
 

 

Since January 2020 Elsevier has created a COVID-19 resource centre with 

free information in English and Mandarin on the novel coronavirus COVID-

19. The COVID-19 resource centre is hosted on Elsevier Connect, the 

company's public news and information website. 

 

Elsevier hereby grants permission to make all its COVID-19-related 

research that is available on the COVID-19 resource centre - including this 

research content - immediately available in PubMed Central and other 

publicly funded repositories, such as the WHO COVID database with rights 

for unrestricted research re-use and analyses in any form or by any means 

with acknowledgement of the original source. These permissions are 

granted for free by Elsevier for as long as the COVID-19 resource centre 

remains active. 

 



Short Article
Malleability of the SARS-C
oV-2 3CL Mpro Active-Site
Cavity Facilitates Binding of Clinical Antivirals
Graphical Abstract
Highlights
d X-ray structures of SARS-CoV-2 3CL Mpro-inhibitor

complexes at room temperature

d Telaprevir, narlaprevir, and boceprevir bind and efficiently

inhibit the enzyme

d 3CL Mpro active-site cavity is malleable, accommodating

large inhibitors

d Hepatitis C clinical protease inhibitors can be repurposed to

treat COVID-19
Kneller et al., 2020, Structure 28, 1313–1320
December 1, 2020 Published by Elsevier Ltd.
https://doi.org/10.1016/j.str.2020.10.007
Authors

Daniel W. Kneller, Stephanie Galanie,

Gwyndalyn Phillips, Hugh M. O’Neill,

Leighton Coates, Andrey Kovalevsky

Correspondence
coatesl@ornl.gov (L.C.),
kovalevskyay@ornl.gov (A.K.)

In Brief

Kneller et al. used room temperature X-

ray crystallography and in vitro enzyme

kinetics to probe the binding of hepatitis

C clinical protease inhibitors and the

natural aldehyde leupeptin to the SARS-

CoV-2 main protease (3CL Mpro). The

study visualized significant malleability of

the enzyme active-site cavity, providing

insights for drug design.
ll

mailto:coatesl@ornl.�gov
mailto:kovalevskyay@ornl.�gov
https://doi.org/10.1016/j.str.2020.10.007
http://crossmark.crossref.org/dialog/?doi=10.1016/j.str.2020.10.007&domain=pdf


ll
Short Article

Malleability of the SARS-CoV-2 3CL Mpro

Active-Site Cavity Facilitates
Binding of Clinical Antivirals
Daniel W. Kneller,1,2 Stephanie Galanie,2,3 Gwyndalyn Phillips,1,2 Hugh M. O’Neill,1,2 Leighton Coates,2,4,*
and Andrey Kovalevsky1,2,5,*
1Neutron Scattering Division, Oak Ridge National Laboratory, 1 Bethel Valley Road, Oak Ridge, TN 37831, USA
2National Virtual Biotechnology Laboratory, US Department of Energy, Washington, DC, USA
3Biosciences Division, Oak Ridge National Laboratory, 1 Bethel Valley Road, Oak Ridge, TN 37831, USA
4Second Target Station, Oak Ridge National Laboratory, 1 Bethel Valley Road, Oak Ridge, TN 37831, USA
5Lead Contact

*Correspondence: coatesl@ornl.gov (L.C.), kovalevskyay@ornl.gov (A.K.)

https://doi.org/10.1016/j.str.2020.10.007
SUMMARY
The COVID-19 pandemic caused by SARS-CoV-2 requires rapid development of specific therapeutics and
vaccines. The main protease of SARS-CoV-2, 3CL Mpro, is an established drug target for the design of inhib-
itors to stop the virus replication. Repurposing existing clinical drugs can offer a faster route to treatments.
Here, we report on the binding mode and inhibition properties of several inhibitors using room temperature
X-ray crystallography and in vitro enzyme kinetics. The enzyme active-site cavity reveals a high degree of
malleability, allowing aldehyde leupeptin and hepatitis C clinical protease inhibitors (telaprevir, narlaprevir,
and boceprevir) to bind and inhibit SARS-CoV-2 3CL Mpro. Narlaprevir, boceprevir, and telaprevir are low-
micromolar inhibitors, whereas the binding affinity of leupeptin is substantially weaker. Repurposing hepati-
tis C clinical drugs as COVID-19 treatmentsmay be a useful option to pursue. The observedmalleability of the
enzyme active-site cavity should be considered for the successful design of specific protease inhibitors.
INTRODUCTION

The etiological agent of coronavirus disease-19 (COVID-19) is

the novel human coronavirus SARS-CoV-2, the origin of which

is still being debated. Nonetheless, COVID-19 has become a

pandemic of extraordinary proportions, causing worldwide dis-

ruptions in travel, economic activity, and social life (Belongia

and Osterholm, 2020; Lotfi et al., 2020; Helmy et al., 2020;

Wu et al., 2020; Rastogi et al., 2020; Coronaviridae Study

Group of the International Committee on Taxonomy of Virus,

2020; Liu et al., 2020). SARS-CoV-2 is an enveloped positive-

sense single-stranded RNA virus having one of the largest ge-

nomes of ~30 kb. SARS-CoV-2 is very similar to the earlier

SARS-CoV that was responsible for a 2003 outbreak; the

viruses share ~80% genomic identity, and certain proteins en-

coded in the viral genomes are over 90% homologous (Xu

et al., 2020).

SARS-CoV-2 replication involves the synthesis of two large

polyproteins, pp1a and pp1ab (~450 and ~790 kDa, respec-

tively), which are inactive until the viral chymotrypsin-like

cysteine protease enzyme (3CL Mpro or main protease) cleaves

them into smaller functional proteins (Gorbalenya and Snijder,

1996; Muramatsu et al., 2016). 3CL Mpro is thus indispensable

for the viral life cycle, and its inhibition can prevent the produc-

tion of infectious virions. The lack of homologous human proteins
Structure
and the vital role of the enzyme for SARS-CoV-2 replication

make it one of the most promising targets for the design of spe-

cific protease inhibitors (Dai et al., 2020; Zhang et al., 2020; Jin

et al., 2020a; Pillaiyar et al., 2016; Wang et al., 2017; Yang

et al., 2005). The design of new antivirals and their development

for clinical use may take years, emphasized by the fact that no

SARS-CoV protease inhibitors have been US FDA approved af-

ter more than a decade of research efforts. Conversely, the re-

purposing of known clinical drugs developed for the treatment

of other diseases may provide rapid therapeutic interventions

to battle COVID-19 in emergency situations and, possibly, pre-

exposure prophylaxis against SARS-CoV-2 infection (Huang

et al., 2020; Jean and Hsueh, 2020).

Here, we present crystallographic and inhibition kinetics

evidence for SARS-CoV-2 3CL Mpro inhibition by three

hepatitis C clinical NS3/4A serine protease inhibitors (Scheme

1), telaprevir (Incivek, Vertex Pharmaceuticals; Kwong et al.,

2019), boceprevir (Victrelis, Merck; Venkatraman, 2019), and

narlaprevir (Arlansa, R-Pharm, Russia; de Bruijne et al., 2010;

Isakov et al., 2016), and a naturally occurring microbial peptide

aldehyde, leupeptin (Appleyard and Tisdale, 1985). We chose

these compounds because of their peptidomimetic chemical na-

ture and capability to act as reversible covalent inhibitors. We,

therefore, hypothesized that they should bind to and

inhibit SARS-CoV-2 3CL Mpro. Our near-physiological room
28, 1313–1320, December 1, 2020 Published by Elsevier Ltd. 1313
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Scheme 1. Chemical Diagrams of the Inhibi-

tors Used in This Study

The reactive warheads to which the catalytic Cys145

covalently binds are colored red.
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temperature X-ray crystallographic structures establish the

mechanism of action for these reversible covalent peptidomi-

metic inhibitors and demonstrate a unique ability of the enzyme

active-site cavity to accommodate a variety of chemical groups

by substantially distorting its shape and size compared with the

ligand-free state (Kneller et al., 2020) through conformational

changes in the P2 helix (residues 46–50), the P4 b-hairpin flap

(residues 165–170), and the P5 loop (residues 189–194) (Fig-

ure 1). All four inhibitors bind in a stereospecific fashion, with

only the S enantiomers observed for their covalent hemithioace-

tal and hemithioketal linkages, utilizing the available enzyme’s

substrate binding subsites S10 through S5. Solution measure-

ments demonstrate that hepatitis C clinical drugs are low-micro-

molar inhibitors, whereas leupeptin has the lowest affinity to

SARS-CoV-2 3CL Mpro. Our results, therefore, lay a foundation

for possible repurposing of the hepatitis C clinical drugs that

were originally developed for the inhibition of hepatitis C NS3/

4A protease. Our structural data also emphasize the requirement

to consider the observed significant malleability of the enzyme’s

active-site cavity in the structure-assisted and computational

design of improved specific 3CL Mpro inhibitors.

RESULTS

Leupeptin Binds to SARS-CoV-2 3CL Mpro in a
Stereospecific Fashion
SARS-CoV-2 3CL Mpro shares 96% sequence homology with

and has similar catalytic efficiency to that of the SARS-CoV

enzyme. Its tertiary structure consists of the catalytic domains

I and II and the helical domain III (Figure 1) (Xu et al., 2020; Mur-

amatsu et al., 2016; Dai et al., 2020; Xue et al., 2007; Huang

et al., 2004). The non-canonical catalytic dyad with residues

Cys145 and His41 is buried in the active-site cavity that is

located on the surface of the protein flanked by residues

from both domains I and II. The active dimer has a two-fold
1314 Structure 28, 1313–1320, December 1, 2020
axis that goes from top to bottom be-

tween the two monomers (Figure 1) and

frequently occurs as a crystallographic

two-fold axis. The C-terminal aldehyde

group of leupeptin, N-acetyl-L-leucyl-L-

leucyl-L-argininal (Ac-Leu-Leu-Arg-CHO,

Scheme 1), readily reacts with Cys145,

forming a hemithioacetal, with the alde-

hyde carbon atom becoming sp3 hybrid-

ized. P1 arginine and the P2 and P3

leucine side chains bind in the substrate-

binding subsites S1, S2, and S3, respec-

tively. Although the aldehyde can freely

rotate in leupeptin, it reacts with Cys145

in SARS-CoV-2 3CL Mpro in a stereospe-

cific fashion. Only the S enantiomer is

observed in the electron density maps,
with the hemithioacetal oxygen facing the enzyme’s oxyanion

hole (Menard and Storer, 1992) and making hydrogen bonds

with the main-chain amide nitrogens of Gly143 and Cys145

(Figure 2A). The geometry of the hemithioacetal suggests that

its oxygen atom is deprotonated and thus negatively charged.

The charge is partially stabilized by the hydrogen bonds with

the oxyanion hole residues. The hemithioacetal moiety of leu-

peptin bound to Cys145 has the same geometry as the tetrahe-

dral intermediate that forms along the peptide bond hydrolysis

reaction pathway catalyzed by this enzyme. This tetrahedral in-

termediate is necessarily metastable as it spontaneously col-

lapses into the acyl intermediate. Therefore, the hemiacetal

linkage of leupeptin to Cys145 is probably also metastable,

reducing the stability of the complex. Leupeptin makes three

more direct hydrogen bonds with the main-chain atoms of

His164 and Glu166 and a water-mediated interaction with the

side chain of Glu189 (Figure 3A). Interestingly, the ligand makes

no direct hydrogen bonds with side chains of SARS-CoV-2 3CL

Mpro. The P1 arginine side chain of leupeptin fits in the hydro-

philic S1 substrate-binding subsite but makes no hydrogen

bonds with the enzyme residues. In contrast, the P2 leucine

fits well in the hydrophobic S2 subsite, and P3 leucine faces

the bulk solvent.

We observe that binding of leupeptin to SARS-CoV-2 3CL

Mpro results in significant conformational changes in several

structural elements relative to their geometry in the ligand-free

enzyme (Figure S1A) (Kneller et al., 2020). The P2 helix and the

tip of the P4 b-hairpin flap shift their positions in the leupeptin-

bound structure to expand the active-site cavity. The distance

between Ser46 and Pro168 Ca atoms increases from 15.7 Å in

the ligand-free structure to 17.1 Å when leupeptin is present.

The Met49 and Met165 side chains move away from leupeptin

to accommodate the chemical groups in positions P2 and P4

of the inhibitor. Conversely, the P5 loop does not move due to

the lack of a P5 substituent in leupeptin.



Figure 1. The Structure of the 3CL Mpro Ho-

modimer from SARS-CoV-2

Protomers are drawn in cartoon representation

showing leupeptin (in ball-and-stick) covalently

bound in both active-site cavities (PDB: 6XCH). One

of the protomers is shown with a transparent sur-

face. The regions of the active-site cavity that

demonstrate significant conformational changes

after inhibitor binding are colored green and labeled

as P2 helix, P4 b-hairpin flap, and P5 loop.
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Binding of Hepatitis C Protease Inhibitors to
SARS-CoV-2 3CL Mpro

Telaprevir, narlaprevir, and boceprevir are b-ketoamide inhibi-

tors and have a ketone warhead that undergoes a nucleophilic

attack by the Cys145 thiolate to form a hemithioketal. Telaprevir

and narlaprevir possess substituents in six positions, including

chemical groups at P10 and P1 through P5, whereas boceprevir

lacks a chemical group at P5 (Scheme 1). The P10 amides of

these inhibitors occupy the S10 substrate-binding subsite, and

the amide carbonyl oxygens make hydrogen bonds with the en-

zyme’s oxyanion hole. Similar to leupeptin, the drugs bind ste-

reospecifically, with only the S enantiomer visible in the electron

density maps (Figures 2B–2D). But unlike leupeptin, the hemi-

thioketal oxygens point away from the oxyanion hole, allowing

the formation of strong hydrogen bonds with His41 imidazole

side chains with distances of 2.4–2.8 Å (Figures 3B–3D), with bo-

ceprevir forming the shortest and narlaprevir the longest

hydrogen bonds. Such orientation of the hemithioketal groups

suggests that their oxygens may be protonated through the

abstraction of a hydrogen from His41. The 2.4 and 2.5 Å

hydrogen bonds made by boceprevir and telaprevir also indicate

the possible formation of low-barrier hydrogen bonds between

their hemithioketal oxygens and the histidine Nε2 imidazole ni-

trogens. It is evident that the presence of P10 amide groups in

these inhibitors determines the stereospecificity of the hemithio-

ketal formation, directing the oxygen atom toward His41 so that

the P10 amide carbonyl can form hydrogen bonds with the oxy-

anion hole. Moreover, the neutrally charged hemithioketal

groups would be more stable than the negatively charged hemi-

thioacetal of bound leupeptin, if indeed His41 protonates the

hemithioketal oxygen.

Because telaprevir, narlaprevir, and boceprevir are peptidomi-

metic inhibitors with similar structures, they make very similar

hydrogen bonds with the main-chain atoms of His164 and

Glu166, as does leupeptin (Figures 3B–3D). The urea moiety in

narlaprevir and boceprevir linking their P3 and P4 groups makes
Struct
an extra hydrogen bond with the main-

chain carbonyl of Glu166, not seen in the

other two inhibitor complexes. Instead of

the water-mediated interaction with

Gln189 observed in the leupeptin complex,

telaprevir forms a direct hydrogen bond to

the Gln189 side-chain amide located at

the start of the P5 loop. Telaprevir also

makes a water-mediated interaction with

the main chain of Gln192. The P5 pyrazine

of telaprevir overshoots the active-site cav-
ity and is positioned above the P5 loop, making only p-p stack-

ing interactions with the main-chain amide moiety connecting

Thr190 and Ala191. Conversely, narlaprevir and boceprevir do

not interact with Gln189, whose side chain rotates away from

the inhibitors.

It is instructive to analyze the P1-P5 chemical groups present

in these hepatitis C inhibitors in relation to the S1-S5 substrate-

binding subsites in SARS-CoV-2 3CL Mpro. These groups in all

three inhibitors are hydrophobic and are not able to form

hydrogen bonds with the enzyme, although several substrate-

binding subsites provide opportunities for hydrogen bonding.

The S1 subsite is lined by several hydrophilic side chains,

including those of Ser144, His163, Glu166, and His172. There-

fore, P1 groups bearing hydrophilic functionalities should be

more preferred, as previously reported (Dai et al., 2020; Zhang

et al., 2020; Jin et al., 2020a). The S2 subsite is more hydropho-

bic, but the presence of a Tyr54 side chain hydroxyl can be ex-

ploited as a potential hydrogen bond donor to an inhibitor’s

P2. Subsites S3 and S5 are located on the protein surface, but

hydrogen bonding with the side chain of Gln189 is possible, as

observed in the telaprevir complex. Thus, the side chain of

Gln189 can be considered a hydrogen bond partner for an inhib-

itor’s P3 group. The S4 subsite has both hydrophilic and hydro-

phobic groups. Met165, Leu167, and Phe185 make up the hy-

drophobic wall toward the interior of the protein, whereas the

main-chain carbonyls of Val186, Arg188, and Thr190 and the

side chain of Gln192 provide the hydrophilic wall at the enzyme’s

surface. The S4 subsite may therefore prefer inhibitors with

amphiphilic P4 groups, e.g., saturated heterocycles.

Hepatitis C Protease Inhibitors Reshape the 3CL Mpro

Active-Site Cavity
The structures of the four inhibitor complexes were superim-

posed on our previously published room temperature X-ray

structure (Kneller et al., 2020) of the ligand-free SARS-CoV-2

3CLMpro to visualize how the inhibitors change the conformation
ure 28, 1313–1320, December 1, 2020 1315



Figure 2. Binding Modes of Studied Inhibitors

Leupeptin (A, PDB: 6XCH), telaprevir (B, PDB: 6XQS), narlaprevir (C, PDB: 6XQT), and boceprevir (D, PDB: 6XQU) are shown in ball-and-stick representation. The

2FO-FC electron density maps for the inhibitors are shown as violet meshes and are all contoured at 1.4 s.
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of the active-site cavity (Figures 4 and S1B–S1D). The inhibitors

have a significant effect on the enzyme’s active-site cavity ge-

ometry. There are dramatic shifts in the positions of the P2 helix,

the tip of the P4 b-hairpin flap, and the P5 loop when inhibitors

are bound relative to the ligand-free enzyme. Leupeptin is the

smallest of the four inhibitors studied, causing the least confor-

mational distortions. Telaprevir, narlaprevir, and boceprevir

have a larger effect on the active-site cavity, with each resulting

in unique active-site conformations due to differing inhibitor side

chains. Telaprevir pushes the P2 helix the farthest by ~1.5 Å,

whereas the tip of the P4 b-hairpin flap shifts the most under

the steric pressure from boceprevir by ~2.4–2.6 Å. Narlaprevir,

on the other hand, causes the end of the P5 loop (residue

Ala193) to move away by ~2 Å due to the presence of the bulky

P5 tert-butylsulfoxide group, but telaprevir makes the start of the

P5 loop (residue Gln189) shift the most by ~1.1 Å. Therefore, the

SARS-CoV-2 3CL Mpro active-site cavity shows significant

malleability, as it can change its shape and expand by as

much as 3.4 Å between the P2 helix and the tip of the P4

b-hairpin flap, and by as much as 2.5 Å between the tip of the

P4 b-hairpin flap and the P5 loop (Figure 4).

Comparison of the SARS-CoV-2 3CL Mpro complexes studied

here with those containing the covalent ketoamide inhibitor 13b

(PDB: 6Y2F, Zhang et al., 2020) and aldehyde inhibitor GC-376

(PDB: 6WTT, Ma et al., 2020) demonstrates similar conforma-

tional changes observed in the active-site cavity (Figure S4), indi-

cating that the SARS-CoV-2 3CL Mpro active-site cavity has an
1316 Structure 28, 1313–1320, December 1, 2020
intrinsic ability to adapt its conformation to different chemical

groups of inhibitors. Also, we note that telaprevir, narlaprevir,

and boceprevir bind with the same stereochemistry to the cata-

lytic Ser of the hepatitis C NS3/4A serine protease as they do in

SARS-CoV-2 3CL Mpro, having their hemiketal oxygen atoms

directed toward and hydrogen bonded with the catalytic His

and their P10 amide carbonyl groups hydrogen bonded with

the oxyanion hole residues (Prongay et al., 2007; Romano

et al., 2012). The aliphatic P1 groups of the three inhibitors are

positioned in the hydrophobic substrate-binding subsite S1 in

the hepatitis C protease, whereas subsite S1 is more hydrophilic

in SARS-CoV-2 3CL Mpro. Unlike their binding mode in SARS-

CoV-2 3CL Mpro, the other chemical groups of these inhibitors

are located on the surface of the hepatitis C protease.

3CL Mpro Inhibition by Hepatitis C Protease Inhibitors
and Leupeptin
Enzyme kinetics measurements of the SARS-CoV-2 3CL Mpro

activity in vitro using a Förster resonance energy transfer sub-

strate gave the kcat/KM value of 1,600 s�1$M�1, which is in agree-

ment with the previously reported values (Figure S2) (Zhang

et al., 2020; Ma et al., 2020). As expected, the inhibition kinetics

measurements demonstrated that leupeptin is the lowest-affinity

inhibitor of the four assayed, with an IC50 of 92 mMand 95% con-

fidence interval (CI) of 80–106 mM (Figure S3). The three hepatitis

C protease inhibitors efficiently inhibit SARS-CoV-2 3CLMpro ac-

tivity with micromolar affinity. Narlaprevir and boceprevir have



Figure 3. Hydrogen Bonding Interactions of the Studied Inhibitors (Blue Dashed Lines) with SARS-CoV-2 3CL Mpro Observed in the Room

Temperature X-Ray Structures
(A) Complex with leupeptin, (B) complex with telaprevir, (C) complex with narlaprevir, and (D) complex with boceprevir. The insets show the stereochemistry of the

covalent conjugates with Cys145. Distances are in Å.
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similar inhibition potencies, with IC50 values of 5.1 (CI [4.3, 6.1])

and 3.1 mM (CI [2.8, 3.5]), respectively, and these two are better

inhibitors than telaprevir, with an IC50 of 18 mM (CI [16, 21]). The

measured IC50 values following 30 min preincubation with inhib-

itor for boceprevir or narlaprevir are similar to their recently re-

ported IC50 of 4.1 and 5.7 mM, respectively (Ma et al., 2020). Initial

binding of a covalent inhibitor is followed by covalent bond for-

mation with the rate constant k2. Similar to the previous report

(Ma et al., 2020), we were not able to obtain accurate values of

k2 due to substrate depletion prior to the equilibrium between

the non-covalent and the covalent enzyme-inhibitor complexes.

Although the three studied hepatitis C inhibitors are not specific

SARS-CoV-2 3CL Mpro inhibitors, their affinities, nonetheless,

appear to be similar to those of many protease inhibitors that

have been designed to specifically target SARS-CoV 3CL Mpro

(Anand et al., 2003; Pillaiyar et al., 2016; Wang et al., 2017; Tha-

nigaimalai et al., 2013; Jacobs et al., 2013; Jo et al., 2020).

DISCUSSION

Two therapeutic intervention strategies for the treatment of

COVID-19 are being considered by the scientific community.

One such strategy involves the repurposing of the existing clin-

ical drugs, which may provide a quicker route to available treat-

ments to battle COVID-19. Although such drugs have not been
specifically developed for the treatment of SARS-CoV-2 infec-

tion, they may prove useful in alleviating the disease symptoms

by inactivating SARS-CoV-2 3CL Mpro, which is considered a

challenging target for inhibitor design (Bzowka et al., 2020).

Knowledge of the mechanism of action of such repurposed

drugs is of paramount importance. We have obtained and

analyzed room temperature X-ray structures of several peptido-

mimetic inhibitors in complex with SARS-CoV-2 3CL Mpro and

measured their effectiveness in inhibiting the enzyme. X-ray

crystallography at room temperature, which is close to the phys-

iological temperature of ~37�C, has gained appreciation in

recent years because low-temperature structures may not pro-

vide representative conformational states of the protein or a

bound ligand and may contain artifacts due to the required use

of cryoprotectant chemicals and temperature effects (Fraser

et al., 2011; Keedy et al., 2014; Kovalevsky et al., 2018; Otten

et al., 2018; Gerlits et al., 2019; Kneller et al., 2020). The struc-

tures reported here provide evidence that the studied hepatitis

C clinical drugs can bind to SARS-CoV-2 3CL Mpro, and enzyme

inhibition kinetics measurements demonstrate that they are

micromolar inhibitors of the protease. Boceprevir and narlaprevir

have the highest affinities to SARS-CoV-2 3CL Mpro and,

perhaps, can be looked at as possible treatment options. For

example, boceprevir and an antineoplastic drug, carmofur,

were recently reported to inhibit SARS-CoV-2 viral replication
Structure 28, 1313–1320, December 1, 2020 1317



Figure 4. Superposition of the Four Inhibitor Complexes onto the

Ligand-Free SARS-CoV-2 3CL Mpro (Black, PDB: 6WQF) in Cartoon

Representation

The complex with leupeptin is shown in yellow, the complex with telaprevir in

dark pink, the complex with narlaprevir in blue, and the complex with boce-

previr in gray. Narlaprevir and telaprevir are represented in ball-and-stick,

whereas the other two inhibitors are omitted for clarity. The conformational

changes for the P2 helix, the tip of the P4 b-hairpin flap, and the P5 loop due to

inhibitor binding are shown as red arrows andmaximal shifts are indicated with

values colored red. The expansion of the active-site cavity is represented by

black arrows and the maximal shifts are indicated with values colored black.
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in cell culture (Ma et al., 2020; Jin et al., 2020b). We also

observed significant malleability of the SARS-CoV-2 3CL Mpro

active site, including the P2 helix, the tip of the P4 b-hairpin

flap, and the P5 loop, that permits the inhibitor molecules to

reshape the binding cavity. The flexibility of these secondary

structure elements allows the inhibitors to efficiently bind to

SARS-CoV-2 3CL Mpro, but it should also be carefully consid-

ered in the design of specific SARS-CoV-2 3CL Mpro inhibitors.

The P2 helix, the tip of the P4 b-hairpin flap, and the P5 loop

can change their conformations independent of one another,

as they are seen to shift differently when the studied complexes

are compared. Perhaps, the SARS-CoV-2 3CL Mpro active-site

cavity may use the ability to alter its shape to avoid interactions

with the inhibitors.

In summary, we have succeeded in using room temperature

crystallography to probe the conformational flexibility of the

SARS-CoV-2 3CL Mpro active-site cavity at near-physiological

temperature, which showed significant malleability in accommo-

dating inhibitors not specifically designed to target this enzyme.

We were able to analyze how the active-site cavity reacts to the

binding of three hepatitis C clinical protease inhibitors (telaprevir,

narlaprevir, and boceprevir) and a natural peptide aldehyde, leu-

peptin. Namely, we directly observed how ligand binding in-

duces conformational changes in the P2 helix, the tip of the P4

b-hairpin flap, and the P5 loop in the active-site cavity. The

conformational flexibility and dynamics of this enzyme active-

site cavity should be considered in drug design efforts. It also ap-
1318 Structure 28, 1313–1320, December 1, 2020
pears that the docking of small-molecule fragments to the

ligand-free protease structure may be a futile endeavor. Finally,

our structures also point to possible improvements in the spe-

cific SARS-CoV-2 3CL Mpro inhibitor design.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Bacterial and Virus Strains

Escherichia coli New England Biolabs. Inc. Cat#504294

Chemicals, Peptides, and Recombinant Proteins

Leupeptin VWR Cat #J580

Boceprevir Sigma-Aldrich Cat #ADV465749229

Telaprevir Apexbio Technology Cat # A4031

Narlaprevir MedChemExpress Cat # HY-10300

DABCYL-KTSAVLQSGFRKM-E(EDANS) Bachem Cat #4045664

Free EDANS acid Sigma-Aldrich Cat #A6517

Deposited Data

SARS-CoV-2 3CL Mpro-Leupeptin @ 293K This study PDB: 6XCH

SARS-CoV-2 3CL Mpro-Telaprevir This study PDB: 6XQS

SARS-CoV-2 3CL Mpro-Narlaprevir This study PDB: 6XQT

SARS-CoV-2 3CL Mpro-Boceprevir This study PDB: 6XQU

SARS-CoV-2 3CL Mpro-13b Zhang et al., 2020 PDB: 6Y2F

SARS-CoV-2 3CL Mpro-GC-376 Ma et al., 2020 PDB: 6WTT

SARS-CoV-2 3CL Mpro-apo Kneller et al., 2020 PDB: 6WQF

Recombinant DNA

Plasmid pD451-SR ATUM N/A

Software and Algorithms

CCP4 Winn et al., 2011 http://www.ccp4.ac.uk/download/#os=windows

COOT Emsley et al., 2010 https://bernhardcl.github.io/coot/wincoot-

download.html

CrysAlis Pro Rigaku, Inc. https://www.rigaku.com/products/smc/crysalis

PHENIX https://www.phenix-online.org/

Molprobity Chen et al., 2010 http://molprobity.biochem.duke.edu/
RESOURCE AVAILABILITY

Lead Contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Andrey

Kovalevsky (kovalevskyay@ornl.gov).

Materials Availability
The study did not generate new unique reagents.

Data and Code Availability
The four protein structures have been deposited into the Protein Data Bank with accessions codes of 6XCH for the SARS-CoV-2 3CL

Mpro complex with leupeptin, 6XQS for the complex with telaprevir, 6XQT for the complex with narlaprevir, and 6XQU for the complex

with boceprevir. See Key Resources Table for more details.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Escherichia coli BL21DE3 competent cells were used in this study, and the cells were grown in LBmedia in shaking incubators. Addi-

tional details are provided in the Method Details section.
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METHOD DETAILS

General Information
Protein purification supplies were purchased fromGE Healthcare (Piscataway, New Jersey, USA). Crystallization reagents were pur-

chased from Hampton Research (Aliso Viejo, California, USA).

Cloning, Expression, and Purification of SARS-CoV-2 3CL Mpro

The 3CLMpro (Nsp5Mpro) fromSARSCoV-2was cloned into pD451-SR plasmid (Atum, Newark, CA), expressed and purified accord-

ing to the published procedure (Kneller et al., 2020). To make the authentic N-terminus, the protease sequence is flanked by the

maltose binding protein followed by the 3CL Mpro autoprocessing site SAVLQYSGFRK (arrow indicates the cleavage site) corre-

sponding to the cleavage between NSP4 and NSP5 in the viral polyprotein. To make the authentic C-terminus, the enzyme construct

codes for the human rhinovirus 3C PreScission protease cleavage site (SGVTFQYGP) connected to a His6 tag. The N-terminal flank-

ing sequence is autoprocessed during expression in E. coli (BL21 DE3), whereas the C-terminal flanking sequence is removed by the

treatment with PreScission protease (Millipore Sigma, St. Louis, MO). For crystallization, the authentic 3CL Mpro is concentrated to

4-6 mg/mL.

Crystallization
Room-temperature X-ray crystallography quality protein crystals were grown using the sitting-drop vapor diffusion method. Ligand-

free 3CL Mpro at 4 mg/mL formed crystal cluster aggregates in 22% PEG3350, 0.1 M Bis-Tris pH 6.5, which were used to generate

microseeds utilizing the Hampton Research SeedBead� kit. These ligand-free proteasemicroseedswere used to nucleate 3CLMpro

in the presence of leupeptin, boceprevir, telaprevir, or narlaprevir. 1 mg of lyophilized leupeptin dissolved directly into 250 mL of 3CL

Mpro at 5.4mg/mL. Boceprevir, telaprevir, or narlaprevir dissolved in 100%dimethyl sulfoxide weremixed at 1:10molar ratio with 3CL

Mpro at 5.4-5.6 mg/mL and allowed to incubate at room temperature for a minimum of 1 hour. Precipitation, if present, was removed

by centrifugation prior to setting up crystal trays. All crystals obtained for this study grew in drops containing 10 mL protein-ligand

complex mixed with 10 mL 18-22% PEG3350, 0.1 M Bis-Tris pH 7.0 with 0.4 mL of 1:200 dilution microseeds. Single plate-shaped

crystals appeared after 3 days at 14�C and were allowed to grow for an additional 4 days before harvesting them for crystallographic

data collection.

X-ray Data Collection and Structure Refinement
To collect room-temperature diffraction datasets, crystals of 3CL Mpro in complexes with leupeptin, telaprevir, narlaprevir or boce-

previr were mounted using the MiTeGen (Ithaca, NY) room-temperature capillary setup. Room temperature X-ray crystallographic

data from these crystals were collected using a Rigaku HighFlux HomeLab instrument equipped with a MicroMax-007 HF X-ray

generator and Osmic VariMax optics. The diffraction images were obtained using an Eiger R 4M hybrid photon counting detector.

Diffraction data were integrated using the CrysAlis Pro software suite (Rigaku Inc., The Woodlands, TX). Diffraction data were

then reduced and scaled using the Aimless (Evans andMurshudov, 2013) program from the CCP4 suite (Winn et al., 2011); molecular

replacement using PDB code 6WQF (Kneller et al., 2020) was then performed with Molrep (Winn et al., 2011) from the CCP4 program

suite. The refinement of each protein structure was conducted using Phenix.refine from the Phenix (Adams et al., 2010) suite of pro-

grams and the COOT (Emsley et al., 2010) molecular graphics program. The geometry of each final structure was then carefully

checked with Molprobity (Chen et al., 2010); the data collection and refinement statics are shown in Table S1.

ENZYME ACTIVITY KINETICS ASSAY

The enzymatic activity of SARS-CoV-2 Mpro was characterized by measuring initial rate with a previously established Förster reso-

nance energy transfer (FRET) peptide substrate assay (Kuo et al., 2004) over a concentration range of 7.4 – 640 mM to determine Km

and Vmax with 130 nM enzyme. The FRET substrate DABCYL-KTSAVLQSGFRKM-E(EDANS) trifluoroacetate salt was purchased

from Bachem (PN 4045664) and dissolved at 10-14 mM concentration in DMSO. The assay buffer contained 20 mM Tris-HCl pH

7.3, 100 mM NaCl, 1 mM EDTA, and 2 mM reduced glutathione (6.15 mg added per 10 mL buffer fresh for each experiment) with

5% v/v final DMSO concentration. The assays were performed in 40 mL total volume in black half area 96-well plates (Greiner PN

675076) at 25�C. Fluorescence was detected every 24 s by a Biotek Synergy H1 plate reader with an excitation wavelength of

336 nm and an emission wavelength of 490 nm, 6.25 mm read height, low lamp energy, and 3 measurements per data point. After

the background subtraction of the average of no enzyme negative controls, product formation was quantified using a 0.05 – 22 mM

calibration curve of the free EDANS acid (Sigma PN A6517). Product concentrations were adjusted for inner filter absorbance effects

with correction factors generated by comparing the fluorescence of 2 mM EDANS in solution with each concentration of substrate

used to that with no substrate. To determine kinetic constants, initial velocity was measured at 20 to 640 mM substrate with

130 nM enzyme (8.8 mg/mL) in triplicate in two independent experiments to determine Vmax and KM. Reactions were initiated by add-

ing 20 mL substrate solution to 20 mL enzyme solution in plates. GraphPad Prism 8.4.2 was used to perform nonlinear regression with

the Henri-Michaelis-Menten equation (Equation 1) to give KM of 170 mM, 95% CI [130, 230] and Vmax of 36 nM/s, 95% CI [32, 41],

yielding a second-order rate constant of kcat/KM = 1600 s-1 M-1 (Figure S2). This value is similar to those recently obtained by others

(Zhang et al., 2020; Ma et al., 2020).
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v =
Vmax

1+
Km

½S�
(Equation 1)

Enzyme Inhibition Assay
We examined the inhibition kinetics of four reversible covalent protease inhibitors, including leupeptin, a well-established cysteine

and serine protease inhibitor, and three a-ketoamide HCV NS3/4A serine protease inhibitors, namely telaprevir, narlaprevir and bo-

ceprevir. Inhibition kinetics were performed by incubating 300 nM enzyme with 300 nM – 300 mM inhibitor in assay buffer at room

temperature with gentle shaking for 30 minutes, briefly centrifuging, and then adding 20 mL of 80 mM substrate to initiate reactions,

for final concentrations of 150 nM enzyme, 0.15-150 mM inhibitor, and 40 mM substrate. Two independent experiments were per-

formed in triplicate. Initial velocities were normalized to the average initial rate of reactions without inhibitor. Nonlinear regression

was performed with the IC50 equation (Equation 2) for each inhibitor across the concentration range, where vi
v0
is the normalized initial

velocity at each inhibitor concentration. The inhibitors boceprevir (Sigma ADV465749229), narlaprevir (MedChemExpress HY-

10300), and telaprevir (Apex Bio A4031) were stored as 60 mM stocks in DMSO at -20�C, and leupeptin (VWR J580) was stored

at 20 mM in DMSO at -20�C.

vi
v0

=
100%

1+
½Inhibitor�

IC50

(Equation 2)

The IC50 values obtained were: leupeptin, 92 mM, 95%CI [80, 106]; telaprevir, 18 mM, 95%CI [16, 21]; narlaprevir, 5.1 mM, 95%CI

[4.3, 6.1]; and boceprevir, 3.1 mM, 95% CI [2.8, 3.5] (Figure S3). These values are similar to the recently measured IC50 values for

narlaprevir (5.7 mM) and boceprevir (4.1 mM) (Ma et al., 2020).

QUANTIFICATION AND STATISTICAL ANALYSIS

For kinetics experiments, initial rates were determined by linear regression of the linear portion of enzyme reaction progress

curves with <10% substrate conversion using the linest() formula in Excel. The relationships between initial rates and substrate con-

centration and between initial rates and inhibitor concentration were determined by nonlinear regression using GraphPad Prism

8.4.3. Statistical details including best-fit values for KM, Vmax, and IC50 and their 95% confidence intervals using the asymmetrical

(profile-likelihood) method are given in Figures S2 and S3 and the associated figure legends.
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