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Abstract

Rupintrivir targets the 3C cysteine proteases of the picornaviridae family which includes 

rhinoviruses and enteroviruses that cause a range of human diseases. Despite being a pan-3C 

protease inhibitor, rupintrivir activity is extremely weak against the homologous 3C-like protease 

of SARS-CoV-2. In this study the crystal structures of rupintrivir were determined bound to 

enterovirus 68 (EV68) 3C protease, and the 3C-like main protease (Mpro) from SARS-CoV-2. 

While the EV68 3C protease-rupintrivir structure was similar to previously determined complexes 

with other picornavirus 3C proteases, rupintrivir bound in a unique conformation to the active site 

of SARS-CoV-2 Mpro splitting the catalytic cysteine and histidine residues. This bifurcation of the 

catalytic dyad may provide a novel approach for inhibiting cysteine proteases.
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There are over 200 viral species that are known to infect humans, with three to four 

new human viral pathogens discovered every year 1 Viral outbreaks result in the death of 

hundreds to millions of people, as in the case of the coronavirus infectious disease 2019 

(COVID-19) pandemic caused by SARS-CoV-2. Many of the most common human viral 

pathogens are from the picornaviridae family. This viral family includes rhinoviruses that 

cause the common cold, and enteroviruses associated with several diseases ranging from 

hand-foot-and-mouth disease to polio-like neuropathies. For example, the enterovirus EV68 

has been linked to acute flaccid myelitis (AFM), affecting the gray matter of the spinal cord, 

leading to polio-like neurological symptoms such as muscle weakness. Between August 

2014 and January 2020, an EV68 outbreak caused over 600 confirmed cases of AFM across 

34 states 2. Unfortunately, many of the diseases caused by these viruses lack effective 

treatment options.

In the absence of vaccines or natural antibodies, direct acting antivirals (DAAs) are a 

critical therapeutic strategy to suppress viral outbreaks and treat the most vulnerable in the 

population. DAAs save millions of lives every year by targeting essential viral enzymes 

to prevent viral replication. Viral proteases, which cleave polyproteins to allow viral 

maturation, are key therapeutic targets. Inhibition of viral proteases with small molecule 

inhibitors has a proven therapeutic track record, as with HIV-1 and HCV 3–6, some of 

which have been shown to have potency against SARS-CoV-2 proteases 7–9. Rhinoviruses 

and enteroviruses have a 3C protease (3Cpro) that is necessary for viral maturation. The 3C 

proteases of various viral species are structurally very similar [Figure 1A]. SARS-CoV-2 

has two viral proteases, the papain-like protease (PLpro) and the main protease (Mpro). Mpro 

is also known as the 3C-like protease because the active site domain is structurally similar 

to 3C proteases. SARS-CoV-2 Mpro is larger than the 3C proteases (306 AA vs ~180 AA) 

due to additional residues near the active site (residues 43–62) and a 100-residue domain III 

[Figure 1B]. The structural similarities especially in the active site suggest the potential of 

an effective cross-3C/3CLpro inhibitor.

In an attempt to cure the common cold, Pfizer developed rupintrivir [Figure 1C], an 

irreversible covalent inhibitor designed to target the 3C cysteine protease of human 

rhinovirus B 10. Rupintrivir inhibits several rhinovirus serotypes and patient isolates with 

an EC50 between 3 and 183 nM11. In 2003, a phase 2 randomized, double-blind, placebo-

controlled study showed that rupintrivir caused significant prophylaxis and daily symptom 
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reduction12 and had good safety and pharmacokinetics in healthy volunteers13. Rupintrivir 

was later shown to potently inhibit the 3C proteases of several enterovirus strains with a low 

nanomolar EC50 11 14–15 with a similar binding mode [Figure 1A]. Despite their similarities 

however, rupintrivir only weakly inhibits the Mpro of SARS-CoV-1 and 2 with an IC50 

of >100 μM and 68 ± 7 μM, respectively 16–17. However, the binding mode of rupintrivir 

underlying this potency loss was not clear as the structure of SARS-CoV-2 Mpro in complex 

with rupintrivir had not been determined.

In this study, we present the crystal structures of both EV68 3Cpro and SARS-CoV-2 Mpro 

with rupintrivir bound at the active site. EV68 3Cpro binds rupintrivir in the previously 

observed canonical binding mode, however in the SARS-CoV-2 Mpro complex rupintrivir 

adopts a unique binding mode. The SARS-CoV-2 Mpro-rupintrivir complex structure reveals 

how both the inhibitor and the protease active site undergo conformational changes to 

accommodate rupintrivir by bifurcating the catalytic dyad.

To elucidate the structure and binding mode of rupintrivir in inhibiting coronaviral Mpro, 

the crystal structure of rupintrivir in complex with SARS-CoV-2 Mpro was determined. 

We also determined the crystal structure of rupintrivir bound to enteroviral EV68 3Cpro 

for comparison. The inhibitor binding modes and catalytic dyad side chain conformations 

were validated by composite omit maps with and without simulated annealing [Figure S1]. 

Additional details regarding diffraction data and inhibitor modeling are provided in the 

materials and methods section and Table S2.

The EV68 3Cpro-rupintrivir complex structure was determined to 1.95 Å resolution (Rfactor/

Rfree = 15.8/18.6%) in the space group R3 with two molecules in the asymmetric unit (AU). 

As expected, rupintrivir’s binding conformation in EV68 3Cpro active site is identical to all 

other previously published 3C proteases, with the P2 fluorophenylalanine located in the S2 

subsite [Figure 2A]. Unlike some of the other 3Cpro-rupintrivir complexes18, our structure 

has the catalytic histidine (His40) in only one conformation. The P2 fluorophenylalanine 

fits in the hydrophobic channel [Figure 2B] and the fluorine participates in a halogen 

bonding interaction with Thr129 while pi-stacking with the catalytic His40 [Figure 2C]. 

Other hydrogen bonds between the inhibitor and protease include several interactions to the 

backbone atoms of Gly164 and Asn165 which likely interact with the cleavage sites [Figure 

2D].

The SARS-CoV-2 Mpro-rupintrivir complex structure was determined in two different 

space groups. The structure in the P21 space group had 2.10 Å resolution (Rfactor/Rfree 

= 20.6/26.3%) with two monomers in the AU while the structure in the P21212 space group 

was determined to 2.45 Å resolution (Rfactor/Rfree = 22.4/28.1%) with a single molecule in 

the AU. Contrary to all previous rupintrivir structures with 3C proteases, in complex with 

SARS-CoV-2 Mpro the P2 fluorophenylalanine moiety is intercalated between the catalytic 

residues (His41 and Cys145 in Mpro) pointing toward the S1’ subsite [Figure 2E–F] instead 

of binding in the S2 subsite. This was true for both monomers in the structure solved in 

the P21 space group, as well as in the structure solved in the P21212 space group, both of 

which were validated by omit maps [Figure S1]. Thus this unique conformation is present 

in all three complex structures determined. In this binding mode, rather than occupying the 
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S2 subsite, the P2 fluorophenylalanine splits the catalytic active site, stacking against His41 

[Figure 2F–G].

The major alteration in the binding mode of rupintrivir in the active site of Mpro is the 

conformation of the fluorophenylalanine which normally occupies the S2 subsite when 

bound to 3C proteases. While the majority of the SARS-CoV-2 Mpro substrates have leucine 

as the P2 residue, the S2 subsite also accommodates phenylalanine and valine19. However, 

with the fluorophenylalanine, which introduces polarity, the interactions become unfavorable 

in the hydrophobic S2 subsite. In SARS-CoV-2 Mpro there is a lack of space to create polar 

interactions while optimally maintaining the other backbone hydrogen bonds [Figure S2], 

despite some polar atoms such as the side chain hydroxyl of Tyr54 in the back of the S2 

pocket. Instead, the P2 fluorophenylalanine is oriented toward the S1’ pocket, bifurcating 

the two catalytic residues. In this unique binding mode, the P2 ring makes pi-stacking 

interactions with the catalytic histidine, but the fluorine atom does not have any polar 

interactions in the S1’ pocket [Figure 2G]. This alternative orientation of the P2 group 

and lack of specific fluorine interactions likely contribute to rupintrivir’s reduced potency 

against SARS-CoV-2 Mpro.

In addition to those of the P2 moiety, other interactions of rupintrivir are also compromised 

when bound to SARS-CoV-2 Mpro compared with the EV68 3Cpro-rupintrivir complex. 

When bound to EV68 3Cpro rupintrivir forms a network of five hydrogen bonds through the 

P3-P4 moieties with the protease active site, while with SARS-CoV-2 Mpro only two are 

formed. In particular, the hydrogen bond formed in EV68 3Cpro complex with the backbone 

nitrogen of Gly128 is missing in Mpro as the two enzymes are distinct around that region of 

the protease fold [Figure 2C–D vs 2G-H]. These losses in specific hydrogen bonding may 

also contribute to the dramatic loss in rupintrivir potency.

Rupintrivir is a potent antiviral protease inhibitor that successfully targets a whole family 

of picornaviridae 3Cpro enzymes, promising that a pan-viral DAA is not out of reach. In 

this study we determined the crystal structure of the EV68 3Cpro-rupintrivir complex and 

demonstrated that rupintrivir binds in the canonical mode for piconaviral 3Cpro complexes. 

The SARS-CoV-2 Mpro is a 3C-like protease with a homologous domain harboring a similar 

active site, but rupintrivir is not a potent Mpro inhibitor17. The molecular basis for the lack of 

potency was revealed by determining the structure of SARS-CoV-2 Mpro-rupintrivir complex 

here, which shows a loss of hydrogen bonding network throughout the active site as well as 

a unique binding mode involving repositioning of the P2 fluorophenylalanine moiety. While 

this manuscript was under review, a crystal structure of the of SARS-CoV-2 Mpro-rupintrivir 

complex (PDB-ID: 7P35, 20 ) was released where the P2 moiety was accommodated at the 

S2 site with considerable rearrangement of both the protease and the inhibitor with overall 

weakened interactions [Figure S2], suggesting a dynamic equilibrium of P2 orientations. 

Orientation of the P2 group toward the S1’ subsite in our structure presents opportunities to 

optimize interactions in this region and potentially grow the inhibitor toward the primed side 

of the active site. When bound to Mpro rupintrivir’s P2 group splits the catalytic active site of 

this cysteine protease, physically separating the catalytic dyad. This bifurcation orients the 

catalytic histidine side chain in a conformer distal from the cysteine. Previous structures 

have observed multiple conformers for the catalytic histidine in some of which water 
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molecules were observed separating the catalytic residues [Figure S4]. Additionally, recent 

computational work confirmed the mobility of the catalytic dyad21. This conformational 

plasticity is consistent with rupintrivir’s binding mode observed in our structure, which can 

be further exploited in inhibitor design. To our knowledge splitting a catalytic active site 

by an inhibitor has not previously been observed and may represent a new strategy for 

disrupting cysteine proteases in the design of pan-viral protease inhibitors.

Materials and Methods

EV68–3Cpro Expression and Purification

The gene encoding the EV68–3Cpro was subcloned in the IPTG-inducible pET28 expression 

vector. 1 μL of DNA was added to E. coli BL21-DE3 cells and incubated on ice for 

20 min. The cells were heat shocked at 42°C for 30 sec, 200 μL of SOC media were 

added and the cells were grown at 37°C for 1 hr on a shaker. The entire 200 μL were 

then plated on an LB/Kan plate and grown overnight at 37°C. The following morning, 

one colony was inoculated in 10 mL of LB in an Erlenmeyer flask and kanamycin was 

added to a final concentration of 35 μg/mL. The cells were grown at 37°C for 10 hr 

on a shaker. The entirety of the 10 mL was then added to 285 mL of LB, kanamycin 

was added to a final concentration of 35 μg/mL and grown at 37°C overnight. 6 L of 

cells were grown at 37°C in the presence of kanamycin until an OD600 of 0.45 and then 

the temperature was dropped to 18°C until the cells reached an OD600 of 0.6 where the 

cells were induced with 250 mL of 1 mM IPTG. Cells were grown overnight at 18°C. 

Cells grown in 6 L of TB were thawed at RT, resuspended in EV Ni1 buffer [50 mM 

HEPES pH 7.5, 300 mM NaCl, 10 mM Imidazole, and 2 mM DTT], and lysed with a 

cell disruptor. Cell debris was removed by centrifugation at 25000 rcf at 4°C for 1 hr. 

A 1 mL HisTrap crude FF column was equilibrated in a 5x column volume of EV Ni1 

buffer. The soluble lysate was loaded onto the HisTrap column and the flow-through was 

collected. The column was then washed with 100 mL of EV Ni1 buffer and the wash was 

collected. The protein was eluted with 30mL of EV Ni2 buffer [50mM HEPES pH 7.5, 

300 mM NaCl, 250 mM Imidazole, and 2 mM DTT] and the elution was collected in the 

presence of 50 units of thrombin. The collected elution was dialyzed overnight against 2 L 

of EV SEC buffer [25 mM HEPES pH 7.5, 300 mM NaCl, and 2 mM DTT] at 4°C. Post 

dialysis, any precipitate was removed by centrifugation and the protein was concentrated 

to 1.25mg/mL. For crystallography, an additional purification step was performed with a 

Pharmacia Superdex 75 16/60 FPLC column equilibrated in EV SEC buffer. EV68–3Cpro 

fractions purified from the size exclusion column were concentrated to 0.92 mg/mL - 6.2 

mg/mL using an Amicon Ultra-15 10kDa device (Millipore) for crystallization.

EV68–3Cpro Rupintrivir Co-crystallization

Discovery of the condition producing cocrystals of EV68–3Cpro and rupintrivir without 

seeding was achieved using the PACT Premier Screen (Molecular Dimensions), in Well F4, 

consisting of 20 % (w/v) PEG 3350, 0.1M Bis-Tris propane pH 6.5, and 0.2M Potassium 

thiocyanate, with a protease concentration of 6.6 mg/mL and 10-fold molar excess of 

Rupintrivir. Crystals from well F4 of the PACT Premier screen were used for microseeding. 

Cocrystals were grown at RT by hanging drop vapor diffusion method in 24-well VDX 
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handing-drop trays (Hampton Research) with protease concentrations of 0.92, 2.1, 3.76, 

and 6.2 mg/mL and 10-fold molar excess of rupintrivir. Crystallization drops were set with 

the reservoir solution consisting of 10–30% PEG 3350, 0.2 M Potassium thiocyanate and 

0.1M Bis-Tris propane pH 6.5 set with 2 μL of well solution and 1 μL protein microseeded 

with a cat whisker. The condition that produced the best crystals for data collection was 

15% (w/v) PEG 3350 with a protease concentration of 3.76 mg/mL and 10-fold molar 

excess of rupintrivir. Data was collected at 100 K using cryogenic conditions containing the 

precipitant solution supplemented with 25% glycerol.

SARS-CoV-2-Mpro Expression and Purification

SARS-CoV-2 Mpro was expressed and purified as previously described22. Briefly, the 

plasmid was transformed into E. coli strain HI-Control™ BL21(DE3) (Lucigen). The 

transformed cells were precultured at 37 °C in LB medium with ampicillin (100 μg/mL) 

overnight, and the cell culture was inoculated into TB medium containing 50 mM sodium 

phosphate (pH 7.0) and ampicillin (100 Hg/mL). When 0D600 value reached ~2.0, 0.5 

mM IPTG was added to induce SARS2-Mpro expression and the cell culture was further 

incubated overnight at 20°C. Cells were harvested by centrifugation at 5000 rpm for 20 

min, resuspended in lysis buffer (50 mM Tris-HCl (pH 8.0), 400 mM NaCl, 1 mM TCEP) 

and lysed by a cell disruptor. The lysate was clarified by ultracentrifugation at 18000 

rpm for 50 min. The supernatant was loaded onto a HisTrap FF column (GE Healthcare) 

equilibrated with lysis buffer, washed with lysis buffer and followed by elution using elution 

buffer (50 mM Tris-HCl pH 8.0, 400 mM NaCl, 500 mM imidazole, 1 mM TCEP) with 

a linear gradient of imidazole ranging from 0 mM to 500 mM. The fractions of Mpro-His 

tag were mixed with GST-PreScission protease-His-tag at a molar ratio of 5:1 to remove 

the C-terminal His tag. The PreScission-treated Mpro was applied to the nickel column to 

remove the GST-PreScission protease-His-tag and protein with uncleaved His-tag. The His-

tag cleaved Mpro in the flow-through was further purified by size-exclusion chromatography 

(HiLoad™ 16/60 Superdex 75, GE Healthcare) and stored in 20 mM HEPES pH 7.5, 150 

mM NaCl, 1 mM TCEP.

SARS-CoV-2 Mpro Crystallization

SARS-CoV-2 Mpro cocrystallized in multiple conditions. One condition producing large 

plate-like crystals was discovered using the MCSG-1 crystal screen (Anatrace), Well B2, 

containing 25% (w/v) PEG 3350 and 0.1 M bis-tris-methane pH 5.5 and 0.2 M sodium 

chloride. The SARS2-Mpro-Rupintrivir cocrystals were grown at room temperature by 

hanging drop vapor diffusion method in a 24-well VDX hanging-drop tray (Hampton 

Research). The P21 crystals grew at 22% (w/v) PEG 3350 with a protease concentration 

of 6.0 mg/mL with 6-fold molar excess of Rupintrivir (10% DMSO). The P21212 crystals 

grew at 19% (w/v) PEG 3350 with a protease concentration of 12.0 mg/mL with 3-fold 

molar excess of Rupintrivir (10% DMSO). Both conditions were mixed with the precipitant 

solution at a 1:1 ratio (1 μL:1 μL) and micro-seeded (1:1 – 1:4 dilution) with a cat whisker. 

Crystals appeared overnight and grew to diffraction quality within a week. The P21212 

crystals were unexpected and had a needle morphology. As data was collected at 100 K, 

cryogenic conditions consisted of the precipitant solution supplemented with 25% glycerol.
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Data Collection and Structure Determination

EV68 3Cpro-rupintrivir cocrystals and SARS-CoV-2 Mpro-rupintrivir cocrystals in the 

P21212 space group were flash frozen in liquid nitrogen and diffraction data was collected at 

the National Synchrotron Light Source II at the Brookhaven National Laboratory, Beamline 

17-ID-1 (AMX). Synchrotron diffraction intensities were indexed, integrated, and scaled 

using XDS 23. The SARS2-Mpro-Rupintrivir cocrystals in the P21 space group were flash 

frozen under a cryostream when mounting the crystal at our in-house Rigaku_Saturn944 

X-ray system and these diffraction intensities were indexed, integrated, and scaled using 

HKL3000 24. The structures were solved using molecular replacement with PHASER 
25 using either an Mpro monomer (PDB: 7L0D)22 or an EV68–3Cpro monomer (PDB: 

3ZV8)26. Model building and refinement were performed using Coot27 and Phenix28. 

During refinement, all crystals utilized optimized stereochemical weights. The EV68–3Cpro 

structure required a merohedral twin law (h,-h-k,-l) during refinement. The Rupintrivir 

ligand was designed in Maestro and the output sdf file was used in the Phenix program 

eLBOW29 to generate the cif file containing atomic positions and constraints necessary 

for ligand refinement. Iterative rounds of crystallographic refinement were carried out until 

convergence was achieved. To limit bias throughout the refinement process, five percent 

of the data was reserved for the free R-value calculation30. Modeling of Rupintrivir and 

catalytic histidines were further validated with omit maps with and without simulated 

annealing. MolProbity31 was applied to evaluate the final structures before deposition 

in the PDB32–33. Structure analysis, superposition and figure generation was done using 

PyMOL. X-ray data collection and crystallographic refinement statistics are presented in the 

Supporting Information [Table S2].

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
A) Rupintrivir in complex with viral 3C proteases of rhinovirus A, rhinovirus C, 

coxsackievirus, enterovirus 71, enterovirus 93, and novel enterovirus 68. The crystal 

structures are superimposed in cartoon representation with rupintrivir shown as green sticks 

(PDB: 1CQQ, 3RUO, 3SJI, 3SJO, 6KU8, 7L8H). B) Novel SARS-CoV-2 Mpro-rupintrivir 

crystal structure in cartoon representation with rupintrivir shown as spheres, protease 

residues 43–62 colored red, the domain that is structurally homologous to 3C proteases 

colored cyan, and domain III colored orange (PDB: 7L8I). C) Chemical structure of 

rupintrivir.
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Figure 2. 
A,E) Rupintrivir and catalytic residues in the crystal structures of enterovirus 68 3C protease 

(EV68 3Cpro) and SARS-CoV-2 Mpro (SARS2-Mpro), shown within the electron density. 

The 2Fo-Fc direct maps are depicted as grey mesh contoured at 1.0 σ while the Fo-Fc 

difference maps have positive density depicted as green mesh contoured at 3.0 σ and 

negative density as red mesh contoured at −3.0 σ. B,F) Binding mode of rupintrivir at the 

active site of proteases in the crystal structures. Rupintrivir shown as sticks and protease 

active site shown as cartoon with transparent surface. C,G) Residues involved in hydrogen 
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bonding with rupintrivir are shown as sticks. D,H) Inter-molecular hydrogen bonds between 

rupintrivir and protease in EV68 3Cpro and SARS-CoV-2 Mpro crystal structures. PDB: 

7L8H (left) and 7L8I (right).
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