purified 

mUSP18 (left) and SCoV2-PLpro (right) were incubated with ISG15-propargylamide 

activity-based probes for indicated time points. g, Catalytic efficiency (k cat/K m) of 

mUSP18 and SCoV2-PLpro on ISG15-AMC cleavage. h, Sequence alignment of PLpro 

cleavage site of Nsp1/2, Nsp2/3, Nsp3/4 from SARS-CoV2 and human ubiquitin like 

modifiers. i, Hyper-NEDDylated CUL1-RBX1 was incubated with purified PLpro proteins 

for indicated time points at 37 °C. Reactions were performed side-by-side by with well-

characterized deneddylating enzymes (DEN1 with broad specificity or COP9 Signallosome 

CSN specific for NEDD8 linked directly to a cullin), or the broad specificity 

deubiquitinating enzyme USP2 as controls. Data in e, g are presented as mean ± s.d. (n = 3, 

independent experiments). **P < 0.01, ***P < 0.001, ****P < 0.0001; two-tailed paired t-
tests. Experiments in b–d, f, i were repeated three times independently with similar results.
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Extended Data Fig. 2. Complex structure of SCoV2-PLpro with mouseISG15.
a, Structural comparison of mouseISG15:SCoV2-PLpro with humanISG15: MERS-PLpro 

(PDB: 6BI816) and sequence alignment of human and mouse ISG15. b, Activity test of wild 

type or catalytically inactive mutant (C111S) of SCoV-PLpro and SCoV2-PLpro. ISG15 

Propargyl-activity based probes were mixed with indicated PLpro proteins. Experiments 

were repeated three times independently with similar results. c, Structural comparison of C-

terminal domain of ISG15 in complex with SCoV2-PLpro and SCoV-PLpro (PDB: 5TL717). 

d, Snapshots from molecular dynamics simulations of SCoV2-PLpro (light pink cartoon) 
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with (left) K48-Ub2 at 340 ns and (right) mISG15 at 3.2 μs. Key residues in the interface are 

highlighted. e, Backbone r.m.s.d. of the N-terminal domain of mISG15 (green) and of the 

distal ubiquitin in K48-Ub2 in an apo-like model (orange, model 1, SCoV2-PLpro 

coordinates from substrate unbound form, PDB: 6W9C) and in an mISG15-like model 

(yellow, model 2, SCoV2-PLpro coordinates from substrate bound form, PDB: 6YVA) from 

their respective SCoV2-PLpro-bound starting structures as function of time. The r.m.s.d. was 

calculated after superimposing the helix backbone atoms of SCoV2-PLpro. Time points for 

structural snapshots in e) are marked with a cross. f, Minimum heavy atom distance between 

F70 (SARS) and I44(Ub) in wild type and double mutant (S67V/L76T) of SCoV-

PLpro:K48-Ub2 as function of time. g, Water mediated dissociation pathway. Left, initial 

hydrophobic interactions between F69(CoV2), T75(CoV2) and I44(Ub). Middle, water 

wedges in between T75(CoV2) and I44(Ub). Right, water penetration between 

T75(CoV2)/F69 (CoV2) and I44(Ub) leads to dissociation.
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Extended Data Fig. 3. Sequence alignment of papain like protease domain from corona viruses.
The amino acid sequences of papain-like protease domain from eight different coronaviruses 

(SARS-CoV-2, SARS, MERS, humanCoV-OC43, humanCoV-229E, humanCoV-NL63, 

murine HepatitisV, bovine CoV) were aligned with Clustal Omega. Accession numbers: 

SARS-CoV-2 (NC_045512), SARS (PDB: 3MJ5), MERS (PDB: 5W8U), hCoV-OC43 

(AY585228), hCoV-229E (X69721), hCoV-NL63 (NC_005831), murine HepatitisV 

(NC_001846), bCoV (NC_003045).
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Extended Data Fig. 4. Structural analysis of GRL-0167, SCoV2-PLpro complex.
a, Structural model of GRL-0617 bound SCoV2-PLpro. The conformation of Tyr268 on 

SCoV2-PLpro and the coordinates of GRL-0617 is obtained from the SCoV-

PLpro:GRL-0617 structure (PDB: 3E9S18) b, Snapshots of SCoV-PLpro (light cyan) and 

SCoV2-PLpro (light pink) with bound GRL-0617 (dark colours) after 1 μs of molecular 

dynamics simulation. The protein backbones are shown in cartoon representation, and the 

ligand with contacting residues as sticks. c, r.m.s.d. of the GRL-0617 bound to SCoV-PLpro 

(light blue) and SCoV2-PLpro (light pink) as a function of time. The r.m.s.d. was calculated 
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for non-hydrogen atoms of GRL-0617 with respect to the starting structures in the MD 

simulations after superimposing the helix backbone atoms of PLpro. d, In vitro PLpro 

inhibition assay. Initial velocity of AMC release from ubiquitin-AMC in different 

concentration of GRL-0617 was measured and normalized to DMSO control. IC50 value of 

GRL-0617 to SCoV-PLpro and SCoV2-PLpro were presented. Data are presented as mean ± 

s.d. (n = 3, independent experiments). e, In vitro PLpro inhibition assay. Initial velocity of 

AMC release from ISG15-AMC in different concentration of GRL-0617 was measured and 

normalized to DMSO control. IC50 value of GRL-0617 to SCoV-PLpro were presented. 

Data are presented as mean ± s.d. (n = 3, independent experiments). f, Effects of GRL-0617 

on (left) deISGylase or (right) deubiquitinase activity of PLpro of SARS and SARS-CoV-2. 

g, Effects of GRL-0617 on SCoV-PLpro activity to (left) ubiquitin or (right) K48-Ub2 

propargyl activity-based probes. Inhibitory effect of GRL-0617 on ubiquitin species was 

tested with various concentration of GRL-0617 (0-400 μM). h, Effects of GRL-0617 on 

SCoV2-PLpro activity to (left) ISG15-Cterm or (right) ISG15 propargylamide activity-based 

probes. Inhibitory effect of GRL-0617 on ISG15 was tested with various concentration of 

GRL-0617 (0-400 μM). Experiments in f–h were repeated three times independently with 

similar results.
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Extended Data Fig. 5. Physiological roles of PLpro in cells.
a, b, Effect of SERPIN B3 on PLpro mediated IFN-β (a) or NF-κB p65 (b) expression level. 

A549 Cells were co-transfected with indicated GFP-PLpro and Myc-SERPINs and treated 

with either poly(I:C) or TNF-α to induce IFN-β and NF-κB p65 expression, respectively. 

Fold changes of luciferase level are presented. c, Effect of PLpro on IFN-induced cellular 

ISGylation. A549 cells were transfected with indicated PLpro plasmids and treated with 

IFN-α. Lysates were analysed by immune-blotting with indicated antibodies. d, e, Effect of 

PLpro on IFN-signalling pathway. d, A549 cells were transfected with indicated PLpro 
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plasmids and treated with IFN-α. Lysates were analysed by immune-blotting with indicated 

antibodies. e, Effect of PLpro on cellular localization of IRF3. Cells from d were 

fractionated into cytosol and nucleus and the level of IRF3 was analysed. Lamin B1 was 

used for nuclear fraction control. f, Effect of PLpro on the NF-κB pathway. IκB-α 
phosphorylation and degradation were examined from A549 cells expressing indicated GFP-

PLpro under treatment of TNF-α. g, in vitro IκBα deubiquitylation assay. Ubiquitinated 

IκBα were incubated with SCoV-PLpro or SCoV2-PLpro. USP2 were used as positive 

control. h, Effect of PLpro on NF-κB p65 cellular localization. Scale bar, 10 μm. Data in a, 

b, h are presented as mean ± s.d. (n = 3, independent experiments). *P < 0.05, **P < 0.01; 

two-tailed paired t-tests. Experiments in c–h were repeated three times independently with 

similar results. e, Effect of PLpro on the NF-κB pathway. IκB-α phosphorylation and 

degradation were examined from A549 cells expressing indicated GFP-PLpro under 

treatment of TNF-α.

Extended Data Fig. 6. Effect of PLpro on IFN-β or NF-κB p65 expression level.
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a, b, Effect of PLpro on IFN-β (a) or NF-κB p65 (b) expression level. A549 Cells were 

transfected with indicated GFP-PLpro and treated with either poly(I:C) or TNF-α to induce 

IFN-β and NF-κB p65 expression, respectively. c, d, Effect of GRL-0617 on PLpro 

mediated IFN-β (c) or NF-κB p65 (d) expression level. A549 Cells were transfected with 

indicated GFP-PLpro and treated with either poly (I:C) or TNF-α to induce IFN-β and NF-

κB p65 expression, respectively. GRL-0617 is treated as indicated. All data are presented as 

mean ± s.d. (n = 3, independent experiments). *P < 0.05, **P < 0.01, ***P < 0.001; two-

tailed paired t-tests.
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Extended Data Fig. 7. Inhibitory effects of GRL-0617 on SARS-CoV2 infection.
a, Intracellular virus production was analysed by PCR targeting SARS-CoV-2 RdRP mRNA. 

Relative expression level of SARS-CoV2-2 genomic RNA was normalized to cellular 

GAPDH level. b, Intracellular RNA was isolated from cells without infection or cells 

infected with SARS-CoV-2 with or without treatment of GRL-0617. Relative mRNA-level 

fold change of indicated genes were analysed in a qRT–PCR analysis and normalized to 

ACTB levels. Data in a, b are presented as mean ± s.d. (n = 3, independent experiments). *P 
< 0.05, **P < 0.01; two-tailed paired t-tests. c, Schematic representation of the role of 
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SARS-CoV-2 PLpro in the viral life cycle. The physiological role of SCoV2-PLpro in both 

host-immune response and polypeptide processing is shown. Inhibition of PLpro by 

GRL-0617 is also presented.

Extended Data Table 1
Data collection and refinement statistics (molecular 
replacement)

SCoV2-PLpro (CUIS): mISG15 (PDB: 6YVA)

Data collection

Space group P 62 2 2

Cell dimensions

 a, b, c (Å) 157.047, 157.047, 83.633

  α, β, γ (°) 90, 90, 120

Resolution (Å) 45.34-3.185 (3.298-3.185)
†

Rsym or Rmerge 0.05751 (0.5689)

I/σI 8.58(1.19)

Completeness (%) 99.61 (97.77)

Redundancy 2.0 (2.0)

Refinement

Resolution (Â) 45.34-3.185(3.298-3.185)†

No. reflections 10590(1008)

R work / R free 0.2496 /0.2902

No. atoms 3407

  Protein 3383

  Ligand/ion 1

  Water 23

B-factors 87.60

  Protein 87.72

  Ligand/ion 167.02

  Water 66.67

R.m.s. deviations

  Bond lengths (Å) 0.004

  Bond angles (°) 0.65

Statistics for data collection and refinement are presented.
*
A single crystal was used for data collection and structure determination.

†
Values in parentheses are for highest-resolution shell.

Extended Data Table 2
Kinetic parameters on AMC substrates

Kinetic Parameter Triazole-linked K48-Ub2-AMC ISG15-AMC

SARS-CoV-2

Apparent kcat/KM [M-1s-1] 2.41 ± 0.94 (E+05) 5.21 ±0.36 (E+05)

PLpro
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Kinetic Parameter Triazole-linked K48-Ub2-AMC ISG15-AMC

kcat[S-1] 14.75 ±3.28 4.43 ±0.13

KM [μM] 61.23 ±19.76 8.50 ±0.54

Michaelis-Menten curve fit (R2) 0.9914 0.9987

SARS

Apparent kcat/KM [M-1s-1] 13.94 ±3.50 (E+05) 5.31 ±0.56 (E+05)

PLpro

kcat[S-1] 62.9 ± 8.45 11.89 + 0.75

KM [μM] 45.13 ±9.57 22.41 ±1.89

Michaelis-Menten curve fit (R2) 0.9911 0.9997

  mUSP18 Apparent kcat/KM [M-1s-1] 0.68 ± 0.07 (E+05)

kcat[S-1] N.D. 0.06 ± 0.002

KM [μM] 0.89 ± 0.093

Michaelis-Menten curve fit (R2) 0.9895

Kinetic parameters for SCoV-PLpro, SCoV2-PLpro and murineUSP18 to triazole-linked K48-Ub2-AMC or ISG15-AMC 
are presented. Values are presented as mean ± s.d. (n = 3, independent experiments).

Extended Data Table 3
Binding kinetics of PLpro to K48-Ub2 or ISG15

kon ± S.E.M
a

koff S.E.M
a

kd ± S.E.M
a

R2b

(102M-1s-1) (10-1 s-1) (μM)

CoV2 Triazole linked K48-Ub2 158 ±8.00 4.30 ±0.11 27.28 ±1.55 0.99

PLpro HumanISG15 1530 ±52.4 2.15 ±0.06 1.41 ±0.06 0.99

MouseISG15 122 ±4.48 0.20 ± 0.02 1.64 ±0.17 0.97

SARS PLpro Triazole linked K48-Ub2 820 ±32.1 0.81 ±0.02 0.99 ± 0.04 0.98

HumanISG15 88.8 ±14.5 0.76 ± 0.06 8.60 ±1.56 0.98

MouseISG15 24.7 ± 0.75 0.23 ± 0.01 9.34 ±0.41 0.98

Binding kinetic parameters for SCoV-PLpro, SCoV2-PLpro to triazole-linked K48-Ub2, humanISG15 or mouseISG15 are 
presented. Values are presented as mean ± s.e.m. (n = 3, independent experiments).
a
s.e.m.

b
 R 2, goodness of the curve fit between experimental data and mathematical 1:1 binding curve

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Data availability

The atomic coordinates of PLpro–mouse ISG15 have been deposited in the PDB with 

accession code 6YVA. The mass spectrometry data have been deposited to the 

ProteomeXchange Consortium74 via the PRIDE partner repository75 with the data set 

identifier PXD018983. The papain-like protease domain sequence was obtained from the 

SARS-CoV-2 complete genome (NCBI nucleotide, severe acute respiratory syndrome 

coronavirus 2 isolate Wuhan-Hu-1, complete genome; NC_045512). Protein sequence for 

SCoV2-PLpro Ubl domain (amino acids, 746–1060) of Nsp3 protein from SARS-CoV-2 

(Nsp3; YP_009725299.1). Full gel images are shown in Supplementary Fig. 1. Any other 

relevant data are available from the corresponding authors upon reasonable request. Source 

data are provided with this paper.
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Fig. 1. DeISGylating and deubiquitylating activities of SCoV-PLpro and SCoV2-PLpro.
a, SCoV-PLpro (left) or SCoV2-PLpro (right) were incubated with indicated Prg probes. 

Experiments were repeated three times independently with similar results. b, Catalytic 

efficiency (k cat/K m) of SCoV2-PLpro and SCoV-PLpro cleavage of K48-Ub2-AMC or 

ISG15-AMC. c, Dissociation constant (K d) of SCoV2-PLpro and SCoV-PLpro. Data in c, d, 

are mean ± s.d. or mean ± s.e.m. (n = 3 independent experiments). *P < 0.05, **P < 0.01, 

****P < 0.0001; two-tailed paired t-test. d, Schematic representation of substrate specificity 

of SCoV2-PLpro (red) and SCoV-PLpro (blue). The preferred substrate is shown on the left.
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Fig. 2. Structural analysis of SARS-CoV-2 PLpro in complex with full length ISG15.
a, Crystal structure of SARS-CoV-2 PLpro(C111S) in complex with mouse ISG15. The C-

terminal glycine of ISG15 and catalytic triad of SCoV2-PLpro are highlighted as stick 

model. The ubiquitin like domain (Ubl) is coloured orange. b, Comparison of unbound form 

of ISG15 with ISG15 in complex with SCoV2-PLpro. c, Comparison of N-terminal half of 

K48-linked di-ubiquitin (K48 Ub2-N)–SCoV-PLpro complex structure (PDB ID: 5E6J) with 

ISG15–SCoV2-PLpro. Residues forming hydrophobic interactions are highlighted as stick 

model. d, Initial velocity (V i) of AMC release from AMC probes (K48-Ub2–AMC and 
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ISG15–AMC) with the indicated wild-type (WT) and mutant PLpro. Data are mean ± s.d. (n 
= 3 independent experiments). **P < 0.01; two-tailed paired t-test. e, Comparison of N-

terminal half of mouse ISG15 (ISG15-N) and SCoV2-PLpro and SCoV-PLpro (PDB 

ID:5E6J). Residues forming hydrophobic interactions are highlighted as stick model. f, 
ISG15–Prg was incubated with wild type and mutant SCoV2-PLpro. Experiments were 

repeated three times independently with similar results.
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Fig. 3. Effect of GRL-0617 on SCoV2-PLpro.
a, Structure of GRL-0617. b, Comparison of ISG15-bound (left) and GRL-0617 bound 

(right) structure. Blocking loop 2 (BL2 loop) of SCoV2-PLpro is modelled on the basis of 

GRL-0617 bound SCoV-PLpro and SCoV2-PLpro structures (PDB ID: 3E9S18 and 6W9C). 

GRL-0617-interacting Tyr268 and catalytic Cys. His residues are highlighted as stick model. 

c, Cleavage of ISG15–AMC was measured and normalized to DMSO control. IC50 value of 

GRL-0617 in relation to SCoV2-PLpro activity is presented. Data are mean ± s.d. n = 3 

independent experiments.
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Fig. 4. Effect on PLpros on IFN and NF-κB pathways.
a, Interactome analysis comparing SCoV2-PLpro(C111S) and SCoV-PLpro(C111S). 

Statistically significant and immunity-related proteins are highlighted. b, log2(fold change) 

of ubiquitin and ISG15 proteins enriched by SCoV2-PLpro or SCoV-PLpro 

immunoprecipitates versus empty vector. Data are mean ± s.d. (n = 3, independent 

experiments). c, ISGylated proteins were enriched from A549 cells treated with IFN-α (200 

U ml-1) by immunoprcipitation of the indicated C111S mutant PLPro. d, ISGylation level of 

Myc–IRF3 in A549 cells expressing the indicated GFP–PLpro. Experiments in c, d, were 

repeated three times independently with similar results.
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Fig. 5. Inhibitory effects of GRL-0617 on SARS-CoV2.
a, Schematic representation of the SARS-CoV-2 (strain FFM1) growth inhibition test with 

GRL-0617. MOI, multiplicity of infection. b, CPE inhibition rate of GRL-0617 on CaCo-2 

cells infected with SARS-CoV2. c, Intracellular active virus replication was analysed by 

measuring SARS-CoV-2 subgenomic RNA (subgRNA E) level and normalized to the 

cellular ACTB gene. d, Release of viral particles in culture medium was analysed by PCR 

targeting the open reading frame of the RNA-dependent RNA polymerase (RdRP) gene of 

SARS-CoV-2. e, f, The effect of GRL-0617 on the type I IFN pathway. CaCo-2 cells were 

infected with SARS-CoV-2 or SARS-CoV with or without GRL-0617 (50 μM). pTBK1, 

phosphorylated TBK1; pIRF3, phosphorylated IRF3; pNF-κB p65, phosphorylated pNF-κB 

p65. e, Endogenous IRF3 was immunoprecipitated and analysed by immunoblotting. f, 
Phosphorylation of TBK1 was analysed by immunoblotting. g, Relative mRNA levels of 

indicated genes from infected cells with or without GRL-0617 (25 μM) treatment were 

analysed and normalized to 18S RNA. P values in parentheses. Data in c, d, g, are mean ± 

s.d.; n = 3 independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001; 
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two-tailed paired t-test. Experiments in e, f, were repeated three times independently with 

similar results.
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