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Title: Viral polypeptide inhibitors

FIELD OF THE INVENTION

The disclosure provides polypeptide inhibitors of viral proteins, useful in the

treatment and prevention of viral infection. The viral inhibitors are particularly

useful for treating Middle East respiratory syndrome coronaviral (MERS-CoV)

infection, Crimean-Congo hemorrhagic fever viral infection, or the symptoms of

infection.

BACKGROUND OF THE INVENTION

Emerging viruses pose a tremendous challenge to both human and animal health.

While vaccine-based approaches are desirable in terms of infection prevention in the

longer term, alternative antiviral strategies are needed, especially when providing

treatment options for infected patients during acute outbreaks.

Various strategies for treating and preventing viral infection have been developed.

One approach has been to strengthen the host's immune system against viral

infection. Another has been to target the specific virus itself. For example, virally

encoded enzymes have been used as putative targets. For some viruses, viral

proteases are essential for viral replication and various protease inhibitors have been

developed.

However, effective viral protease inhibitors are lacking for many viral infections. The

recent Middle East respiratory syndrome coronavirus (MERS-CoV), Ebola and Zika

virus outbreaks exemplify the continued threat of (re-)emerging viruses to human

health, and our inability to rapidly develop effective therapeutic countermeasures. In

some cases the development of such inhibitors is hampered by the structural

similarity between potential viral targets and the corresponding host targets. This

leads to potential toxicity issues. Highly specific inhibitors are thus in need.



One object of the invention is to provide viral inhibitors with high specificity for their

respective target. A further object of the invention is to provide viral inhibitors with

low toxicity.

SUMMARY OF THE INVENTION

One aspect of the invention provides an inhibitor comprising a beta-grasp fold,

wherein said fold comprises region 1 (amino acids 2-14), region 2 (amino acids 42-49),

and region 3 (amino acids 62-76) of the amino acid sequence set forth in SEQ ID

NO:l, wherein the inhibitor comprises one or more amino acid mutations in said

regions as compared to the amino acid sequence set forth in SEQ ID NO:l, and

wherein said substitutions include an amino acid substitution of A to F at the amino

acid position corresponding to 46 of SEQ ID NO: 1 and/or an amino acid substitution

of E to Y at the amino acid position corresponding to 64 of SEQ ID NO: 1.

Preferably, wherein the inhibitor has an amino acid substitution of A to F at the

amino acid position corresponding to 46 of SEQ ID NO: 1 and an amino acid

substitution of E to Y at the amino acid position corresponding to 64 of SEQ ID NO: 1.

Preferably, wherein the inhibitor has an amino acid substitution of V to I at the

amino acid position corresponding to 70 of SEQ ID NO: 1. Preferably, wherein a)

region 1 has an amino acid sequence corresponding to amino acids 2-14 of SEQ ID

NO: 2, SEQ ID NO: 3, SEQ ID NO: 4, or SEQ ID NO: 5 ; b) region 2 has an ammo

acid sequence corresponding to amino acids 42-49 of SEQ ID NO: 2, SEQ ID NO: 3,

SEQ ID NO: 4, or SEQ ID NO: 5; and/or c) region 3 has an amino acid sequence

corresponding to amino acids 62-78 of SEQ ID NO: 2, SEQ ID NO: 3, SEQ ID NO: 4,

or SEQ ID NO: 5. Preferably, a) wherein region 1 has an amino acid sequence

corresponding to amino acids 2-14 of SEQ ID NO: 2, SEQ ID NO: 3, SEQ ID NO: 4,

SEQ ID NO: 5; SEQ ID NO: 12, or SEQ ID NO: 14;

b) wherein region 2 has an amino acid sequence corresponding to amino acids 42-49 of

SEQ ID NO: 2, SEQ ID NO: 3, SEQ ID NO: 4, SEQ ID NO: 5, or SEQ ID NO: 13;

and/or

c) wherein region 3 has an amino acid sequence corresponding to amino acids 62-78 of

SEQ ID NO: 2, SEQ ID NO: 3, SEQ ID NO: 4, SEQ ID NO: 5, SEQ ID NO: 13, or

SEQ ID NO: 15. Preferably, wherein region 1 is linked to region 2 by a polypeptide

comprising amino acids 15-41 of SEQ ID NO: 1 or having at least 80% identity to



amino acids 15-41 of SEQ ID NO: 1 and where in region 2 is linked to region 3 by a

polypeptide comprising amino acids 50-61 of SEQ ID NO: 1 or having at least 80%

identity to amino acids 50-61 of SEQ ID NO: 1. Preferably, wherein the inhibitor

comprises an amino acid sequence selected from SEQ ID NO: 2, SEQ ID NO: 3, SEQ

ID NO: 4, and SEQ ID NO: 5. It is clear from the sequences disclosed herein that SEQ

ID Nos: 12, 13, and 15 share the same amino acids at positions 2-14; SEQ ID Nos:5,

12, 14, and 15 share the same amino acids at positions 42-49; and SEQ ID Nos: 5, 12,

and 14 share the same amino acids at positions 62-78. The invention further provides

nucleic acid molecules encoding the inhibitor as well as recombinant expression vector

expressing said nucleic acid molecules. The invention further provides cell lines, non-

human cells and non-human organisms comprising said inhibitors, said nucleic acid

molecules, or said recombinant expression vectors. The invention further provides

pharmaceutical compositions comprising said inhibitors, said nucleic acid molecules,

or said recombinant expression vectors. The invention further provides the use of said

inhibitor or a nucleic acid molecule encoding said an inhibitor, or pharmaceutical

compositions thereof, for inhibiting the biological activity of a viral protein.

Preferably, the use is for inhibiting the proteolytic cleavage activity of a viral protein.

Preferably, the use if for inhibiting the polyprotein processing activity of a viral

protein. Preferably, the inhibitor inhibits the biological activity of MERS-CoV PLP10

domain. Preferably, the inhibitor or a nucleic acid molecule encoding said inhibitor is

provided for use in therapy. Preferably the use is for the treatment and/or prevention

of Middle East respiratory syndrome coronaviral (MERS-CoV) infection and/or the

symptoms thereof.

One aspect of the invention provides an inhibitor comprising a beta-grasp fold,

wherein said fold comprises region 1 (amino acids 2-14), region 2 (amino acids 42-49),

and region 3 (amino acids 62-76) of the amino acid sequence set forth in SEQ ID

NO:l, wherein the inhibitor comprises one or more amino acid mutations in said

regions as compared to the amino acid sequence set forth in SEQ ID NO:l, and

wherein said substitutions include an amino acid substitution of R to G at the amino

acid position corresponding to 74 of SEQ ID NO: 1. Preferably, a) wherein region 1

has an amino acid sequence corresponding to amino acids 2-14 of SEQ ID NO: 6, SEQ

ID NO: 7, SEQ ID NO: 8, SEQ ID NO: 9 , or SEQ ID NO: 10; b) wherein region 2 has



an amino acid sequence corresponding to amino acids 42-49 of SEQ ID NO: 6, SEQ ID

NO: 7, SEQ ID NO: 8, SEQ ID NO: 9, or SEQ ID NO: 10; and/or c) wherein region 3

has an amino acid sequence corresponding to amino acids 62-78 of SEQ ID NO: 6,

SEQ ID NO: 7, SEQ ID NO: 8, SEQ ID NO: 9, SEQ ID NO: 10 or SEQ ID NO: 16..

Preferably, wherein region 1 is linked to region 2 by a polypeptide comprising amino

acids 15-41 of SEQ ID NO: 1 or having at least 80% identity to amino acids 15-41 of

SEQ ID NO: 1 and where in region 2 is linked to region 3 by a polypeptide comprising

amino acids 50-61 of SEQ ID NO: 1 or having at least 80% identity to amino acids 50-

6 1 of SEQ ID NO: 1. Preferably, wherein the inhibitor comprises an amino acid

sequence selected from SEQ ID NO: 6, SEQ ID NO: 7, SEQ ID NO: 8, SEQ ID NO:

9, SEQ ID NO: 10 or SEQ ID NO: 16.The invention further provides nucleic acid

molecules encoding the inhibitor as well as recombinant expression vector expressing

said nucleic acid molecules. The invention further provides cell lines, non-human cells

and non-human organisms comprising said inhibitors, said nucleic acid molecules, or

said recombinant expression vectors. The invention further provides pharmaceutical

compositions comprising said inhibitors, said nucleic acid molecules, or said

recombinant expression vectors. The invention further provides the use of said

inhibitor or a nucleic acid molecule encoding said an inhibitor, or pharmaceutical

compositions thereof, for inhibiting the biological activity of a viral protein.

Preferably, the use is for inhibiting the proteolytic cleavage activity of a viral protein.

Preferably, the inhibitor inhibits the biological activity of CCHFV OTU domain.

Preferably, the inhibitor or a nucleic acid molecule encoding said inhibitor is provided

for use in therapy. Preferably the use is for the treatment and/or prevention of

Crimean-Congo hemorrhagic fever viral infection and/or the symptoms thereof.

One aspect of the invention provides methods for screening and identifying

polypeptides that inhibit viral proteins, preferably viral proteins that bind to or

interact with ubiquitin and/or ubiquitin-like proteins (i.e., viral ubiquitin binding

partners), said method comprising providing a library of polypeptides and screening

said library against a viral ubiquitin binding partner in order to identify inhibitors

that bind to said viral ubiquitin binding partner, wherein said polypeptide library

comprises at least 1000 different polypeptides, wherein each polypeptide comprises a

beta-grasp fold comprising region 1 (amino acids 2-14), region 2 (amino acids 42-49),



and region 3 (amino acids 62-76) of the amino acid sequence set forth in SEQ ID NO:l

and comprises at least one amino acid mutation in said regions as compared to the

amino acid sequence set forth in SEQ ID NO:l.

BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1. Inhibitors inhibit activity of MERS-CoV PLpro and CCHFV OTU in vitro.

(A) Sequences of inhibitors that bind MERS-CoV or CCHFV vDUBs. Only regions

subjected to diversification relative to Ub.wt in the phage-displayed library are

shown. Amino acids discussed in the text are highlighted. (B) The binding specificities

of phage-displayed inhibitors (y-axis) are shown across a group of 12 DUBs (x-axis), as

assessed by phage ELISA. Sub-saturating concentrations of phage were added to

immobilized proteins as indicated. Bound phages were detected by the addition of

anti-M13-HRP and colorimetric development of TMB peroxidase substrate. The mean

value of absorbance at 450 nm is shaded in a black-red-yellow gradient. (C) Inhibition

of MERS-CoV PLpro (solid lines) or CCHFV OTU (dashed lines) by the cognate

inhibitors shown as dose-response curves using Ub-AMC (left) or ISG15-AMC (right)

as a substrate. The IC50 value was determined as the concentration of inhibitor that

reduced proteolytic activity by 50% (Table 2). The wt Ub data obtained in the

delSGylation assay cannot be fitted by GraphPad Prism so no lines are shown. (D)

Effects of inhibitors on vDUB activity against K48/K63 tetra-Ub substrates. Purified

MERS-CoV PLpro (top panels) or CCHFV OTU (bottom panels) was incubated with

the indicated inhibitors or Ub.wt (negative control) and biotinylated tetra-Ub at 37°C

for a time course of 30 minutes. Western blots were probed with ExtrAvidin-HRP (EA-

HRP) to detect biotin-Ub. Inhibition of proteolysis was shown by a delay of

appearance of the digestion products tri-Ub (Ub3), di-Ub (Ub2) and mono-Ub (Ubl).

Figure 2 . Structural basis for inhibition of MERS-CoV PLpro. (A) Crystal structure of

the MERS-CoV PLpro-ME.4 complex (B) MERS-CoV PLpro-ME.2 complex and (C)

MERS-CoV PLpro-Ub.wt complex (PDB ID: 4RF0). PLpro domains are shown as

surface representations, and coloured in wheat, gray and chartreuse for the PLpro-

ME.4, -ME.2 and -Ub complexes, respectively. ME.4, ME.2 and Ub are shown as

tubes and coloured in marine, red and orange, respectively. (D) Close up of a

superposition of the MERS-CoV PLpro-ME.4, -ME.2 complexes (left panel) showing

detailed interactions between PLpro and residue He 70 of ME.4 or ME.2, and a



comparison (right panel) of the previously determined PLpro-Ub.wt complex and

homologous residue Val70. PLpro residues are shown as sticks and labeled with

asterisks in italics. (E) Close up of the MERS-CoV PLpro-ME.4 and -ME.2 complexes

(left panel) showing detailed interactions between PLpro and residue Phe46 of ME.4

or ME.2, and a comparison (right panel) PLpro-Ub.wt and homologous residue Ala46.

(F) Close up of the MERS-CoV PLpro-ME.4 and -ME.2 complexes (left panel) showing

detailed interactions between PLpro and residue Tyr64 of ME.4 or ME.2, and a

comparison (right panel) PLpro-Ub.wt and homologous residue Glu64. (G) Close up of

ME.4 residue Asn74 bound near the active site of PLpro. Hydrogen bonds are

represented by dashed black lines. (H) Close up of the C-terminus of Ub.wt covalently

bound in the active site of PLpro. (I) Close up of ME.2 residue Pro 74 bound near the

active site of PLpro. Figure generated using PyMOL [51].

Figure 3 . Structural basis for inhibition of CCHFV OTU. (A) Crystal structure of the

CCHFV OTU-CC.2 complex (B) CCHFV OTU-CC.4 complex and (C) CCHFV OTU-

Ub.wt complex (PDB ID: 3PT2). OTU domains are shown as surface representations,

and coloured in cyan, light cyan and slate for the OTU-CC.2, -CC.4 and -Ub.wt

complexes, respectively. CC.2, CC.4 and Ub.wt are shown as tubes and coloured in

yellow, magenta and orange, respectively. (D) Overlay of the CCHFV OTU-CC.2, CC.4

and -Ub.wt structures demonstrating interactions occurring between CC.2 or CC.4

residue Tyr68 and CCHFV OTU, compared to the homologous Ub.wt residue His68.

Inhibitor and Ub.wt residues are shown as sticks and labeled in regular font. CCHFV

OTU residues are shown as sticks and labeled in with asterisks in italics. (E) Detailed

interactions occurring between the C-terminus of CC.2 and CCHFV OTU. (F) Detailed

interactions occurring between the C-terminus of CC.4 and CCHFV OTU. (G) The C-

terminus of Ub.wt bound in the active site of CCHFV OTU. Figure generated using

PyMOL [51].

Figure 4 . Inhibition of proteolytic activity of MERS-CoV PLpro in cell culture and

affect MERS-CoV replication. (A) The effects of inhibitors on the DUB activity of

MERS-CoV PLpro was determined by co-transfecting HEK293T cells with plasmids

encoding HA-Ub, MERS-CoV PLpro-V5 (wild type or the active site mutant C1592A

annotated as "C" throughout the rest of the figure), FLAG-ME- inhibitor as indicated

(in increasing dose) and GFP (as a transfection control). Cells were lysed 18 hours

post transfection and expressed proteins were analyzed by western blotting. DUB



activity of MERS- CoV PLpro was visualized by the deconjugation of HA-Ub from

cellular proteins. (B) Assessment of the inhibitory effects of inhibitors on the

suppression of the IFN- β promoter by MERS-CoV PLpro. HEK293T cells were

transfected with plasmids encoding firefly luciferase reporter gene under control of

the IFN-β promoter, Renilla luciferase, innate immune response inducer

mitochondrial antiviral signaling protein (MAVS), MERS-CoV PLpro-V5 (wild type or

the active site mutant C) and FLAG-tagged inhibitors (in increasing dose). Cells were

lysed 16 hours post transfection and both firefly and Renilla luciferase activities were

measured. Shown results represent at least three independent experiments.

Significance relative to wild-type without expression of an inhibitor was calculated

using an unpaired two-tailed Student's t test and significant values were indicated: **

p < 0.01. Bars represent mean and error bars represent S.D. (C) Proteolytic cleavage

capability of MERS-CoV PLpro was assessed in the presence of the inhibitors. N-

terminally HA-tagged and C-terminally V5-tagged nsp3C-4 (excluding the PLpro

domain) was co-expressed with V5-tagged MERS-CoV PLpro-V5 (wild type or the

active site mutant C), FLAG-ME-inhibitor (with increasing doses) and GFP (as a

transfection control). Cells were lysed 18 hours post transfection and proteolytic

cleavage activity was assessed by western blotting to detect generation of N-terminal

HA-tagged nsp3C and C-terminal V5-tagged nsp4 cleavage products. (D) MERS-CoV

titers of collected supernatants from lentivirus transduced and, subsequently, MERS-

CoV infected MRC5 cells. MRC-5 cells were transduced with lentiviruses encoding

FLAG-inhibitors, FLAG-Ub.AA or GFP (latter two as controls) and, either 32 hours or

48 hours post-transduction, the cells were infected with MERS-CoV at a multiplicity

of infection of 0.01. After another 32 hours, culture supernatants were harvested and

MERS-CoV titers were determined by plaque assays on Vero cells. Significant

difference relative to MERS-CoV titers from lentivirus transduced MRC5 cells

expressing Ub.AA is indicated: * p < 0.05. Bars represent mean and error bars

represent S.D.

Figure 5 . Inhibitors bound with high affinity to MERS-CoV PLpro and CCHFV OTU.

(A) Binding curves of inhibitors to the cognate viral proteases (left panel: MERS-CoV

PLpro; right panel: CCHFV OTU), measured by ELISA. The half maximal binding

concentrations (EC50) of inhibitors to indicated vDUBs were determined by

established methods [2] and are listed in Table 2 . Viral proteases (1 µΜ) were



immobilized in microtiter plates. Serial dilutions of FLAG-tagged inhibitor or Ub (up

to 4 µΜ , 24 points) were added and incubated for 20 min at room temperature. Wells

were washed and bound Inh/Ub was detected by anti-FLAG-HRP conjugate antibody

and colorimetric development of TMB peroxidase substrate. The absorbance at 450

nm (y-axis) was plotted against Log (Inh/Ub concentration, nM) (x-axis). Data were

presented as the mean ± SD (N = 3). (B) Binding curves of wild type Ub (Ub.wt) to

MERS-CoV PLpro (left) and CCHFV OTU (right). Experiments were performed as

described in (A) except the concentration of Ub was increased (up to 10 mM, 24 serial

dilutions). Data were presented as the mean ± SD (N = 3).

Figure 6 . MERS-CoV PLpro and CCHFV OTU are inhibited by inhibitors in vitro. (A-

B) Inhibition of MERS-CoV PLpro (left) or CCHFV OTU (right) by the cognate

inhibitors shown as dose-response curves using Ub-AMC (A) or ISG15-AMC (B) as a

substrate. The IC50 values were determined as the concentrations of inhibitors that

reduced deubiquitination or delSGylation activity by 50% (Table 2). The wt Ub data

obtained in the delSGylation assay can not be fitted by GraphPad Prism so no lines

were shown.

Figure 7. MERS-CoV- and CCHFV-specific inhibitors bind their cognate DUBs in

comparable orientations to Ub.wt. (A) Superposition of the MERS-CoV PLpro-Ub.wt, -

ME.2 and -ME.4 complexes. PLpro is displayed as ribbons, and coloured in

chartreuse, gray and wheat in the PLpro-Ub.wt, -ME.2 and -ME.4 structures,

respectively. The Ub and inhibitor structures are displayed as tubes, and coloured in

orange, red and marine in the PLpro-Ub.wt, -ME.2 and -ME.4 structures,

respectively. (B) Superposition of the CCHFV OTU-Ub.wt, -CC.2 and CC.4 complexes.

CCHFV OTU is displayed as ribbons, and coloured in slate, cyan and pale cyan in the

CCHFV OTU-Ub.wt, -CC.2 and -CC.4 structures, respectively. The Ub and inhibitors

structures are displayed as tubes, and coloured in orange, yellow and magenta in the

CCHFV OTU-Ub.wt, -CC.2 and -CC.4 structures, respectively. Structures were

aligned within PyMOL [18].

Figure 8 . Comparison of the C-terminal regions of ME.2 and ME.4 in the active site of

MERS-CoV PLpro. (A) Superposition of the C-terminal regions of the MERS-CoV

PLpro-ME.2 and -ME. 4 structures. PLpro is coloured in gray and wheat in the

MERS-CoV PLpro-ME.2 and -ME.4 structures, and ME.2 and ME.4 are coloured in

red and marine, respectively. PLpro active site residues Hisl759 and Cysl592 are



shown as sticks, along with additional PLpro, ME.2 and ME.4 residues involved in

binding. (B) Close up of the C-terminus of ME.4 in the MERS-CoV PLpro ME.4

complex, with PLpro depicted in a surface representation. (C) Close up of the C-

terminus of ME.2 in the MERS-CoV PLpro ME.2 complex, with PLpro depicted in a

surface representation.

Figure 9 . Residues in the N-terminal β-hairpin of ME.4 and ME.2 are disordered. (A)

Cartoon representation of ME.4 (marine). Dashed line indicates missing residues 8-10

which were not resolved in the electron density maps. A 2Fo-Fc electron density map

is displayed as blue mesh and contoured at 1.0 RMSD. (B) Cartoon representation of

ME.2 (red). Dashed line indicates missing residues 7-10. Figure generated with

PyMOL [18].

Figure 10. Proteolytic activity of MERS-CoV PLpro is inhibited by inhibitors. (A)

Inhibition of MERS-CoV PLpro DUB activity by ME.l, ME.2 and ME.3 was

determined by expressing HA-Ub, MERS-CoV PLpro-V5 (wild type or the active site

mutant C1592A designated as C), FLAG-ME- inhibitor (500, 750 or 1000 ng of the

appropriate plasmid) and GFP (as a transfection control) in HEK293T cells. After

obtaining protein lysates the expressed proteins were separated on a SDS-PAGE gel,

blotted and visualized after antibody incubations. (B) Suppression of the IFN-β

promoter activity by MERS-CoV PLpro in the presence of inhibitors was assessed by

transfecting plasmids encoding firefly luciferase reporter gene under control of the

IFN-6 promoter, Renilla luciferase, MAVS, MERS-CoV PLpro-V5 (wild type or the

active site mutant C) and FLAG-tagged inhibitors (250, 500 or 750 ng). Firefly and

Renilla luciferase activities were measured 16 h post transfection and significance

relative to wild-type without expression of an inhibitor was calculated using an

unpaired two-tailed Student's t test. Significant values were indicated: ** p < 0.01.

Bars represent mean and error bars represent S.D (N=3). (C) Proteolytic cleavage

capability of MERS-CoV PLpro was assessed in the presence of the inhibitors. N-

terminally HA-tagged and C-terminally V5-tagged nsp3C-4 (a polyprotein fragment

excluding PLpro) was co-expressed with MERS-CoV PLpro-V5 (wild type or the active

site mutant C), FLAG-ME-inhibitors (at increasing concentrations) and GFP (as a

transfection control). Cells were lysed 18 h post-transfection and expressed proteins

were analyzed by Western blotting.



Figure 11. MERS-CoV-directed inhibitors do not inhibit the DUB activity of SARS-

CoV PLpro. (A) SARS-CoV PLpro's DUB activity in the presence of inhibitors was

determined by co-transfecting HEK293T cells with plasmids encoding HA-Ub, SARS-

CoV PLpro-V5 (wild type or the active site mutant C1651A designated as C), FLAG-

ME-inhibitor (1000 ng) and GFP (as a transfection control). 18 h post-transfection

cells were lysed and deconjugation of HA-tagged Ub by SARS-CoV PLpro was

visualized via Western blotting. (B) HEK293T cells were transfected with plasmids

encoding firefly luciferase reporter gene under control of the IFN-B promoter, Renilla

luciferase, MAVS, SARS-CoV PLpro-V5 (wild type or the active site mutant C ; 100 ng)

and FLAG-tagged inhibitors (750 ng). Cells were lysed 16 h post-transfection and both

firefly and Renilla luciferase activities were measured. Significance relative to wild-

type without expression of a inhibitor was measured using an unpaired two-tailed

Student's t test; significant values were indicated: ** p < 0.01. Bars represent mean

and error bars represent S.D (N=3).

Figure 12. Structural model of the SARS-CoV PLpro domain bound to the MERS-CoV

PLpro-specific ME.4 . (A) The SARS-CoV PLpro domain is shown as a cartoon

representation (yellow-orange). ME.4 and Ub.wt are shown in tubes (marine and

orange, respectively). The ME.4 structure determined herein was superposed over Ub

bound to the SARS-CoV PLpro domain (4M0W [19]) (B) Close-up of residue clashes

occurring between SARS-CoV PLpro and ME.4 . Residues are shown as spheres, with

SARS-CoV PLpro residues indicated with asterisks and in italics. SARS-CoV PLpro

residue M209 clashed with ME.4 residue 170, compared with Ub residue V70 (C). (D)

SARS-CoV PLpro residues E204 and V188 clash with ME.4 residues Q48 and V188,

respectively, compared to Ub.wt residues K48 and A46 (E). Figure generated in

PyMOL [18].

Figure 13. Analysis of lentivirus transduction of MRC5 and HuH-7 cells. (A, B)

Western blot analysis of transduced MRC5 and HuH-7 cells with lentiviruses

encoding GFP (A) or FLAG-ME.l (B) both 32 h and 48 h pt. As a control cells were

mock transduced (designated as M). Relative expression of GFP and FLAG-ME.l was

quantified and normalized to actin and expression levels in MRC5 cells 48 h pt were

set at 100%. (C) GFP transduced MRC5 and HuH-7 cells were fixed 32 h or 48 h pt

and nuclear DNA was stained using Hoechst. Images were taken using fixed exposure

times for both the GFP and Hoechst signal. (D) Immunofluorescence assay of FLAG-



ME.l-transduced MRC5 and HuH-7 cells that were fixed 32 h or 48 h pt. Cells were

labelled with a mouse monoclonal antibody recognizing FLAG followed by labelling

with a secondary Alexa488-conjugated goat anti-mouse antibody. Exposure times

were kept the same for each image.

Figure 14. Western blot analysis of MERS-CoV infection on transduced MRC5 cells

shows decreased viral protein production as a result of inhibitor expression. Upon

collection of supernatants after MERS-CoV infection of transduced MRC5 cells

protein lysates were obtained. Expression of two viral proteins was analyzed by

Western blotting, MERS-CoV nsp4 (using cross-reacting SARS-CoV nsp4 antiserum),

and MERS-CoV ORF4B. Lentivirus-induced expression of FLAG-inhibitors or GFP

was confirmed and actin was used as a loading control. Representative Western blots

are shown for transduced MRC5 cells that were infected with MERS-CoV at a

multiplicity of infection of 0.01 either 32 h pt (A, B) or 48 h pt (C, D).

Figure 15. Titers of MERS-CoV progeny decreased upon infection of HuH-7 cells

expressing inhibitors. (A) HuH-7 cells were transduced with lentiviruses encoding

FLAG-inhibitors or GFP (as control) respectively and 48 h pt these cells were infected

with MERS-CoV at a multiplicity of infection of 0.01. Culture supernatants were

collected 32 h post MERS-CoV infection and infectious progeny titers were determined

by plaque assays. (B) Lentivirus transduced and MERS-CoV infected HuH-7 cells

were 32 h post MERS-CoV infection lysed and expression of MERS-CoV nsp4, MERS-

CoV ORF4B as well as expression of FLAG-inhibitors or GFP was visualized via

Western blotting.

Figure 16. Exemplary beta-GF containing scaffold of the ubiquitin like superfamily.

Diagonal shading in 16A (slanting upwards to right) and 16B indicate the beta-GF.

16C depicts the location of region 1 (cross-hatching), region 2 (stippling), and region 3

(slanting downwards to right).

Figure 17. Titers of MERS-CoV progeny decreased upon infection of cells expressing

inhibitors. MRC5 cells were transduced with lentiviruses encoding FLAG-inhibitors or

GFP (as control) respectively and these cells were infected with MERS-CoV. Culture

supernatants were collected 32 h (A) or 48h (B) post MERS-CoV infection and

infectious progeny titers were determined by plaque assays. (C) . HuH-7 cells were

transduced with lentiviruses encoding FLAG-inhibitors or GFP (as control)

respectively and these cells were infected with MERS-CoV. Culture supernatants



were collected or 48h post MERS-CoV infection and infectious progeny titers were

determined by plaque assays.

Figure 18. A) Binding curves of inhibitors to MERS-CoV PLpro; right panel were

measured by ELISA. The half maximal binding concentrations (EC50) of inhibitors

were determined as described in Figure 5A and are listed in Table 3. (B-C) Inhibition

of MERS-CoV PLpro by inhibitors shown as dose-response curves using Ub-AMC (B)

or ISG15-AMC (C) as a substrate. The IC50 values were determined as the

concentrations of inhibitors that reduced deubiquitination or delSGylation activity by

50% (Table 3).

Figure 19. Overview of sequences of MERS-CoV-specific inhibitors. Changes

compared to inhibitors of Figure 1A are highlighted and critical amino acid residues

that are important for the strong binding to MERS-CoV PLpro are indicated at

positions 46, 64, and 74. ME. 1.1 and ME. 3.1 were generated to determine the role of

V70I on binding affinity. Region 1 of variant ME.4 was changed to region 1 of Ub WT

(ME.4 .2) or region 1 of ME.l (ME.4 .4) to determine if stability could be increased.

Figure 20. Variants ME.l and ME.3 are more thermostable than ME.2 and ME.4 .

DSC curves are shown for (A) Ub, (B) ME.2, (C) ME. 3, (D) ME.4 and (E) Ub. Tm

values are indicated.

Figure 21. Mutation RIOG stabilizes ME.4. Fluorescence melt curves are shown for

(A) ME.2, (B) ME.4 and (C) ME.4R10G. Assays were performed in triplicate, and

representative curves for each variant are reported, with the Tm and standard

deviations indicated.

Figure 22. The expression levels of the inhibitors were determined by transfecting

HEK293T cells with plasmids encoding FLAG-ME- Inh as indicated. Cells were lysed

18 hours post transfection and expressed proteins were analyzed on a Western blot.

Protein levels of ME.2, ME.4 and ME.4.1 were lower compared to ME.l, ME. 1.1, ME.3

and ME.3.1. Changing region 1 of ME.4 either to region 1 of Ub WT or region 1 of

ME.l results in higher protein levels (ME.4 .2, ME.4 .3 and ME4.4).

Figure 23. A. Relative FLAG-Inh protein levels were determined by quantification of

Western blots. Protein bands were quantified of least three independent experiments

and error bars indicate the standard error of the mean. ME.2, ME.4, ME.4.1 and

ME.4.5 have the lowest relative protein levels whereas ME.l, ME. 1.1, ME. 3, ME.3.1



as well as stabilized variants of ME.4 (ME.4.2, ME.4.3 and ME4.4) are higher

expressed.

B. Relative mRNA levels of inhibitors were determined by RT-qPCR. mRNA levels of

the inhibitors were normalized to the transfection efficiency (neomycin) and to the

normalization gene (actin). Error bars show the standard deviation. Although the

protein levels of ME.l, ME. 3, ME.4.2, ME.4.3 and ME4.4 are higher when compared

to ME.2 , ME.4, ME.4.1 their relative mRNA levels are lower.

Figure 24. Binding assays

A. ME.4, ME.4.2 and ME4.4 bind equally strong to MERS-CoV PLpro in the binding

assay. Mutating amino acid residues that are important for the binding to MERS-CoV

PLpro to Ub WT residues severely reduced the binding affinity (ME.4 .5, ME.4.2. 1 and

ME.4.4.1). Also Q48 and V62 in ME.4.2 contribute to the high binding affinity of this

variant because these residues were mutated to Ub WT residues in ME.4 .3 and this

resulted in a lower affinity of this variant compared to ME.4.2.

B. Mutating critical amino acid residues that are important for the strong binding to

MERS-CoV PLpro to Ub WT residues reduced the binding affinity.

Figure 25. Binding assays comparing affinities between variants (A and B).

Figure 26. Bindings assay with CCHFV inhibitors.



DETAILED DESCRIPTION OF THE DISCLOSED EMBODIMENTS

Many viruses, including MERS-CoV and the Crimean-Congo hemorrhagic fever virus

(CCHFV) encode deubiquitinating (DUB) enzymes that are critical for viral

replication and pathogenicity. They bind and remove ubiquitin (Ub) and the Ub-like

protein interferon stimulated gene 15 (ISG15) from cellular proteins to suppress host

antiviral innate immune responses. A variety of viral DUBs (vDUBs), including the

MERS-CoV papain-like protease, are responsible for cleaving the viral replicase

polyproteins during replication, and are thereby critical components of the viral

replication cycle.

Together, this makes vDUBs highly attractive antiviral drug targets. However,

structural similarity between the catalytic cores of vDUBs and human DUBs

complicates the development of selective small molecule vDUB inhibitors. Despite

intensive efforts, only a handful of inhibitors targeting vDUB proteases have been

reported, and none have been approved for clinical use [24].

The present disclosure provides highly selective protein -based inhibitors. Unlike

small chemical molecules which bind their target over a small surface area, the

protein-based inhibitors disclosed herein are relatively large molecules and bind their

target over a larger surface area. This has several advantages including high target

selectivity, low cross-reactivity to host proteins, and low toxicity. In addition, the

protein-based inhibitors disclosed herein share homology with a host protein (i.e.,

ubiquitin). Thus the host cells are less likely to view the inhibitors as "foreign" as

compared to small chemical molecules. In addition, the protein-based inhibitors

disclosed herein are very soluble.

The present disclosure demonstrates that these inhibitors bind vDUBs with high

affinity and specificity to inhibit deubiquitination and delSGylation. The disclosure

demonstrates that polypeptides having a beta-grasp fold and an F at the amino acid

position corresponding to 46 of SEQ ID NO: 1 and/or a Y at the amino acid position

corresponding to 64 of SEQ ID NO: 1 effectively inhibit a viral protease. The present

disclosure also provides that inhibitors further having a substitution of V to I at the

amino acid position corresponding to 70 of SEQ ID NO: 1 are effective. Although this



amino acid substitution does not appear essential, and while not wishing to be bound

by theory, we hypothesize that an He residue at position 70 extends further into a

hydrophobic pocket of the vDUB target in comparison to Val and thereby promotes a

more favourable hydrophobic interaction.

Accordingly, in one aspect, the disclosure provides an inhibitor comprising a beta-

grasp fold, wherein said fold comprises region 1 (amino acids 2-14), region 2 (amino

acids 42-49), and region 3 (amino acids 62-76) of the amino acid sequence set forth in

SEQ ID NO:l, wherein the inhibitor comprises one or more amino acid mutations in

said regions as compared to the amino acid sequence set forth in SEQ ID NO:l,

wherein said substitutions include an amino acid substitution of A to F at the amino

acid position corresponding to 46 of SEQ ID NO: 1 and/or an amino acid substitution

of E to Y at the amino acid position corresponding to 64 of SEQ ID NO: 1. Preferably,

the inhibitor comprises between 5 to 20 amino acid substitutions, more preferably

between 10-15, most preferably between 10-13 amino acid substitutions, as compared

to the sequence of regions 1, 2, and 3 of SEQ ID NO: 1. In preferred embodiments,

said substitutions further include an amino acid substitution of V to I at the amino

acid position corresponding to 70 of SEQ ID NO: 1.

Preferably, wherein region 1 has an amino acid sequence corresponding to amino

acids 2-14 of SEQ ID NO: 2 , SEQ ID NO: 3, SEQ ID NO: 4, or SEQ ID NO: 5 ;

wherein region 2 has an amino acid sequence corresponding to amino acids 42-49 of

SEQ ID NO: 2, SEQ ID NO: 3, SEQ ID NO: 4, or SEQ ID NO: 5 ; and/or wherein

region 3 has an amino acid sequence corresponding to amino acids 62-78 of SEQ ID

NO: 2, SEQ ID NO: 3, SEQ ID NO: 4, or SEQ ID NO: 5 . Preferably, a) wherein

region 1 has an amino acid sequence corresponding to amino acids 2-14 of SEQ ID

NO: 2, SEQ ID NO: 3, SEQ ID NO: 4, SEQ ID NO: 5 ; SEQ ID NO: 12, or SEQ ID

NO: 14; b) wherein region 2 has an amino acid sequence corresponding to amino acids

42-49 of SEQ ID NO: 2, SEQ ID NO: 3, SEQ ID NO: 4, SEQ ID NO: 5, or SEQ ID

NO: 13; and/or c) wherein region 3 has an amino acid sequence corresponding to

amino acids 62-78 of SEQ ID NO: 2, SEQ ID NO: 3, SEQ ID NO: 4, SEQ ID NO: 5,

SEQ ID NO: 13, SEQ ID NO: 15.



Preferably, wherein region 1 has an amino acid sequence corresponding to amino

acids 2-14 of SEQ ID NO: 2 , region 2 has an amino acid sequence corresponding to

amino acids 42-49 of SEQ ID NO: 2, and region 3 has an amino acid sequence

corresponding to amino acids 62-78 of SEQ ID NO: 2 . Preferably, wherein region 1 has

an amino acid sequence corresponding to amino acids 2-14 of SEQ ID NO: 3, region 2

has an amino acid sequence corresponding to amino acids 42-49 of SEQ ID NO: 3, and

region 3 has an amino acid sequence corresponding to amino acids 62-78 of SEQ ID

NO: 3. Preferably, wherein region 1 has an amino acid sequence corresponding to

amino acids 2-14 of SEQ ID NO: 4, region 2 has an amino acid sequence

corresponding to amino acids 42-49 of SEQ ID NO: 4, and region 3 has an amino acid

sequence corresponding to amino acids 62-78 of SEQ ID NO: 4 . Preferably, wherein

region 1 has an amino acid sequence corresponding to amino acids 2-14 of SEQ ID

NO: 5, region 2 has an amino acid sequence corresponding to amino acids 42-49 of

SEQ ID NO: 5, and region 3 has an amino acid sequence corresponding to amino acids

62-78 of SEQ ID NO: 5. Preferably, wherein region 1 has an amino acid sequence

corresponding to amino acids 2-14 of SEQ ID NO: 12, region 2 has an amino acid

sequence corresponding to amino acids 42-49 of SEQ ID NO: 12, and region 3 has an

amino acid sequence corresponding to amino acids 62-78 of SEQ ID NO: 12.

Preferably, wherein region 1 has an amino acid sequence corresponding to amino

acids 2-14 of SEQ ID NO: 13, region 2 has an amino acid sequence corresponding to

amino acids 42-49 of SEQ ID NO: 13, and region 3 has an amino acid sequence

corresponding to amino acids 62-78 of SEQ ID NO: 13. Preferably, wherein region 1

has an amino acid sequence corresponding to amino acids 2-14 of SEQ ID NO: 14,

region 2 has an amino acid sequence corresponding to amino acids 42-49 of SEQ ID

NO: 14, and region 3 has an amino acid sequence corresponding to amino acids 62-78

of SEQ ID NO: 14. Preferably, wherein region 1 has an amino acid sequence

corresponding to amino acids 2-14 of SEQ ID NO: 15, region 2 has an amino acid

sequence corresponding to amino acids 42-49 of SEQ ID NO: 15, and region 3 has an

amino acid sequence corresponding to amino acids 62-78 of SEQ ID NO: 15.

Preferably, the inhibitors comprise an amino acid comprising SEQ ID NO: 2, SEQ ID

NO: 3, SEQ ID NO: 4, or SEQ ID NO: 5. Preferably, the inhibitors comprise an

ammo acid comprising SEQ ID NO: 2, SEQ ID NO: 3, SEQ ID NO: 4, SEQ ID NO: 5,

SEQ ID NO: 12, SEQ ID NO: 13, SEQ ID NO: 14, or SEQ ID NO: 15. It is clear to a



skilled person that additional tags or sequences may be added to the inhibitors. For

example Inhibitors having an amino acid substitution of A to F at the amino acid

position corresponding to 46 of SEQ ID NO: 1 and/or an amino acid substitution of E

to Y at the amino acid position corresponding to 64 of SEQ ID NO: 1 are referred to

herein as "ME inhibitors". Most preferred inhibitors are depicted in figure 1A.

The disclosure further demonstrates that polypeptides having a beta-grasp fold and a

G at the amino acid position corresponding to 74 of SEQ ID NO: 1 effectively inhibit a

viral protease.

Accordingly, in one aspect, the disclosure provides an inhibitor comprising a beta-

grasp fold, wherein said fold comprises region 1 (amino acids 2-14), region 2 (amino

acids 42-49), and region 3 (amino acids 62-76) of the amino acid sequence set forth in

SEQ ID NO:l, wherein the inhibitor comprises one or more amino acid mutations in

said regions as compared to the amino acid sequence set forth in SEQ ID NO:l, and

wherein the inhibitor has an amino acid substitution of R to G at the amino acid

position corresponding to 74 of SEQ ID NO: 1. Preferably, the inhibitor comprises

between 5 to 20 amino acid substitutions, more preferably between 7-9 amino acid

substitutions, as compared to the sequence of regions 1, 2, and 3 of SEQ ID NO: 1.

Preferably, wherein region 1 has an amino acid sequence corresponding to amino

acids 2-14 of SEQ ID NO: 6, SEQ ID NO: 7, SEQ ID NO: 8, SEQ ID NO: 9, or SEQ

ID NO: 10; region 2 has an amino acid sequence corresponding to amino acids 42-49 of

SEQ ID NO: 6, SEQ ID NO: 7, SEQ ID NO: 8, SEQ ID NO: 9, or SEQ ID NO: 10;

and/or region 3 has an amino acid sequence corresponding to amino acids 62-78 of

SEQ ID NO: 6, SEQ ID NO: 7, SEQ ID NO: 8, SEQ ID NO: 9, or SEQ ID NO: 10.

Preferably, wherein region 1 has an amino acid sequence corresponding to amino

acids 2-14 of SEQ ID NO: 6, region 2 has an amino acid sequence corresponding to

amino acids 42-49 of SEQ ID NO: 6, and region 3 has an amino acid sequence

corresponding to amino acids 62-78 of SEQ ID NO: 6 . Preferably, wherein region 1 has

an amino acid sequence corresponding to amino acids 2-14 of SEQ ID NO: 7, region 2

has an amino acid sequence corresponding to amino acids 42-49 of SEQ ID NO: 7, and

region 3 has an amino acid sequence corresponding to amino acids 62-78 of SEQ ID



NO: 7. Preferably, wherein region 1 has an amino acid sequence corresponding to

amino acids 2-14 of SEQ ID NO: 8, region 2 has an amino acid sequence

corresponding to amino acids 42-49 of SEQ ID NO: 8, and region 3 has an amino acid

sequence corresponding to amino acids 62-78 of SEQ ID NO: 8 . Preferably, wherein

region 1 has an amino acid sequence corresponding to amino acids 2-14 of SEQ ID

NO: 9, region 2 has an amino acid sequence corresponding to amino acids 42-49 of

SEQ ID NO: 9, and region 3 has an amino acid sequence corresponding to amino acids

62-78 of SEQ ID NO: 9 . Preferably, wherein region 1 has an amino acid sequence

corresponding to amino acids 2-14 of SEQ ID NO: 16, region 2 has an amino acid

sequence corresponding to amino acids 42-49 of SEQ ID NO: 16, and region 3 has an

amino acid sequence corresponding to amino acids 62-78 of SEQ ID NO: 16.

Preferably, wherein region 1 has an amino acid sequence corresponding to amino

acids 2-14 of SEQ ID NO: 10, region 2 has an amino acid sequence corresponding to

amino acids 42-49 of SEQ ID NO: 10, and region 3 has an amino acid sequence

corresponding to amino acids 62-78 of SEQ ID NO: 10. Inhibitors having an amino

acid substitution of R to G at the amino acid position corresponding to 74 of SEQ ID

NO: 1 are referred to herein as "CC inhibitors". Most preferred inhibitors are depicted

in figure 1A.

In some embodiments, the inhibitors disclosed herein are fusion molecules. In a

preferred embodiment, the inhibitor is covalently linked with a label or tag allowing

the detection and/or isolation of the fusion molecule. Such tags include affinity tags

such as a myc-tag, FLAG-tag, His6-tag or HA-tag. In a preferred embodiment, the

fusion molecule further comprises one or more modifications increasing the stability of

the fusion molecule and/or extending the serum half- life of the fusion molecule. For

example, the inhibitor may be conjugated to a polyalkylene glycol molecule.

As used herein, the term "beta -grasp fold" (beta-GF) refers to a common folding

structure comprising a beta(2)-alpha-beta(2) motif, where the alpha helix is situated

against a 4-stranded mixed beta sheet. Beta-GF are present in, e.g., IF3-N, archaeo-

eukaryotic RNA poly beta-sub unit, Ymll08w, BofC, and POZ. A variation of a 4-

stranded beta-GF domain is found in Nudix, whereas a "barrelizing version is present

in L25, Fasciclin, and phosphoribosyl AMP cyclohdrolase. Beta-grasp folds are



reviewed in Burroughs et al. 2012 Methods in Molecular Biology vol 832, Chapter 2,

which is hereby incorporated by reference.

Preferred beta-grasp fold containing scaffolds comprise an additional beta strand.

Proteins comprising 5-stranded beta-grasp folds include molybdopterin- dependent

oxidoreductase, SLBB, 2Fe-2S ferredoxm, L-proDH alpha, AOR-N, MoaD, TGS, ThiS,

TmoB, superantigen toxins, streptokinase, and S4. Most preferred proteins having

this structure are members of the ubiquitin-like superfamily which include proteins

such as Urml, Apgl2, NeddS, ISG15 and SUMO. Such preferred scaffolds have the

features referred to in Burroughs et al. 2012 for "Classic UB-like" scaffolds, namely, a

loop connecting strands beta2 and beta3 termed a "lateral shelf; and a at the loop

connecting strands beta4 and beta5 termed a "connector arm".

Figure 16 depicts an exemplary beta-GF containing scaffold of the ubiquitin like

superfamily. As depicted in Figure 16, region 1 forms strands betal and beta2, region

2 forms beta3, and region 3 forms beta5. Preferred inhibitors share this three

dimensional structure and orientation of regions 1, 2, and 3.

It is clear to a skilled person that any beta-GF may be used as a scaffold for

presenting regions 1, 2, and 3 as defined herein. While not wishing to be bound by

theory, the inventors propose that while the alpha helix of the beta-GF provides

structure, it does not bind to the viral proteins. Thus, any similar alpha helix

structure can be used (or rather, the primary sequence is not relevant). Preferably,

the scaffold is from ubiquitin or a ubiquitin-like protein. As is known to a skilled

person, ubiquitin from different species is extremely homologous. The term

"ubiquitin" or "Ub" as used herein refers to ubiquitin from any species or source and

includes the full-length protein as well as fragments or portions of the protein.

Human ubiquitin has the amino acid sequence as shown in SEQ ID NO: 1. Preferably,

the scaffold is from ubiquitin, more preferably from human ubiquitin.

Preferably, the beta-GF fold is provided by linking region 1 to region 2 by a

polypeptide comprising amino acids 15-41 of SEQ ID NO: 1 or having at least 80%

identity to amino acids 15-41 of SEQ ID NO: 1. Preferably, the polypeptide has at



least 90%, or at least 95% identity to amino acids 15-41 of SEQ ID NO: 1. This linkage

provides the alpha helix of the beta-GF. Preferably, the beta-GF is also provided by

linking region 2 to region 3 by a polypeptide comprising amino acids 50-61 of SEQ ID

NO: 1 or having at least 80% identity to amino acids 50-61 of SEQ ID NO: 1.

Preferably, the polypeptide has at least 90%, or at least 95% identity to amino acids

50-61 of SEQ ID NO: 1. As shown in Figure 2, the linkage of region 2 to region 3 does

not form part of the beta-GF fold.

Preferably, linkages having at least 80% identify to SEQ ID NO:l differ by

conservative amino acid substitutions. Or rather, one amino acid residue is replaced

with another amino acid residue without altering the tertiary structure of the

resulting protein. For example, a hydrophobic residue, such as glycine can be

substituted for another hydrophobic residue such as alanine. An alanine residue may

be substituted with a more hydrophobic residue such as leucine, valine or isoleucine.

A negatively charged amino acid such as aspartic acid may be substituted for

glutamic acid. A positively charged amino acid such as lysine may be substituted for

another positively charged amino acid such as arginine. Conservative substitutions

typically include substitutions within the following groups: glycine, alanine; valine,

isoleucine, leucine: aspartic acid, glutamic acid, asparagine, glutamine; serine,

threonine; lysine, arginine; and phenylalanine, tyrosine. Conserved amino acid

substitutions involve replacing one or more amino acids of the polypeptides of the

disclosure with amino acids of similar charge, size, and/or hydrophobicity

characteristics. When only conserved substitutions are made, the resulting molecule

should retain the same tertiary structure. Preferably the inhibitor comprises an

amino acid sequence selected from SEQ ID NO: 2, SEQ ID NO: 3, SEQ ID NO: 4, SEQ

ID NO: 5, SEQ ID NO: 6, SEQ ID NO: 7, SEQ ID NO: 8, SEQ ID NO: 9, SEQ ID NO:

10, SEQ ID NO: 12, SEQ ID NO: 13, SEQ ID NO: 14, SEQ ID NO: 15 or SEQ ID NO:

16.

In a further aspect, the disclosure provides nucleic acid molecules encoding said

inhibitors. Based on the genetic code, a skilled person can determine the nucleic acid

sequences which encode the polypeptide inhibitors disclosed herein. Based on the

degeneracy of the genetic code, sixty-four codons may be used to encode twenty amino

acids and translation termination signal. As is known to a skilled person, codon usage



bias in different organisms can effect gene expression level. Various computational

tools are available to the skilled person in order to optimize codon usage depending on

which organism the desired nucleic acid will be expressed.

The polypeptide based inhibitors disclosed herein can be produced by any method

known to a skilled person. In some embodiments, the inhibitors are chemically

synthesized. The inhibitors can also be produced using molecular genetic techniques,

such as by inserting a nucleic acid into an expression vector, introducing the

expression vector into a host cell, and isolating the polypeptide.

In a further aspect, the disclosure provides vectors which comprise said nucleic acid

molecules. Said vectors and plasmids are useful, e.g., for generating transgenic

organisms or for expressing said polypeptide inhibitors. A "vector" is a recombinant

nucleic acid construct, such as plasmid, phase genome, virus genome, cosmid, or

artificial chromosome, to which another DNA segment may be attached. The term

"vector" includes both viral and non-viral means for introducing the nucleic acid into a

cell in vitro, ex vivo or in vivo. Preferred vectors are expression vectors. It is within

the purview of a skilled person to prepare suitable expression vectors for expressing

the inhibitors disclosed hereon. Suitable regulatory sequences including enhancers,

promoters, translation initiation signals, and polyadenylation signals may be

included. Additionally, depending on the host cell chosen and the vector employed,

other sequences, such as an origin of replication, additional DNA restriction sites,

enhancers, and sequences conferring inducibility of transcription may be incorporated

into the expression vector. The expression vectors may also contain a selectable

marker gene which facilitates the selection of host cells transformed or transfected.

Examples of selectable marker genes are genes encoding a protein such as G418 and

hygromycin which confer resistance to certain drugs, 6- galactosidase,

chloramphenicol acetyl transferase, and firefly luciferase.

Viral vectors include lentivirus, retrovirus, adeno-associated virus (AAV), poxvirus

(including MVA), baculovirus, , herpes simplex, Epstein-Barr and adenovirus vectors.

Vector sequences may also contain one or more regulatory regions, and/or selectable

markers useful in selecting, measuring, and monitoring nucleic acid transfer results

(transfer to which tissues, duration of expression, etc.). Lentiviruses have been



previously described for transgene delivery to the hippocampus (van Hooijdonk BMC

Neuroscience 2009, 10:2).

There are a variety of techniques available for introducing nucleic acids into viable

cells. The techniques vary depending upon whether the nucleic acid is transferred into

cultured cells in vitro, or in vivo in the cells of the intended host or animal model.

Techniques suitable for the transfer of nucleic acid into mammalian cells in vitro

include the use of liposomes, electroporation, microinjection, cell fusion, DEAE-

dextran, the calcium phosphate precipitation method, etc. The currently preferred in

vivo gene transfer techniques include transfection with viral (typically retroviral)

vectors and viral coat protein-liposome mediated transfection (Dzau et al., Trends in

Biotechnology 11:205-210 (1993)). The nucleic acids may stably integrate into the

genome of the host cell (for example, with retroviral introduction, outlined below), or

may exist either transiently or stably in the cytoplasm (i.e. through the use of

traditional plasmids, utilizing standard regulatory sequences, selection markers, etc.).

Such cells are useful for producing isolated polypeptides, which may be used in the

methods described herein. The examples disclosed herein provide exemplary methods

and vectors for expressing nucleic acids.

Accordingly, the disclosure provides cells and organisms comprising the nucleic acids

or vectors comprising said nucleic acids as disclosed herein. Preferably, said cells and

organisms express the respective polypeptide inhibitor as disclosed herein. A skilled

person can select suitable host cells for cloning and/or expressing the inhibitors. Such

cells include bacteria, e.g., E. coli, as well as filamentous fungi, yeast, plant,

mammalian and insect cells.

In some embodiments, the cells and organisms are from animals (in particular

mammals; e.g., mice, rats, rabbits, bovine, Camelidae family members) In some

embodiments the animal is a non-human transgenic animal. In some embodiments,

the cells are in vitro or in vivo non-human cells. Preferred host cells for expression

include MRC5 cells (human cell line derived from lung tissue), HuH7 cells (human

liver cell line), CHO-cells (Chinese Hamster Ovary), COS-cells (derived from monkey

kidney (African green monkey), Vero-cells (kidney epithelial cells extracted from



African green monkey), Hela-cells (human cell line), BHK-cells (baby hamster kidney

cells, HEK-cells (Human Embryonic Kidney), NSO-cells (Murine myeloma cell line),

C127-cells (nontumorigenic mouse cell line), and PerC6®-cells (human cell line,

Crucell).

As further described herein, the disclosed inhibitors are useful in therapy.

Accordingly, the disclosure provides pharmaceutical compositions comprising one or

more of the polypeptide inhibitors disclosed herein, one or more of the nucleic acid

molecules encoding said inhibitors, or one or more vectors disclosed herein. Such

pharmaceutical compositions are useful in therapy and for inhibiting viral proteins, as

disclosed herein.

Actual dosage levels of the pharmaceutical preparations described herein may be

varied so as to obtain an amount of the active ingredient which is effective to achieve

the desired therapeutic response for a particular patient, composition, and mode of

administration, without being toxic to the patient. The selected dosage level will

depend upon a variety of factors including the activity of the particular compound, the

route of administration, the time of administration, the rate of excretion of the

particular compound being employed, the duration of the treatment, other drugs,

compounds and/or materials used in combination, the age, sex, weight, condition,

general health and prior medical history of the patient being treated, and like factors

well known in the medical arts. A physician or veterinarian having ordinary skill in

the art can readily determine and prescribe the effective amount of the

pharmaceutical composition required.

In a further aspect, the disclosure provides the use of the inhibitors disclosed herein

and nucleic acids encoding said inhibitors for inhibiting the biological activity of a

viral protein as well as providing methods for screening for new inhibitors. Preferably,

"viral proteins" as used herein refers to viral ubiquitin binding protein partners, or

rather, proteins that bind/interact with ubiquitin or ubiquitin-like proteins. Such

proteins include viral proteases with deubiquitinating activity (vDUBs), viral E2

conjugating enzymes, viral E3 ubiquitin ligases, viral E l enzymes, and other viral

proteins containing ubiquitin binding domains (UBD). Preferably, the viral protein is



a vDUB. Preferably, the inhibitors inhibit the proteolytic cleavage activity of said

vDUB.

Ubiquitination is a post-translational modification mediated by an enzyme cascade

that results in the conjugation of ubiquitin (Ub) to cellular proteins [1, 2]. This process

is regulated in part through activity of cellular deubiquitinating enzymes (DUBs),

which remove Ub from cellular proteins [1, 2]. Given the essential role of the Ub

system in regulating a large number of critical cellular processes, it is not surprising

that viruses have acquired the means to modulate this system in order to promote

infection and replication in host cells [3]. In particular, virus-encoded DUBs reverse

the ubiquitination process to alter host signaling pathways critical to the induction of

cellular antiviral and pro-inflammatory innate immune responses [3]. In addition to

removing Ub molecules from host proteins, many viral DUBs (vDUBs) also remove

the Ub-like protein interferon- stimulated gene 15 (ISG15) to further suppress

antiviral responses [4, 5]. Importantly, a number of vDUBs also play an essential role

in viral replication [4-6]. Together, the replicative and/or deubiquitinating activities of

viral proteases contribute directly to pathogenesis during viral infection in vivo [7],

making them ideal antiviral drug targets.

Preferably, the viral protein is from a coronavirus. Coronaviruses initially express

their non-structural proteins (nsps) as large viral polyproteins, which are processed

into functional domains by proteases encoded within the polyproteins to establish a

viral replication-transcriptase complex. SARS- and MERS-CoV release nspl-3

through the activity of a papain-like protease (PLt ro) domain situated within nsp3, in

a process that is indispensable for replication [4] The chymotryp sin-like protease

(3CLPro) , corresponding to nsp5, is responsible for cleaving the remaining part of the

polyproteins, releasing mature nsps [8]. Strikingly, coronaviral PLt ros also act as

vDUBs to suppress host antiviral innate immune responses by targeting cellular Ub-

conjugated substrates [9-14].

Preferably, the ME inhibitors disclosed herein inhibit the biological activity of the

MERS-CoV papain-like protease (PLf,ro) domain. Preferably, the inhibitors inhibit the

proteolytic cleavage activity of the PLr>n> domain. Preferably, the inhibitors inhibit the



polyprotein processing activity of the PL/" 0 domain. Preferably, expression of the

inhibitors during MERS-CoV infection reduces infectious progeny titer. Preferably,

the ME inhibitors disclosed herein are useful in therapy. In particular, methods are

provided for the treatment and/or prevention of Middle East respiratory syndrome

coronaviral (MERS-CoV) infection and/or the symptoms thereof, the method

comprising administering to an individual in need thereof a therapeutically effective

amount of an inhibitor or a nucleic acid molecule encoding said inhibitor,

wherein the inhibitor comprises a beta-grasp fold, wherein said fold comprises region

1 (amino acids 2-14), region 2 (amino acids 42-49), and region 3 (amino acids 62-76) of

the amino acid sequence set forth in SEQ ID NO:l,

wherein the inhibitor comprises one or more amino acid mutations in said regions as

compared to the amino acid sequence set forth in SEQ ID NO:l, and

wherein the inhibitor has an amino acid substitution of A to F at the amino acid

position corresponding to 46 of SEQ ID NO: 1 and/or an amino acid substitution of E

to Y at the amino acid position corresponding to 64 of SEQ ID NO: 1. Additional ME

inhibitors as disclosed herein may also be used in the treatment method, in particular

inhibitors comprising an amino acid sequence selected from SEQ ID NO: 2, SEQ ID

NO: 3, SEQ ID NO: 4, , SEQ ID NO: 5, as well as SEQ ID NO: 12, SEQ ID NO: 13,

SEQ ID NO: 14, and SEQ ID NO: 15.

In some embodiments, an individual infected with MERS-CoV is an animal such as a

member of the Camelidae family. Treatment of reservoir species can reduce

transmission to humans. Preferably, the individual is a human. Preferably, said

treatment reduces the severity and/or duration of the viral infection and/or reduces

the severity and/or duration of symptoms (such as respiratory illness, fever, dyspnea,

and myalgia).

Preferably, the viral protein is from the nairovirus Crimean-Congo hemorrhagic fever

virus (CCHFV). This pathogenic virus also encodes a vDUB. The CCHFV vDUB

domain is located within the large (L) segment of the genome, and has also been

explicitly implicated in the evasion of host Ub- and ISG 15- dependent innate immune

responses [17]. This domain is also referred to as the CCHFV OTU domain (ovarian

tumor (OTU) protease domain ) . Preferably, the CC inhibitors disclosed herein inhibit



the biological activity of the CCHFV vDUB domain. Preferably, the inhibitors inhibit

the proteolytic cleavage activity of said domain. Preferably, expression of the

inhibitors during CCHFV infection reduces infectious progeny titer. Preferably, the

CE inhibitors disclosed herein are useful in therapy. In particular, methods are

provided for the treatment and/or prevention of Crimean-CongO hemorrhagic fever

viral infection and/or the symptoms thereof, the method comprising administering to

an individual in need thereof a therapeutically effective amount of an inhibitor or a

nucleic acid molecule encoding said inhibitor, wherein the inhibitor comprising a beta-

grasp fold, wherein said fold comprises region 1 (amino acids 2-14), region 2 (amino

acids 42-49), and region 3 (amino acids 62-76) of the amino acid sequence set forth in

SEQ ID NO:l, wherein the inhibitor comprises one or more amino acid mutations in

said regions as compared to the amino acid sequence set forth in SEQ ID NO:l, and

wherein the inhibitor has an amino acid substitution of R to G at the amino acid

position corresponding to 74 of SEQ ID NO: 1. Additional CC inhibitors as disclosed

herein may also be used in the treatment method, in particular inhibitors comprising

an amino acid sequence selected from SEQ ID NO: 6, SEQ ID NO: 7, SEQ ID NO: 8,

SEQ ID NO: 9, or SEQ ID NO: 10 as well as SEQ ID NO: 16.

In some embodiments, an individual infected with CCHFV is an animal such as

ruminants and ostriches. Treatment of reservoir species can reduce transmission to

humans. Preferably, the individual is a human. Preferably, said treatment reduces

the severity and/or duration of the viral infection and/or reduces the severity and/or

duration of symptoms (such as flu-like symptoms, hemorrhage, respiratory distress).

In a further aspect, the disclosure provides methods of identifying an inhibitor or a

nucleic acid molecule encoding said inhibitor that inhibits the biological activity of a

viral protein, the method comprising providing a library of polypeptides and screening

said library against a viral ubiquitin binding partner in order to identify inhibitors

that bind to said viral ubiquitin binding partner, wherein said polypeptide library

comprises at least 1000 distinct polypeptides (or rather each polypeptide varies from

every other polypeptide by at least one amino acid residue), wherein each polypeptide

comprises a beta-grasp fold comprising region 1 (amino acids 2-14), region 2



(amino acids 42-49), and region 3 (amino acids 62-76) of the amino acid sequence set

forth in SEQ ID NO:l and comprises at least one amino acid mutation in said regions

as compared to the amino acid sequence set forth in SEQ ID NO:l.

Such libraries have been previously described in WO2012/020289 and Ernst et al.

Science 2013;339:590-595; which are hereby incorporated by reference in their

entirety. As described in these references, each polypeptide of the library is a distinct

ubiquitin polypeptide having one ore more amino acid substitutions in region 1

(amino acids 2-14), region 2 (amino acids 42-49), and/or region 3 (amino acids 62-76)

of the amino acid sequence set forth in SEQ ID NO:l. In some embodiments, the

polypeptide has at least 2, at least 4, at least 8 , at least 10, at least 15, or at least 20

amino acid substitutions. Preferably, between 5-15 amino acid substitutions, more

preferably between 7-13 substitutions. Preferably, the polypeptides comprise two

additional amino acids at the C-terminus. Preferably, the library comprises at least

106, 108, or 109 distinct polypeptides.

The library can be screened for inhibition of a viral protein, for example, by phage

display, mRNA display, ribosome display, yeast display or other similar technologies

to determine the inhibition of biological activity compared to a control. In one

embodiment, the control is a different protein to test for specificity. Example 1

provides an exemplary embodiment of methods to screen for candidate inhibitors.

Preferably, the methods comprise purifying the candidate inhibitors and testing them

in additional in vitro and/or in vivo assays in order to determine their effect on viral

infection.

Preferably, the viral ubiquitin binding partner is a viral proteases with

deubiquitinating activity (vDUBs), a viral E2 conjugating enzyme, a viral E3

ubiquitin ligase, a viral E l enzyme, or other viral proteins containing ubiquitin

binding domains (UBD). Preferred viral ubiquitin binding partner are discussed in

Wimmer and Schreiner, Viruses 2015 7:4854-4872, which is hereby incorporated by

reference.



The present disclosure demonstrates that polypeptide libraries, such as those

described in WO20 12/020289 and Ernst et al. can be used to rapidly identify viral

inhibitors. The present disclosure provides vDUBs as a preferred target for such

libraries. vDUBs generally have a low affinity for ubiquitin. Surprisingly, the present

disclosure demonstrates that high affinity polypeptide inhibitors can be identified

using the disclosed methods. In addition, the large binding surface of the candidate

polypeptide inhibitors offers the potential to target a diverse range of vDUBs.

Such screening methods are advantageous over screening small chemical compound

libraries. In a typical small chemical compound library screen, the probability of

identifying a compound that specifically binds it's target is quite small. Candidates

that bind a target with low or moderate affinity may be identified. These candidates

must be further chemically optimized in order to produce a compound with the

potential to bind with high affinity to its target. In contrast, the screening methods

disclosed herein can identify highly specific inhibitors without the need for further

optimization. Thus the disclosed screening methods are faster and more efficient than

small chemical compound screening. A skilled person will appreciate that with the

continual emergence of new viruses in the human population, rapid methods for

identifying new viral inhibitors is crucial.

Sequence Listing

SEQ ID NO: 1 wild-type ubiquitin

MQIFVKTLTGKTITLEVEPSDTIENVKAKIQDKEGIPPDQQRLIFAGKQLEDGRTLS

DYNIQKESTLHLVLRLRGG

SEQ ID NO: 2 ME. 1

MHILVKTHTGNTITLEVEPSDTIENVKAKIQDKEGIPPDQQRLIFFGSQLEDGRTLS

DYNINKYSTLHLVLRLNGRKF

SEQ ID NO: 3 ME.2

MRIFVETLRRLTITLEVEPSDTIENVKAKIQDKEGIPPDQQRLIFFGQQLEDGRTLS

DYNIVKYSTLHLILRLPRWN

SEQ ID NO: 4 ME.3

MHILVKTHTGNTITLEVEPSDTIENVKAKIQDKEGIPPDQQRLIFFGSQLEDGRTLS

DYNINKYSTLHLVLRLNGWNV



SEQ ID NO: 5 ME.4

MRIFVETLRRLTITLEVEPSDTIENVKAKIQDKEGIPPDQQRLIFFGQQLEDGRTLS

DYNIVKYSTLHLILRLNSWY

SEQ ID NO: 6 CC.l

MQIFVKTLKGHVITLEVEPSDTIENVKAKIQDKEGIPPDQQRLIFALQQLEDGRTLS

DYNIQKESNLHLVLRLGGGRR

SEQ ID NO: 7 CC.2

MQIFVKTLTGKTITLEVEPSDTIENVKAKIQDKEGIPPDQQRLIFAGKQLEDGRTLS

DYNIRKQSNLYLLWRLGGWKK

SEQ ID NO: 8 CC.3

MYIFVKTLTGKTITLEVEPSDTIENVKAKIQDKEGIPPDQQRLIFAGKQLEDGRTLS

DYNIHNESPLRLLWRLGGFRR

SEQ ID NO: 9 CC.4

MQIFVKTLTGKTITLEVEPSDTIENVKAKIQDKEGIPPDQQRLIFAGKQLEDGRTLS

DYNIQKLSLLYLVWRLGVPWV

SEQ ID NO: 10 CC.5

MQIYVKTFKGTTITLEVEPSDTIENVKAKIQDKEGIPPDQQRLIFAFKQLEDGRTLS

DYNIDKESTLQLVLRLGGWAS

SEQ ID NO: 11 ME4.1

MRIFVETLRRLTITLEVEPSDTIENVKAKIQDKEGIPPDQQRLIFAGQQLEDGRTLS

DYNIVKESTLHLVLRLNSWY

SEQ ID NO: 12 ME.4.2:

MQIFVKTLTGKTITLEVEPSDTIENVKAKIQDKEGIPPDQQRLIFFGQQLEDGRTLS

DYNIVKYSTLHLILRLNSWY

SEQ ID NO: 13 ME.4.3:

MQIFVKTLTGKTITLEVEPSDTIENVKAKIQDKEGIPPDQQRLIFFGKQLEDGRTLS

DYNIQKYSTLHLILRLNSWY

SEQ ID NO: 14 ME.4.4:

MHILVKTHTGNTITLEVEPSDTIENVKAKIQDKEGIPPDQQRLIFFGQQLEDGRTLS

DYNIVKYSTLHLILRLNSWY

SEQ ID NO: 15 ME.4.6:

MQIFVKTLTGKTITLEVEPSDTIENVKAKIQDKEGIPPDQQRLIFFGQQLEDGRTLS

DYNIVKYSTLHLILRLRGG



SEQ ID NO: 16 CC.4. 1

MQIFVKTLTGKTITLEVEPSDTIENVKAKIQDKEGIPPDQQRLIFAGKQLEDGRTLS

DYNIQKLSLLYLVWRLGVPW

Definitions

As used herein, "to comprise" and its conjugations is used in its non-limiting sense to

mean that items following the word are included, but items not specifically mentioned

are not excluded. In addition the verb "to consist" may be replaced by "to consist

essentially of meaning that a compound or adjunct compound as defined herein may

comprise additional component(s) than the ones specifically identified, said additional

component(s) not altering the unique characteristic of the invention.

The articles "a" and "an" are used herein to refer to one or to more than one (i.e., to at

least one) of the grammatical object of the article. By way of example, "an element"

means one element or more than one element.

As used herein, the terms "treatment," "treat," and "treating" refer to reversing,

alleviating, delaying the onset of, or inhibiting the progress of a disease or disorder, or

one or more symptoms thereof, as described herein. In some embodiments, treatment

may be administered after one or more symptoms have developed. In other

embodiments, treatment may be administered in the absence of symptoms. For

example, treatment may be administered to a susceptible individual prior to the onset

of symptoms (e.g., in light of a history of symptoms and/or in light of genetic or other

susceptibility factors). Treatment may also be continued after symptoms have

resolved, for example to prevent or delay their recurrence.

All patent and literature references cited in the present specification are hereby

incorporated by reference in their entirety.

The invention is further explained in the following examples. These examples do not

limit the scope of the invention, but merely serve to clarify the invention.

EXAMPLES

Example 1. Potent and selective inhibitors of MERS-CoV and CCHFV vDUBs

A polypeptide library [25] was screened against the MERS-CoV PLpro domain

(MERS-CoV PLpro) and the CCHFV OTU domain (CCHFV OTU). Inhibitors were



identified that bound with high affinity to either MERS-CoV PLpro (ME.l to ME.4) or

CCHFV OTU (CC.l to CC.5) (Fig. 1A). To confirm the specificity of the inhibitors

towards their cognate vDUBs, the phage-displayed inhibitors were challenged against

a diverse panel of 11 DUBs from several species representing distinct DUB families

(USP, OTU, and ubiquitin C-terminal hydrolases (UCH)). Indeed, all inhibitors bound

only to their cognate viral proteins but not to the 11 additional DUBs tested (Fig. IB).

To determine the binding affinities of each identified inhibitor, phage enzyme-linked

immunosorbent assays (Fig. 5) and Bio-Layer Interferometry (BLI) measurements

were performed (Table 4). Each inhibitor was found to bind its cognate vDUB with

affinities in the low to sub -nanomolar range, whereas wild-type Ub (Ub.wt) showed

binding to MERS-CoV or CCHFV vDUBs only in the high micromolar range (Fig. 5B

and Table 2). Consistent with the high affinities observed for the inhibitors toward

their respective vDUBs, each inhibitor also potently inhibited the deubiquitinating

and delSGylating activities of MERS-CoV PLpro or CCHFV OTU as measured using

the fluorogenic substrates Ub-AMC or ISG15-AMC, respectively (Fig. 1C and Fig. 6).

The most potent inhibitors of MERS-CoV PLpro and CCHFV OTU were ME.4

(deubiquitination IC50 = 0.8 nM and delSGlyation IC50 = 1.2 nM) and CC.4

(deubiquitination IC50 = 3.3 nM and delSGlyation IC50 = 11 nM), respectively (Table

2). Furthermore, the inhibitors were confirmed to inhibit processing of K48- and K63-

linked tetra-Ub substrates by their respective vDUBs (Fig. ID).

Example 2 . Structural basis for vDUB inhibition

To reveal the molecular basis for the inhibition of MERS-CoV PLpro by inhibitors,

crystal structures of the enzyme were determined bound to ME.2 or ME.4 (Fig. 2A,B

and Table 1). Both inhibitors bound in nearly identical orientations as Ub.wt (Fig. 2C

and Fig. 7A) with interface surface areas of -1000 A2 [9, 27]. Substitutions common to

both ME.4 and ME.2 at positions 46, 64 and 70 (Fig. 1A) were found to promote more

favorable hydrophobic interactions with the enzyme relative to Ub.wt. Inhibitor

residue He 70 extends further into a hydrophobic pocket of PLpro formed by residues

Thrl730* and Vall691* (asterisks denote amino acid numbering of MERS-CoV

polyprotein), in comparison to Ub.wt residue Val70 (Fig. 2D). ME.2 and ME.4 residue

Phe46 inserts into a hydrophobic pocket formed by PLpro residues Trpl668*,

Glul670*, Vall680*, Leul682*, Tyrl690* and Tyrl705*. and forms a cation -π



interaction with Argl715* (Fig. 2E). These extensive interactions are not formed at

the PLpro-Ub.wt interface with the homologous residue Ala46. In addition, ME.2 and

ME.4 residue Tyr64 undergoes more extensive hydrophobic interaction with Vall706*

and Glyl71()*, compared to Ub.wt residue Glu64 (Fig. 2F). The inhibitors also differ in

their C-terminal residues at positions 74, 75 and 77 (Fig. 1A). In ME.4, Asn74 extends

into the active site and forms a hydrogen bonding network with Asp 1645* and

Glyl758* (Fig. 2G), which mimics hydrogen bonds formed by the same region of

MERS-CoV PLpro with Ub.wt residues Arg74, Gly75 and Gly76 (Fig. 2H). In ME.2,

Pro74 cannot form an analogous hydrogen bonding network, which likely contributes

to the decreased inhibitory potency of ME.2 compared to ME.4 (Fig. ID and Fig.

ΙΟΑ,Β) . Instead, Pro74 and the C-terminal tail are excluded from the active site and

the main-chains interact through a hydrogen bond formed between the main-chain

amide nitrogen of Arg75 and the backbone carbonyl of Glul754* (Fig. 21). A structural

comparison of the C-terminal regions of ME.2 and ME.4 near the PLpro active site is

shown in Fig. 8 . Additional substitutions in the N-terminal region of ME.4 and ME.2

(Fig. 1A, region 1) do not make favourable contacts with MERS-CoV PLpro, and in

fact, residues 8-10 and 7-10 of ME.4 and ME.2, respectively, failed to resolve in

electron density maps (Fig. 9). Taken together, our structural analyses revealed that a

small subset of substitutions is sufficient to enhance hydrophobic packing and

hydrogen bond networks to endow ME.4 and ME.2 with highly potent and specific

inhibitory activity against MERS-CoV PLpro.

Similarly, crystal structures of CCHFV OTU were determined bound to CC.2 and to

CC.4 to gain insight into how they selectively block the DUB and delSGylating

activities of this viral enzyme (Fig. 3A,B and Table 1). CC.2 and CC.4 were found to

bind in the same orientation as Ub.wt with similar buried surface areas of -1000 A2

(Fig. 3C and Fig. 7B) [20, 21]. Interestingly, substitutions in these inhibitors were

concentrated in the C-terminal region (Fig. 1A) and only substitutions at position 68

and downstream were found to interact with the enzyme. In both inhibitors, Tyr68

improves hydrophobic packing with ThrlO*, Vall2* and Vall8* (asterisks denote

amino acid numbering of the large segment-encoded protein of CCHFV), relative to

His68 in Ub.wt (Fig. 3D). In CC.2, residue Leu70 projects further into a hydrophobic

cavity of CCHFV OTU formed by residues Vall2*, He 14*, Vall8* and He 131*, than



the equivalent Ub.wt residue Val70 (Fig. 3E). The conformational freedom of a Gly

substitution at position 74 enables the C-terminal tail of each inhibitor to form

numerous favorable interactions with the enzyme. Residues Gly75 and Val75 of CC.2

and CC.4, respectively, occupy space on the CCHFV OTU surface, which in the case of

Ub.wt is occupied by the side-chain of Arg74 (Fig. 3 E-G). This alternative

conformation permitted by Gly74 in CC.2 and CC.4 allows the side-chain of Trp76 or

Trp77 of CC.2 or CC.4, respectively, to pack within different adjacent grooves near the

CCHFV OTU active site, with Trp76 of CC.2 forming a cation- π interaction with

Arg92* (Fig. 3E), and the amide nitrogen group of CC.4 residue Trp77 forming a

hydrogen bond with the side chain of Gin 149* (Fig. 3F). Conversely, Trp71 in both

CC.2 and CC.4 does not interact with CCHFV OTU, but instead packs into a

hydrophobic cavity within each inhibitor (Fig. 3E,F). Differences between the

orientations of the C-terminal tails of CC.2 and CC.4 arise from the variation at

positions 75 and 76. In CC.4, residue Val75 packs against CCHFV OTU residue

Trp99*, and Pro 76 appears to restrict conformational freedom and enable hydrophobic

interactions with Trp99* and Thrl50* (Fig. 3F). These additional contacts, together

with the unique packing orientation of Trp77, likely account for the remarkably high

binding affinity of CC.4 for CCHFV OTU (Table 4). See example 6 for a description of

mutations in the tail region which effect binding.

Example 3. Inhibition of MERS-CoV PLpro activity in cell culture-based assays

To explore the effects of inhibitors on MERS-CoV PLpro activity in cells,

deubiquitination assays were performed by transfecting cells with combinations of

plasmids encoding the following proteins: HA-tagged Ub , MERS-CoV PLpro, and

inhibitors. Unlike Ub which becomes conjugated to cellular proteins by its C-terminal

glycine residue, the inhibitors have substitutions in the C-terminal di-Gly motif.

Thus, the inhibitors cannot interfere with the natural ubiquitin regulatory machinery,

further avoiding toxicity/adverse effects to the cell.

A clear decrease of cellular HA-Ub conjugates was observed during co-expression of

MERS-CoV PLpro, while there was no effect upon expression of a catalytically

inactive mutant (Fig. 4A, compare lanes 3 and 4). The co-expression of increasing

doses of different inhibitors attenuated MERS-CoV PLpro DUB activity to varying



degrees (Fig. 4A and Fig. 10A). In a dose-dependent manner, ME.4 co-expression

resulted in severe inhibition of HA-Ub deconjugation mediated by MERS-CoV PLpro,

whereas co-expression of an unconjugatable form of Ub.wt as a negative control

(Ub.AA, which contains Gly75Ala and Gly76Ala substitutions) had no effect on the

DUB activity of MERS-CoV PLpro at any dose (Fig. 4A, compare lanes 5-7 to 8-10).

Like ME.4, ME.2 had a strong effect resulting in near complete inhibition of MERS-

CoV PLpro DUB activity at the lowest inhibitor dose, whereas the inhibitory effect of

ME.l and ME.3 was explicit only at higher doses (Fig. 10A). Notably, none of the

inhibitors inhibited the DUB activity of the closely related SARS-CoV PLpro,

highlighting their specificity for MERS-CoV PLpro (Fig. 11A). A superposition of

ME.4 onto the Ub domain of a previously determined SARS-CoV-Ub complex suggests

that Phe46 and Ile70 of ME.4 clash with Vall88* and Met209* of SARS-CoV PLpro,

respectively, and offers a plausible explanation for the specificity of ME.2 and ME.4

toward MERS-COV PLpro (Fig. 12).

We previously found that the DUB activity of MERS-CoV PLpro suppresses IFN- β

promoter activity upon activation of cellular innate immune signaling [9]. In a

luciferase-based IFN-β reporter assay we show that ectopically expressed inhibitors

competed with endogenous Ub for binding to MERS-CoV PLpro resulting in an

alleviated suppression of the IFN-6 promoter activity (Fig. 4B and Fig. 10B).

Consistent with described binding and inhibition data, ME.2 and ME.4 were more

potent than ME.l and ME.3 at blocking the ability of MERS-CoV PLpro to suppress

IFN-β promoter activation, whereas none of the inhibitors were able to block

suppression of the IFN-β promoter activity by SARS-CoV PLpro (Fig. 11B). The

inhibitors thus prevented MERS-CoV PLpro-mediated suppression of cellular ant i

viral innate immune responses, and in a remarkably selective, virus-specific manner.

A critical step in the replication cycle of MERS-CoV is the processing of viral

polyproteins into functional non-structural proteins (nsps) that is accomplished in

part by the protease activity of PLpro, which cleaves the nsplj,2, nsp2|3, and nsp3|4

junctions. In order to assess the ability of inhibitors to inhibit MERS-CoV PLpro-

mediated polyprotein processing activity, an in trans cleavage assay was performed

[9]. FLAG-tagged inhibitors and V5-tagged MERS-CoV PLpro were co-expressed with



N-terminally HA-tagged and C-terminally V5-tagged nsp3C-4 (HA-nsp3C-4-V5), a

fragment of the viral polyprotein encompassing the C-terminal part of nsp3 (excluding

the PLpro domain) and nsp4. In trans cleavage of the nsp3|4 junction is indicative of

proteolytic cleavage activity of PLpro during infection [9]. MERS-CoV PLpro

efficiently cleaved HA-nsp3C-4-V5 into HA-nsp3C and nsp4-V5 products, whereas the

active site mutant did not (Fig. 4C, compare lanes 3 and 4). The cleavage of the

nsp3J,4 site was not affected upon expression of the negative control Ub.AA, whereas

only a fraction of HA-nsp3C-4-V5 was cleaved upon expression of ME.4 or ME.2 at the

lowest dose, and cleavage was completely blocked at higher doses (Fig. 4C compare

lanes 5-7 to 8-10, Fig. IOC). Increasing doses of ME.l and ME.3 also resulted in

reduced cleavage as gradually more HA-nsp3C-4-V5 precursor was observed (Fig.

IOC).

Example 4 . Inhibitors block MERS-CoV replication in cells

To directly assess the ability of inhibitors to inhibit MERS-CoV replication, MERS-

CoV PLpro-specific inhibitors were ectopically expressed in cell culture, and cells were

subsequently infected with MERS-CoV. MRC5 and HuH-7 cell lines were transduced

with lentiviruses encoding FLAG-tagged inhibitors, Ub.AA, or GFP. Efficient

expression of FLAG-ME.l and GFP in these cells was confirmed by fluorescence

microscopy and by western blotting (Fig. 13). Either 32 or 48 hours post-transduction,

cells were infected with MERS-CoV at a multiplicity of infection of 0.01, and MERS-

CoV titers were determined from supernatants harvested 32 hours post infection (Fig.

4D). In MRC5 cells, ME.l and ME.4 expression resulted in significantly lower virus

titers as these dropped from 5 x 105 plaque forming units (PFU)/ml recovered from

control cells to 1,000 or 10 PFU/ml, respectively, when the MERS-CoV infection was

started 32 hours post-transduction (Fig. 4D). The effect of the inhibitors was even

more pronounced in MRC5 cells that were infected with MERS-CoV 48 hours post-

transduction, as virus titers dropped below 10 PFU/ml upon expression of ME.4,

which represented a reduction in infectious progeny titers of more than four orders of

magnitude (Fig. 4D) and correlated with higher expression of the inhibitors at this

time point (Fig. 13 and 14). In HuH-7 cells the expression of GFP or Ub.AA did not

affect MERS-CoV titers compared to the non-transduced cells, whereas ME.l

expression led to a two orders of magnitude reduction in virus titer, and an even



greater reduction of more than three orders of magnitude was observed upon ME.4

expression (Fig. 15). The effect of inhibitors on MERS-CoV progeny titers was more

severe in MRC5 cells compared to HuH-7 cells, which might be due to generally

higher expression of inhibitors in MRC5 cells than in HuH-7 cells (Fig. 3D, 13B and

15). Taken together, these studies show that the inhibitors readily inhibit the

proteolytic activities of MERS-CoV PLpro in cells and provide extremely effective

protection from MERS-CoV infection.

Example 5. Modification of ME.4 inhibitor

ME.4 was mutated at position 46 from F to A, at position 64 from Y to E, and at

position 70 from I to V to generate ME.4.1 (SEQ ID NO: 11). We expressed ME4.1 in

MRC5 or HuH-7 cells using the lentivirus -based expression system and infected the

transduced cells with MERS-CoV. Compared to ME.4, ME.4.1 was less effective in

inhibiting MERS-CoV replication, highlighting the importance of the F46, Y64 and

170 residues in ME.4 for the inhibitory effect (Figure 17). IC50 and EC50 values

(Table 3) were also determined as described herein (see Figure 18).

Example 6 . Modification of CC.4 inhibitor

CC.4 was mutated to remove 1 to 4 amino acids of the C-terminus (CC.4.1-CC.4.4) or

to mutate position 75 from V to G (CC.4. 5). Binding curves of these inhibitors to

CCHFV OTU are shown in Figure 26 and EC50 values were determined and are

listed in Table 5 . The results demonstrate that residues V75, P76 and W77 in the tail

region of CC.4 play a role in the high binding affinity to CCHFV OTU.

Example 7 Modification of ME.l and ME.3 inhibitors

ME. 1.1 and ME. 3.1 were generated to determine whether the binding affinity of ME.l

and ME.3 can be increased by introducing the V70I substitution. As shown in Table 5,

this mutation does not increase the binding affinity to MERS-CoV PLpro compared to

their original variants, ME.l and ME. 3.

Example 8 . Inhibitors with increased stability

Upon expression in E. coli, it was apparent the ME.l and ME.3 were significantly

more soluble that ME.2 and ME.4 . Further preliminary experiments using differential



scanning calorimetry (DSC) determined that ME.l and ME.3 exhibited higher Tm

values (83.7°C and 83.9°C respectively) than ME.2 and ME.4 (47.5°C and 46.6°C

respectively) (Fig. 20). Analysis of the primary sequences of ME.2 and ME.4 showed

that a number of mutations which are unique to these inhibitors near the N-terminus

appeared to be uninvolved in PLpro binding ( Zhang, W., Bailey-Elkin, B. A., Knaap,

R. C. M., Khare, B., Dalebout, T. J., Johnson, G. G., van Kasteren, P . B., McLeish, N.

J., Gu, J., He, W., Kikkert, M., Mark, B. L., and Sidhu, S. S . (2017) Potent and

selective inhibition of pathogenic viruses by engineered ubiquitin variants. PLOS

Pathogens 13, e1006372), indicating that mutations at these positions may impart

destabilizing effects. Specifically, Ub residue GlylO has been mutated to arginine in

ME.2 and ME.4, and this residue is known to be critical for the formation of a Gl-type

β-bulge, which is formed at the juncture of strands 61 and 62 of Ub (Chen, P. Y.,

Gopalacushina, B. G., Yang, C. C., Chan, S. I., and Evans, P. A. (2001) The role of a

beta-bulge in the folding of the beta-hairpin structure in ubiquitin. Protein Sci. 10,

2063-2074). The crystal structures of ME.2 and ME.4 are lacking electron density in

the region representing the Ub 6-bulge, indicating that this region may be

unstructured in the inhibitors. As a final indication that this 6-bulge region may be

implicated in the destabilization of ME.2 and ME.4, previous work on the folding

dynamics of Ub have suggested that the hairpin structure formed by strands 61 and

62 form a folding nucleus, representing an ensemble of high energy folding

intermediates which must be passed through in order to reach the folded tertiary Ub

structure ( Piana, S., Lindorff-Larsen, K., and Shaw, D. E. (2013) Atomic-level

description of ubiquitin folding. Proceedings of the National Academy of Sciences of

the United States of America 110, 5915-5920). These observations together suggest

that the stability of the first- generation inhibitors can be improved.

In order to assess the role of position 10 in stability, an ArglOGly mutation was

introduced into the highest affinity ME.4 (ME.4R10G), reverting the position to wild-

type with respect to Ub. In order to assess the Tm of ME.4R10G, thermal shift assays

were performed in the presence of Sypro® orange dye, which fluoresces upon

interaction with the hydrophobic core of unfolded proteins ( Pantoliano, M. W.,

Petrella, E. C , Kwasnoski, J . D., Lobanov, V. S., Myslik, J., Graf, E., Carver, T., Asel,

E., Springer, B. A., Lane, P., and Salemme, F. R. (2001) High-density miniaturized

thermal shift assays as a general strategy for drug discovery. J Biomol Screen 6, 429-



440). The measured Tm values for ME.2 and ME.4 using this method were 53.3 ±

0.2°C and 51.4 ± 0.2°C, respectively, consistent with the DSC data (Fig. 21). Thermal

shift analysis of ME.4R10G determined a Tm of 71.6 ± 0.1°C, demonstrating that the

introduction of an ArglOGly mutation at position 10 of ME.4 stabilized the inhibitor,

increasing the Tm by ~20°C.

Materials and Methods

Selection of inhibitors

The phage-display library used in this study was re-amplified from Library 2 as

previously described [25]. Protein immobilization and the following inhibitor

selections were done according to established protocols [26, 45]. Briefly, purified viral

proteases were coated on 96-well MaxiSorp plates (Thermo Scientific 12565135) by

adding 100 µΕ of 1 µΜ proteins and incubating overnight at 4°C. Afterwards, five

rounds of selections using the phage-display library were performed against

immobilized proteins including the following steps: (a) Each phage particle in the

library pool displays a unique candidate inhibitor and encapsulates the encoding

DNA; (b) Binding phages are captured with an immobilized protein; (c) Non-binding

phages are washed away; and (d) Bound phages are amplified by infection of bacteria.

The enriched phage pool is cycled through additional rounds of selection to further

enrich for protein-binding candidate inhibitors. After the fifth round of binding

selections individual phages with improved binding properties were identified by

phage ELISA using established techniques and subjected to DNA sequencing of the

phagemids to obtain candidate inhibitor sequences [26, 45].

Protein crystallization

MERS-CoV PLpro-ME.2 and -ME.4 complexes

To form the non-covalent MERS-CoV PLpro-inhibitor complexes, a 4-fold molar excess

of ME.4 or ME.2 was incubated with MERS-CoV PLpro overnight at 4°C. The excess,

unbound inhibitors were removed from the sample using a Superdex 75 size exclusion

column and fractions containing the MERS-CoV PLpro- inhibitor complex were pooled

and concentrated to 10 mg/mL. The MERS-CoV PLpro-ME.4 complex was found to

crystallize under similar conditions to those previously reported for the MERS-CoV

PLpro-Ub complex [9], with optimal crystals appearing in 0.1 M trisodium citrate pH

5.6, 20% (w/v) polyethylene glycol (PEG) 4000 and 20% (v/v) isopropanol. Crystals of



the MERS-CoV PLpro-ME.2 complex were grown in 0.1 M trisodium citrate pH 5.6,

19% (w/v) PEG 4000 and 19% (v/v) 1,2-isopropanediol. Crystals were grown by mixing

PLpro- inhibitor (10 mg/niL and 9 mg/mL for PLpro-ME.4 and PLpro-ME.2,

respectively) with crystallization solution at a 1:1 volumetric ratio (2 µΕ MERS-CoV

PLpro-inhibitor + 2 µΕ well solution). Immediately prior to mixing, 1 M DTT was

added to the MERS-CoV PLpro- inhibitor complexes to a final concentration of 10 mM

to prevent oxidation of the sample.

CCHFV OTU169-CC.2 and CCHFV OTU185-CC.4 complexes

Purified CCHFV OTU was pooled with 2-3-fold molar excess of purified inhibitor and

dialyzed overnight against 50 mM Tris pH 8.0, 150 mM NaCl and 2 mM DTT. Protein

complexes were concentrated and loaded onto a Superdex 75 size exclusion column

and eluted in 50 mM Tris, 150 mM NaCl and 2 mM DTT. For all samples, a single

peak corresponding to the respective complex was observed in the gel filtration profile

and two bands corresponding to the CCHFV OTU and respective inhibitor were

observed by SDS-PAGE, indicating the high purity of the complexes. The CCHFV

OTU169-CC.2 complex was concentrated to 12 mg/ml for crystallization trials, and

initial crystals and crystalline material obtained from preliminary screens were used

to prepare seed stocks for microseed matrix screening [46, 47], which was set up for

the hanging drop vapor diffusion method in 48-well VDX plates (Hampton Research)

and carried out using conventional screens (Qiagen) at 4°C, with and without

heterogeneous nucleation using 0.3-0.4 cm strands of human hair [48]. Total drop

volume was 2 µΐ containing equal volumes of the protein complex and the well

solution. Crystals of the CCHFV OTU169-CC.2 complex were grown in 30% (w/v) PEG

4000, 0.2 M CaC12 and 0.1 M HEPES pH 7.5 and appeared after 5-8 days.

The CCHFV OTU185-CC.4 complex was concentrated to 23 mg/ml and initial leads

were observed with a combinatorial approach using microseed matrix screening with

crystallization screens (Qiagen) along with the Silver Bullets screen (Hampton

Research) and micro-seeding using crystals of a CCHFV OTU185-CC.5 (a weaker

binding variant selected by phage display) complex. Using the hanging drop vapor

diffusion method and 48-well VDX trays (Hampton Research), screens were set up at

20°C with a reservoir volume of 150 µΐ , and a drop size of 3.5 µΐ , which comprised of

1.5 µΐ of the protein complex, 1 µΐ of the reservoir solution and 1 µΐ of Silver Bullet

additive, added in this order. Crystals were obtained with 25% (w/v) PEG 3350, 0.1 M



Tris pH 7.0 and 0.2 M sodium chloride. The Silver Bullet formulation in the drop was

as follows: 0.16% (w/v) each of 5-Sulfosalicylic acid dehydrate, dodecanedioic acid,

hippuric acid, mellitic acid, oxalacetic acid, suberic acid and 0.02 M HEPES sodium

pH 6.8.

Data collection procedures are described in Supporting Information.

Lentivirus transduction and MERS-CoV infections

To produce lentiviruses, HEK293T cells (Virgin lab, Washington University School of

Medicine) grown in a T175 flask were transfected with packaging vectors

pMDLg/pRRE and pRSV-REV, envelope protein-expressing vector pCMV-VSVG [49]

and the transfer vector (pLenti6.3/TC)/V5-DEST containing GFP or FLAG- inhibitors)

using polyethylenimine (PEI; Polysciences Inc.). Medium was replaced 24 h post

transfection and 48 h and 72 h post transfection supernatant was collected,

centrifuged (1000 x g for 10 min) and filtered through a 0.45 µηι filter before storage

at -80°C. Titers of the lentivirus particles were determined by p24 antigen enzyme-

linked immunosorbent assay (ELISA; ZeptoMetrix). HuH-7 (Bartenschlager lab,

Heidelberg University) and MRC5 cells (CCL-171; American Type Culture Collection)

grown in a 12-wells plate were transduced with lentiviruses encoding GFP or FLAG-

ME.l diluted in DMEM containing 2% FCS and 8 µg/ml Polybrene (Sigma Aldrich).

Medium was replaced 24 h post transduction (pt), and 32 h or 48 h pt protein lysates

were obtained by adding 250 µΐ 2xLSB containing 25 mM NEM to each well while

cells grown on coverslips were fixed with 3 % paraformaldehyde (PFA) in PBS. GFP

and FLAG-ME.l expression were analyzed by Western blotting as described in the

supporting information. Fixed cells that were grown on coverslips were permeabilized

with 0 .1% Triton X-100 in PBS and subsequently indirect immunofluorescence assays

were carried out. Primary and secondary antibodies were diluted in PBS containing

5% FCS and Hoechst 33258 was added to the secondary antibody dilution to stain

nuclear DNA. Coverslips were analyzed with a Zeiss Axioskop 2 fluorescence

microscope with an Axiocam HRc camera. To obtain a cell population in which >90%

of the cells expressed GFP, the amount of lentivirus yielding 120 ng of p24 was

required to transduce 1x105 HuH-7 cells and 40 ng of p24/lxl()5 MRC5 cells was

required. HuH-7 or MRC5 cells (lxl05/12-well) were transduced with lentiviruses

encoding GFP, FLAG-Ub.AA, FLAG-ME.l or FLAG-ME.4. Cells were infected with

MERS-CoV with a multiplicity of infection of 0.01 32 h or 48 h pt. MERS-CoV mocula



were prepared in PBS containing 50 µg/ml DEAE-dextran and 2% FCS. Cells were

inoculated for 1 h at 37°C and the inoculum was replaced with EMEM containing 2%

FCS. Supernatants were harvested 32 h post MERS-CoV infection and

simultaneously cells were lysed in 4x LSB for Western blotting analysis. MERS-CoV

titers were determined by plaque assays on Vero cells (Department of Viroscience,

Erasmus Medical Center) as described by van den Worm et al. [50]. MERS-CoV

infection experiments were performed at least twice and plaque assays were

performed in duplicate in order to determine MERS-CoV titers. Work with MERS-

CoV was performed inside biosafety cabinets in Biosafety Level 3 facilities at Leiden

University Medical Center.
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Supplemental methods

ELISA assays to evaluate binding and specificity

Proteins under study were immobilized on 384-well MaxiSorp plates (Thermo

Scientific 12665347) by adding 30 µ ΐ ^ of 1 µΜ proteins for overnight incubation at 4

°C. Phage and protein ELISA against immobilized proteins was performed as

previously described [1, 2]. Binding of phage was detected using anti-M13-HRP

antibody (GE Healthcare 27942101) and binding of FLAG-tagged inhibitors was

detected using anti-FLAG-HRP antibody (Sigma-Aldrich A8592). To measure the half

maximal binding concentration (EC50) of inhibitors binding to viral proteases, the

concentration of inhibitors or wild type Ub was varied from 0 to 4 µΜ (24 points, 1:2

dilution), while the concentration of target proteins immobilized on the plate

remained at 1 µΜ . EC50 values were calculated using the GraphPad Prism software

with the built-in equation formula (non-linear regression curve).

Octet Bio-Layer Interferometry (BLI)

Experiments were performed as previously described [2]. Concentrated analyte and

ligand proteins were diluted into BLI reaction buffer (25 mM HEPES pH 7.0, 150 mM

NaCl, 0.1 mg/ml bovine serum albumin and 0.01% tween 20). Experiments of BLI

were carried out on Octet RED96 system (ForteBio) using anti-GST antibody

biosensors for GST-tagged ligands and His-tagged analytes at 25°C. 7-9 concentration

points of analytes covering a wide titration range were applied for BLI experiments.

Sensorgram raw data was processed and extracted by Octet Analysis 9.0. Binding-

constants KD were obtained by fitting the response wavelength shifts in the steady-

state regions using single -site binding system (Eq. 1) shown below.



where Req is the value of the response shift in the steady-state region in each

sensorgram curve, [C] is the titrant concentration, Rmax is the maximal response in

the steady-state region, KD is the binding constant for the single-site binding system.

In both equations, Rmax and KD values are unknown and the Levenberg-Marquardt

algorithm was used to perform iterative non-linear least squares curve fitting in

Profit 6.2 (QuantumSoft) to obtain the fitted Rmax and KD.

Deconjugation assays

Ub/ISG15-amido-4-methylcoumarin (AMC)

Inhibition assays using Ub-AMC or ISG15-AMC (both Boston Biochem) as

deconjugation substrates were performed as described before [1, 3]. Experiments were

performed in assay buffer (50 niM HEPES, pH 7.5, 0.01% Tween 20, 1 mM

dithiothreitol (DTT)) containing 1 µΜ Ub-AMC substrate, 10 nM viral DUBs (vDUBs)

and 12 serial dilutions of inhibitor. vDUBs and inhibitors were mixed in assay buffer

as indicated and incubated at room temperature for 2 min prior to the addition of Ub-

AMC. All serial dilutions were performed in 96-well plates and subsequently

transferred to 384-well black plates (Thermo Scientific) for making measurements.

Deconjugation activity was measured by monitoring the increase of AMC fluorescence

emission at 460 nm (excitation at 360 nm) for 30 min using a BioTek Synergy2 plate

reader (BioTek Instruments, Winooski, VT). IC50 values were calculated using the

GraphPad Prism software with the built-in equation formula (non-linear regression

curve).

K48/K63 tetra-Ub

Inhibition assays using Biotin Tetra-Ub/Ub4 WT Chains (K48- or K63-linked, Boston

Biochem) as deubiquitination substrates were performed in assay buffer (50 mM

HEPES, pH 7.5, 100 mM NaCl, 1 mM DTT) containing 1 µΜ substrate, 1 µΜ vDUB

and 10 µΜ inhibitor as indicated. After incubation at 37°C for the indicated times,

reactions were stopped by the addition of 10 mM EDTA and SDS-PAGE sample buffer

and resolved using 4-20% gradient gels (Bio-Rad). The cleavage of K48/K63 tetra Ub

chains was evaluated by Western blotting, probed with ExtrAvidinlC-Peroxidase

(Sigma).

Protein expression and purification



ME.2 and ME.4

Plasmids named pET53-ME.2, and -ME.4 were transformed into CaC12-competent

Escherichia coli BL21 (DE3) Gold cells (Agilent) to allow for T7 polymerase- driven

expression of N-terminally His6-tagged ME.2 and ME.4 respectively. Cells were

grown at 37°C in the presence of 150 µg/mL ampicillin to an optical density (OD600)

of 0.6 and then induced at 16°C by addition of Isopropyl B-D-l-thiogalactopyranoside

(IPTG; final concentration 1 mM). After overnight incubation, cells were resuspended

in lysis buffer (500 mM NaCl, 50 mM Tris pH 8.0) and lysed via French press. The cell

lysate was clarified by centrifugation at 17,211 x g at 4°C for 30 min, then incubated

with 2 niL Ni-NTA Superflow resin (Qiagen) at 4°C for 30 min, and poured into a

gravity column. The column was washed with 50 niL of lysis buffer, followed by 50 mL

of lysis buffer containing 50 mM imidazole. Protein was eluted in lysis buffer

containing 250 mM imidazole. Following affinity purification, inhibitors were further

purified using a Superdex 75 size exclusion column (GE Healthcare), eluting in 20

mM Tris pH 8.5, 150 mM NaCl and 2 mM DTT.

CC.2 and CC.4

Plasmids encoding CC.2 and CC.4, named pET53-CC2 and -CC.4 respectively, were

transformed into CaC12-competent E. coli BL21 (DE3) Gold cells, and grown in Luria-

Bertani media supplemented with 150 pg/ml Ampicillin at 37°C with shaking to an

OD600 of 0.8-1.5. Protein expression was induced by the addition of a final

concentration of 1 mM IPTG for 19-21 hours at 28'C. Cells were resuspended in lysis

buffer (for CC.2: 50 mM Tris pH 7.2, 150 mM NaCl; for CC.4: 50 mM Tris pH 8.0, 150

mM NaCl) and lysed using either French Press or a freeze-thaw cycle that was

performed three times. For the latter, cells were frozen at -80'C after addition of 150

µΐ of 20 mg/ml lysozyme followed by incubation on ice for 20 min, and thawed at room

temperature. Lysis was followed by addition of 100-300 µΐ of DNase I (10 mg/ml) while

mixing on a magnetic stirrer. Lysates from French Press or the freeze-thaw procedure

were clarified by centrifugation at 48,298 x g for 30-40 min. Supernatants were loaded

onto a gravity column containing Ni-NTA Superflow resin (Qiagen) that had been pre-

equilibrated with Buffer A (50 mM Tris pH 8.0, 150 mM NaCl). The column was

washed with 2-3 column volumes (CV) of Buffer A supplemented with 20 mM

imidazole and eluted in a step-wise manner with Buffer A containing 500 mM

imidazole. Fractions of interest, as determined from SDS-PAGE, were pooled and



dialyzed twice against Buffer A. The proteins were concentrated and loaded onto the

Superdex 75 size exclusion column. CC.2 was eluted in 20 mM Tris pH 7.4, 150 mM

NaCl and 1 mM DTT, and CC.4 was eluted in 50 mM Tris pH 8.0, 150 mM NaCl and

2 mM DTT.

MERS-CoV PLpro

The MERS-CoV PLpro domain was expressed and purified as described previously [4].

Briefly, E. coli BL21 (DE3) Gold cells transformed with plasmid pE-SUMO PLpro

were grown to an OD600 ^of 0.6-0.8 at 37°C in the presence of 35 µg/mL kanamycin.

Protein expression was induced by the addition of a final concentration of 1 mM IPTG

and overnight incubation at 16C Cells were resuspended in lysis buffer (150 mM

Tris, pH 8.5, 1 M NaCl, 2 mM DTT), lysed via French press and clarified via

centrifugation at 17,21 l x g Clarified lysate was loaded onto a Ni-NTA gravity column

and washed with lysis buffer, followed by lysis buffer supplemented with 25 mM

imidazole and subsequent elution in lysis buffer supplemented with 250 mM

imidazole. The SUMO-PLpro -1-1 fusion was cleaved overnight in 150 mM NaCl, 50

mM Tris, pH 8.0, 1 mM DTT in the presence of Ulpl SUMO protease. Cleaved, tagless

MERS-CoV PLpro was subsequently passed through a second Ni-NTA column, and

further purified on a Superdex 75 size exclusion column equilibrated in 20 mM Tris,

pH 8.5, 150 mM NaCl, 2 mM DTT.

CCHFV OTU169 and CCHFV OTU185

Plasmids encoding the CCHFV OTU domain residues 1-169 (pGEX-CCHFV OTU169)

and residues 1-185 (pET49b-CCHFV OTU 185) fused with a GST tag and an HRV3c

protease cleavage site were used for the expression and purification of the CCHFV

OTU domain as described previously [5, 6]. Briefly, E. coli BL21-Gold (DE3) cells

transformed with either of the plasmids were grown to an OD600 of 0.9-1.0 at 37°C

with shaking, and protein expression was induced with a final concentration of 1 mM

IPTG at 30°C for 19-21 hrs. Cells were resuspended in 25 ml of lysis buffer (50mM

Tris-Cl pH 7.2, 200 mM NaCl, 5 mM EDTA, 5 mM DTT) and lysed via French Press.

The lysate was clarified by centrifugation at 48,298 x g for 30-40 min. The

supernatant was loaded onto GST-Bind resin (VWR) in a gravity column pre-

equilibrated with the lysis buffer, and proteins were eluted in 50 mM Tris-Cl pH 7.2,

500 mM NaCl, 5 mM EDTA, 5 mM DTT and 15 mM reduced glutathione. The GST

tag was cleaved by addition of GST-tagged HRV 3c protease during overnight dialysis



against 50 niM Tris pH 7.4, 150 mM NaCl, 1 mM EDTA, 1 niM DTT. Cleaved CCHF-

vOTU proteins were collected as flow-through by passing the digest through a

recharged GST-Bind column, concentrated and loaded onto the Superdex-75 column

(GE Healthcare). Purified proteins, eluted in 20 mM Tris pH 7.2, 150 mM NaCl and

ImM DTT, were then used for further analyses.

Protein crystallization data collection

MERS-CoV PLpro-ME.2 and -ME.4 complexes

Crystals were harvested by sweeping through a cryoprotectant solution containing

0 .1M trisodium citrate pH 5.6, 22% (w/v) PEG 4000, 21% (v/v) 1,2-propanediol (PLpro-

ME.4), or harvested directly from the crystallization solution (PLpro-ME.2) and flash-

cooled in liquid nitrogen. X-ray diffraction data for PLpro-ME.4 crystals were collected

using a Rigaku 007HF MicroFocus X-ray generator and R-AXIS IV++ detector. PLpro-

ME.2 data collection was carried out at the Canadian Light Source on beamline 08B1-

1. Diffraction data for the PLpro-ME.4 and -ME. 2 crystals were integrated and scaled

using XDS [7], followed by merging using Aimless within the CCP4 software suite.

Initial phase estimates were determined via molecular replacement within

phenix.phaser using the previously determined MERS-CoV PLpro domain (PDB ID:

4RF0) and a polyAla Ub model (PDB ID: 4RF0) as independent search models [8].

Model building and refinement were performed using Coot and phenix.refine,

respectively [9, 10].

CCHFV OTU169-CC.2 and CCHFV OTU185-CC.4 complexes

Single crystals of the CCHFV OTU169-CC.2 and CCHFV OTU185-CC.4 complexes

were swept through cryoprotectant containing well solution supplemented with 20-

30% ethylene glycol, and X-ray diffraction data were collected at the CLS on beamline

08ID-1 at 100K. X-ray diffraction data were indexed and scaled using XDS [7] and

merged with Aimless [11]. Initial phases for the CCHFV OTU169-CC.2 and CCHFV

OTU185-CC.4 complexes were determined by molecular replacement within

phenix.phaser [8] using the previously reported CCHFV OTU domain bound to Ub

(PDB 3PT2) [5] as a search model. The structures of CC.2 and CC.4 bound to CCHFV

OTU were subsequently modelled and refined into the MR maps using Coot [9] and

phenix.refine, respectively [10].

Plasmids used for cell culture work



The following plasmids were described elsewhere or provided by others: pcDNA3.1-

MERS-CoV-PLpro WT and active site mutant C1592A [12], pCAGGS-HA-nsp3C-4-V5

[12], pcDNA-eGFP [13], pCAGGS- MAVS (provided by N. Frias-Staheli), pLuc-IFN-B

[14] and pRL-TK (Promega). pcDNA3-HA-Ub was generated by cloning PCR-amplified

Ub (using pCMV-FLAG-Ub [15] as a template) in pcDNA3.1(-) (Invitrogen) in frame

with an N-terminal HA tag. Codon optimized SARS-CoV-PLpro (amino acids 1541-

1855 of the SARS-CoVppla/pplab (NCBI ID: AY291315.1)) with removed potential

splice sites and polyadenylation signals (IDT) was cloned into pcDNA3.1(-) in frame

with a C-terminal V5-tag generating pcDNA3.1(-)-SARS-CoV-PLpro-V5. pcDNA3.1(-)-

SARS-CoV-PLpro-V5 was used as template for site-directed mutagenesis using the

QuikChangeTM strategy (Stratagene using Accuzyme DNA polymerase from Bioline)

to mutate the active site cysteine to alanine (C1651A).

In the inhibitor -containing pDONR-221 vectors (Thermo Fisher Scientific) a

methionine was introduced before the already present N-terminal FLAG tag using the

QuikChangeTM strategy. In pDONR-22 1-FLAG-Ub substitutions G75A+G76A were

introduced in Ub to generate pDONR-221-FLAG-Ub.AA. FLAG- inhibitors were

cloned in destination vectors pcDNA3.1-DEST or pLenti6.3/TO/V5-DEST (Thermo

Fisher Scientific) using the Gateway technology (Thermo Fisher Scientific). Primer

sequences are available upon request.

(Jell culture and antibodies

HEK293T were grown in Dulbecco's modified Eagle's medium (DMEM) supplemented

with 10% fetal calf serum (FCS; Bodinco BV), 100 units/ml penicillin, 100 units/ml

streptomycin and 2 niM L-glutamine. Vero cells (Erasmus Medical Center) and MRC5

cells (ATCC CCL-171) were cultured in Eagle's minimum essential medium (EMEM)

with 8% FCS, 100 units/ml penicillin and streptomycin, 2 niM L-glutamine and n on

essential amino acids (PAA). HuH-7 cells were maintained in DMEM containing 8%

FCS, antibiotics and non-essential amino acids. DMEM, EMEM and supplements

were obtained from Lonza.

Proteins on Western blot were visualized using the following primary antibodies:

mouse anti-FLAG (F3165; Sigma-Aldrich), mouse anti-V5 (37-7500; Invitrogen),

mouse anti-HA (ab 18181; Abeam), rabbit anti-GFP [13], rabbit anti-SARS-CoV nsp4

[16], rabbit anti-MERS-CoV p4b [17] and mouse anti-actin (A5316; Sigma-Aldrich).

Primary antibodies were detected with horseradish peroxidase-conjugated secondary



antibodies (P0447 and P0217; Dako). In an indirect immunofluorescence assay

primary antibody mouse anti-FLAG (F3165; Sigma-Aldrich) and secondary antibody

Alexa488-conjugated goat anti-mouse immunoglobulin G (IgG) antibody (A- 11001;

Thermo Fisher Scientific) were used.

Protease activity assays in cell culture

Protease activity assays as described in Bailey-Elkin et al. [12] were performed with

slight modifications. Briefly, to assess the DUB activity of MERS-CoV PLpro in the

presence of inhibitors, HEK293T cells were co-transfected using the calcium

phosphate transfection method with plasmids encoding HA-tagged Ub (0.25 µg),

MERS-CoV-PLpro-V5 (0.2 µg), FLAG-tagged inhibitors (0.5; 0.75 or 1 µg, as indicated)

and GFP (0.25 ^ig). In order to establish whether the MERS-CoV-directed inhibitors

target SARS-CoV PLpro, DUB assays were also performed with SARS-CoV-PLpro-V5

(0.2 µg) instead of MERS-CoV-FLpro-V5. The in trans cleavage activity of MERS-CoV

PLpro in the presence of inhibitors was determined by co-expressing HA-nsp3C-4-V5

(0.2 µg), MERS-CoV-PLpro-V5 (0.15 µg), FLAG-tagged inhibitors (0.5; 0.75 or 1 µ&

and GFP (0.25 µg) in HEK293T cells. Empty pcDNA vector was added to supplement

to a total of 2 µg of plasmid DNA transfected per well of a 12-wells cluster. At 18 h

post transfection, cells were lysed in 2x Laemmli sample buffer (LSB) containing 25

niM N-ethylmaleimide (NEM; Sigma). Proteins were separated in an SDS-PAGE gel,

blotted onto Hybond-P (0,45µηι pore size, GE-Heathcare) and visualized after

antibody incubation steps using Pierce ECL 2 Western blotting substrate (Thermo

Fisher Scientific). To visualize FLAG-tagged inhibitors the proteins separated in an

SDS-page gel were blotted onto 0,2 µιη PVDF membranes (GE-Heathcare). The

membranes were blocked with dried milk powder in PBS containing 0,05% Tween-20

followed by antibody incubation steps.

Luciferase-based IFN-6 reporter assay

In a luciferase-based IFN-β reporter assay the effect of the inhibitors on the

suppression of IFN- Bpromoter activity by viral PLpros was investigated. HEK293T

cells grown to 80% confluency in a 24-wells plate were co-transfected with a

combination of plasmids encoding the firefly luciferase reporter gene under control of

the IFN- β promoter (25 ng), Renilla luciferase (5 ng), innate immune inducer

mitochondrial antiviral signalling protein (MAVS; 25 ng), MERS-CoV PLpro-V5 (250

ng) and FLAG-tagged inhibitors (250, 500, 750 ng). Alternatively, SARS-CoV PLpro-



V5 (100 ng) and FLAG-tagged inhibitors (750 ng) were co-expressed with firefly

luciferase under control of the IFN-β promoter, Renilla luciferase and MAVS. Total

amounts of transfected DNA were equalized by the addition of empty pcDNA vector.

Both firefly and Renilla luciferase activities were measured (Mithras LB 940

multimode reader; Berthold Technologies) using the Dual-Luciferase reporter assay

system (Promega) 16 h post transfection. After normalizing the firefly luciferase

activity to Renilla luciferase activity, an unpaired two-tailed Student's t test was

performed and p values <0.05 were considered statistically significant. Firefly and

Renilla luciferase activities were measured in triplicate and assays were repeated

independently at least three times.

Methods for further variants

Expression plasmids and host strains

pET53-ME.4R10G was generated via around-the-horn PGR [ Hemsley A, Arnheim N,

Toney MD, Cortopassi G, Galas DJ. A simple method for site-directed mutagenesis

using the polymerase chain reaction. Nucleic Acids Res. 1989;17:6545-51.

[3] Graham FL, van der Eb AJ. A new technique for the assay of infectivity of human

adenovirus 5 DNA. Virology. 1973;52:456-67.

Protein expression and purification

For protein thermal shift assays, overnight cultures of E. coli BL21 (DE3) Gold cells

harbouring inhibitors (Inh) were started by inoculating 3 mL LB supplemented with

150 µg/mL ampicillin (amp) with a glycerol stock scraping, and were incubated

overnight at 37°C with aeration. The next morning, 60 µΕ of overnight culture were

subcultured into 6 mL LB + 150 µg/mL amp and grown at 37°C to an OD600 of 0.8.

Inhibitor expression was induced overnight at 16°C with the addition IPTG to a final

concentration of 1 mM. Cell pellets were frozen at -80°C until use. Cell pellets were

resuspended in 1 mL [50 mM Tris pH 8.5, 500 mM NaCl, 100 µΜ PMSF, 5 µg/mL

DNase] and lysed by sonication. Cell lysates were clarified by centrilugation at 16,100

rcf, and 200 µΥ· of His Mag Sepharose Ni resin (GE Healthcare) was added to the

clarified lysate supernatant, and incubated at room temperature for 30 min with end-

over-end mixing. His Mag resin was washed with 2 mL [50 mM Tris pH 8.5, 500 mM

NaCl], followed by 2 mL [50 mM Tris pH 8.5, 500 mM NaCl, 25 mM imidazole],

followed by 2 mL [50 mM Tris pH 8.5, 500 mM NaCl, 50 mM imidazole] and eluted in

[50 mM Tris pH 8.5, 500 mM NaCl, 250-500 mM imidazole].



Protein purification for DSC assays were performed as described in [Zhang et al.], and

Inhibitors were either flash-frozen in LN2 or held at 4°C until use. Inhibitors were

dialyzed into PBS pH 7.4 prior to analysis. Bovine Ub was purchased from Sigma.

Differential scanning calorimetry analysis of Inhibitors

DSC curves were collected on a Nano DSC (TA Instruments) with a scan rate of

l°C/min at 3 atm, using protein concentrations of 2-3.25 mg/mL. Data analysis was

performed using NanoAnalyze, and DSC curves were fit to a two-state scaled model

for melting temperature (Tm) determination.

Protein thermal shift analysis of Inhibitors

Thermal shift assay reactions were performed using 4 µg inhibitor, and a final

concentration of 5x SYPRO orange (Sigma). Assays were performed in 96-well format

using an StepOnePlus Real-Time PCR System (Applied Biosystems), with a scan rate

of l°C/min. Fluorescence melt curves were fit to a Boltzmann equation with Tm

values corresponding to the midpoint of the transition curve using Protein Thermal

Shift Software Version 1.1 (Thermofisher). Tm values are reported as an average of 3

replicates.

Plasmids used for cell culture work

Inhibitor-containing pDONR-221 vectors (Thermo Fisher Scientific) were previously

described [Zhang et al.]. By classical cloning with Xhol and Pvul, region 1 of Ub WT

or ME.l was cloned in place of region 1 of ME.4 in DONR-221-FLAG-ME.4 to

generate pDONR-221-FLAG-ME.4.2 and -ME.4.4 respectively. Single amino acid

substitutions were introduced using the QuikChangeTM strategy with pDONR-221-

FLAG-Inh as template to generate pDONR-221-FLAG-ME.l.l, -ME. 3.1, -ME.4.1, -

ME4.3 and -ME.4 .5. The newly generated FLAG-Inh were cloned in destination

vectors pcDNA3.1-DEST or pLenti6.3/TO/V5-DEST (Thermo Fisher Scientific)

using the Gateway technology (Thermo Fisher Scientific).

Determination of Inh mRNA and protein levels

HEK293T cells grown to 80% confluency in a 12-well plate were translected with 1 µg

pcDNA3.1-DEST-FLAG-Inh using the calcium phosphate transfection method [

Graham FL, van der Eb AJ. A new technique for the assay of infectivity of human

adenovirus 5 DNA. Virology. 1973;52:456-67.]. At 18 h post transfection, cells were

lysed either in 2x Laemmli sample buffer (LSB) containing 25 mM N-ethylmaleimide

(NEM; Sigma) to obtain protein samples or in RA1 buffer supplemented with β-



mercaptoethanol for total RNA isolation using the NucleoSpin RNA II kit (Machery-

Nagel). Protein samples were loaded on SDS-polyacrylamide gels which were blotted

onto PVDF membranes (GE-Heatheare) using the semi-dry blotting system (Trans-

Blot turbo Tranfer System, BioRad). Membranes were blocked with 5% dried milk

powder in PBS containing 0,05% Tween-20, followed by antibody incubation steps.

After antibody incubation, the protein bands were visualized using Amersham ECL

Plus detection reagent (GE Healthcare). Protein quantification was performed using

ImageJ on Western blots of at least three independent experiments [ Schneider CA,

Rasband WS, Eliceiri KW. NIH Image to ImageJ: 25 years of image analysis. Nature

methods. 2012;9:671-5.]. FLAG-lnh protein levels were normalized to actin that was

used as loading control and Ub AA was set to 100%. Isolated RNA was treated with

DNase (TURBO DNA-free™ Kit, Thermo Fisher Scientific) to ensure removal of DNA

contaminants before it was used as a template for cDNA synthesis using RevertAid H

minus reverse transcriptase (ThermoFisher) and oligo(dT)20 primer. Samples were

analysed in triplicate by real-time quantitative reverse-transcriptase (qRT) PGR

using iTaq SYBR Green Supermix (BioRad) on a CFX384 Touch™ Real-Time PGR

Detection System (BioRad). Primers targeting mRNAs encoding human 6-actin

(Forward (Fwd): 5'AGGCACCAGGGCGTGAT-3';Reverse (Rev):

5'GCCCACATAGGAATCCTTCTGAG-3') , neomycin (Fwd:

5'CTCCTGCCGAGAAAGTATCC-3' , Rev: 5'GCTCTTCGTCCAGATCATCC-3')and

Ub(V) (Fwd: 5'CAGCTGGAAGATGGACGTAC-3',Rev:

5'CCAGTGTGGTGGAATTCTGC-3') were used. In all PGR runs a standard dilution

series was included and melting-curve analysis was done. PGR efficiencies were

determined which allowed quantification using the standard curve method. For

relative quantification of Inh expression levels, the results were normalized to the

transfection efficiency (neomycin) and to the normalization gene (actin). The

normalization gene in the sample set was determined using NormFinder software [

Andersen CL, Jensen JL, Orntoft TF. Normalization of real-time quantitative reverse

transcription- PGR data: a model-based variance estimation approach to identify genes

suited for normalization, applied to bladder and colon cancer data sets. Cancer

research. 2004;64:5245-50.].















Claims

1. Use of an inhibitor or a nucleic acid molecule encoding said inhibitor for inhibiting

the biological activity of a viral protein, preferably a viral protease having

deubiquitination activity,

wherein the inhibitor comprises a beta-grasp fold, wherein said fold comprises region

1 (amino acids 2-14), region 2 (amino acids 42-49), and region 3 (amino acids 62-76) of

the amino acid sequence set forth in SEQ ID NO:l,

wherein the inhibitor comprises one or more amino acid substitutions in said regions

as compared to the amino acid sequence set forth in SEQ ID NO:l, and

wherein said substitutions include an amino acid substitution of A to F at the amino

acid position corresponding to 46 of SEQ ID NO: 1 and/or an amino acid substitution

of E to Y at the amino acid position corresponding to 64 of SEQ ID NO: 1.

2 . The use according to claim 1,

a) wherein region 1 has an amino acid sequence corresponding to amino acids 2-14 of

SEQ ID NO: 2, SEQ ID NO: 3, SEQ ID NO: 4, SEQ ID NO: 5 ; SEQ ID NO: 12, or

SEQ ID NO: 14;

b) wherein region 2 has an amino acid sequence corresponding to amino acids 42-49 of

SEQ ID NO: 2, SEQ ID NO: 3, SEQ ID NO: 4, SEQ ID NO: 5, or SEQ ID NO: 13;

and/or

c) wherein region 3 has an amino acid sequence corresponding to amino acids 62-78 of

SEQ ID NO: 2, SEQ ID NO: 3, SEQ ID NO: 4, SEQ ID NO: 5, SEQ ID NO: 13, SEQ

ID NO: 15;

preferably wherein the inhibitor comprises an amino acid sequence selected from SEQ

ID NO: 2, SEQ ID NO: 3, SEQ ID NO: 4, SEQ ID NO: 5, SEQ ID NO: 12, SEQ ID NO:

13, SEQ ID NO: 14, and SEQ ID NO: 15.

3. Use of an inhibitor or a nucleic acid molecule encoding said an inhibitor for

inhibiting the biological activity of a viral protein, preferably a viral protease having

deubiquitination activity,



wherein the inhibitor comprises a beta-grasp fold, wherein said fold comprises region

1 (amino acids 2-14), region 2 (amino acids 42-49), and region 3 (amino acids 62-76) of

the amino acid sequence set forth in SEQ ID NO:l,

wherein the inhibitor comprises one or more amino acid substitutions in said regions

as compared to the amino acid sequence set forth in SEQ ID NO:l, and

wherein said substitution include an amino acid substitution of R to G at the amino

acid position corresponding to 74 of SEQ ID NO: 1.

4 . The use according to claim 3,

a) wherein region 1 has an amino acid sequence corresponding to amino acids 2-14 of

SEQ ID NO: 6, SEQ ID NO: 7, SEQ ID NO: 8, SEQ ID NO: 9, or SEQ ID NO: 10;

b) wherein region 2 has an amino acid sequence corresponding to amino acids 42-49 of

SEQ ID NO: 6, SEQ ID NO: 7, SEQ ID NO: 8, SEQ ID NO: 9, or SEQ ID NO: 10;

and/or

c) wherein region 3 has an amino acid sequence corresponding to amino acids 62-78 of

SEQ ID NO: 6, SEQ ID NO: 7, SEQ ID NO: 8, SEQ ID NO: 9, or SEQ ID NO: 10,

preferably wherein the inhibitor comprises an amino acid sequence selected from SEQ

ID NO: 6, SEQ ID NO: 7, SEQ ID NO: 8 , SEQ ID NO: 9, or SEQ ID NO: 10.

5. The use according to any one of the preceding claims wherein the use is for

inhibiting the proteolytic cleavage activity of a viral protein.

6 . The use according to any one of the preceding claims, wherein region 1 is linked to

region 2 by a polypeptide comprising amino acids 15-41 of SEQ ID NO: 1 or having at

least 80% identity to amino acids 15-41 of SEQ ID NO: 1 and where in region 2 is

linked to region 3 by a polypeptide comprising amino acids 50-61 of SEQ ID NO: 1 or

having at least 80% identity to amino acids 50-61 of SEQ ID NO: 1.

7. An inhibitor comprising a beta-grasp fold, wherein said fold comprises region 1

(amino acids 2-14), region 2 (amino acids 42-49), and region 3 (amino acids 62-76) of

the amino acid sequence set forth in SEQ ID NO:l,

wherein the inhibitor comprises one or more amino acid substitutions in said regions

as compared to the amino acid sequence set forth in SEQ ID NO:l, and



wherein said substitutions include an amino acid substitution of A to F at the amino

acid position corresponding to 46 of SEQ ID NO: 1 and/or an amino acid substitution

of E to Y at the amino acid position corresponding to 64 of SEQ ID NO: 1.

8 . An inhibitor comprising a beta-grasp fold, wherein said fold comprises region 1

(amino acids 2-14), region 2 (amino acids 42-49), and region 3 (amino acids 62-76) of

the amino acid sequence set forth in SEQ ID NO:l,

wherein the inhibitor comprises one or more amino acid substitutions in said regions

as compared to the amino acid sequence set forth in SEQ ID NO:l, and

wherein said substitution include an amino acid substitution of R to G at the amino

acid position corresponding to 74 of SEQ ID NO: 1.

9 . A nucleic acid molecule encoding the inhibitor of claims 7 or 8 .

10. A recombinant expression vector expressing the nucleic acid molecule of claim 9 .

11. An in vitro cell line, or a non-human cell or non-human organism comprising the

inhibitor of claims 7 or 8 , the nucleic acid molecule of claim 9, or the recombinant

expression vector of claim 10.

12. A pharmaceutical composition comprising the inhibitor of claims 7 or 8, the

nucleic acid molecule of claim 9, or the recombinant expression vector of claim 10.

13. An inhibitor or a nucleic acid molecule encoding said inhibitor for use in therapy,

wherein the inhibitor comprises a beta-grasp fold, wherein said fold comprises region

1 (amino acids 2-14), region 2 (amino acids 42-49), and region 3 (amino acids 62-76) of

the amino acid sequence set forth in SEQ ID NO:l,

wherein the inhibitor comprises one or more amino acid substitutions in said regions

as compared to the amino acid sequence set forth in SEQ ID NO:l, and

wherein said substitutions include an amino acid substitution of A to F at the amino

acid position corresponding to 46 of SEQ ID NO: 1 and/or an amino acid substitution

of E to Y at the amino acid position corresponding to 64 of SEQ ID NO: 1, preferably



wherein the use is for the treatment and/or prevention of Middle East respiratory

syndrome coronaviral (MERS-CoV) infection and/or the symptoms thereof.

14. An inhibitor or a nucleic acid molecule encoding said an inhibitor for use in

therapy,

wherein the inhibitor comprising a beta-grasp fold, wherein said fold comprises region

1 (amino acids 2-14), region 2 (amino acids 42-49), and region 3 (amino acids 62-76) of

the amino acid sequence set forth in SEQ ID NO:l,

wherein the inhibitor comprises one or more amino acid substitutions, in said regions

as compared to the amino acid sequence set forth in SEQ ID NO:l, and

wherein said substitution include an amino acid substitution of R to G at the amino

acid position corresponding to 74 of SEQ ID NO: 1, preferably wherein the use is for

the treatment and/or prevention of Crimean-Congo hemorrhagic fever viral infection

and/or the symptoms thereof.

15. A method of identifying an inhibitor or a nucleic acid molecule encoding said

inhibitor that inhibits the biological activity of a viral ubiquitin binding protein

partner, the method comprising providing a library of polypeptides and screening said

library against a viral ubiquitin binding partner in order to identify inhibitors that

bind to said viral ubiquitin binding partner, wherein said polypeptide library

comprises at least 1000 different polypeptides, wherein each polypeptide comprises a

beta-grasp fold comprising region 1 (amino acids 2-14), region 2 (amino acids 42-49),

and region 3 (amino acids 62-76) of the amino acid sequence set forth in SEQ ID NO:l

and comprises at least one amino acid mutation in said regions as compared to the

amino acid sequence set forth in SEQ ID NO:l.
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