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The SARS-CoV-2 main viral protease (Mpro)  
is essential for a key stage in the viral life cycle

Mpro 
also: nsp5, 3CLPro

de Wit et al. Nature Reviews Microbology 14:523, 2016 
https://www.nature.com/articles/nrmicro.2016.81 

https://www.nature.com/articles/nrmicro.2016.81
https://www.nature.com/articles/nrmicro.2016.81


Much of the world will not receive vaccines until 
well into 2023, and variants are already a problem

https://www.eiu.com/n/85-poor-countries-will-not-have-access-to-coronavirus-vaccines/ 

https://www.eiu.com/n/85-poor-countries-will-not-have-access-to-coronavirus-vaccines/
https://www.eiu.com/n/85-poor-countries-will-not-have-access-to-coronavirus-vaccines/


Drug repurposing is an appealing idea,  
but it has never worked.

https://pubs.acs.org/doi/abs/10.1021/acs.jcim.0c00861 
Aled Edwards 
SGC Toronto

https://pubs.acs.org/doi/abs/10.1021/acs.jcim.0c00861
https://pubs.acs.org/doi/abs/10.1021/acs.jcim.0c00861


Mpro active site is so highly conserved,  
it makes for an appealing pan-coronavirus target
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Yazdani et al. Methods of Mapping Genetic Variability onto SARS-CoV-2 Protein Crystal Structures. Zenodo; 2020. https://doi.org/10.5281/zenodo.3834875   
Roe et al. Journal of General Virology. 2021; p. 001558. https://doi.org/10.1099/jgv.0.001558 

active site

https://doi.org/10.5281/zenodo.3834875
https://doi.org/10.1099/jgv.0.001558
https://doi.org/10.5281/zenodo.3834875
https://doi.org/10.1099/jgv.0.001558


Previously known Mpro inhibitors were peptidomimetics, 
which are difficult to develop into useful oral drugs

Known inhibitors were also covalent inhibitors, 
which can run into selectivity problems against host proteases

Liu et al. Eur J Med Chem 206:112711, 2020

sidechain-like moieties



Oral (not intravenous) Mpro inhibitors are needed  
to impact the course of disease

Virus no longer drives disease  
Antivirals less effective 
Hospitalized, so access to IV drugs

Oral antiviral  
Window of opportunity

Muge Cevik et al. BMJ 2020;371:bmj.m3862 
https://doi.org/10.1136/bmj.m3862 

all IV dosing

https://doi.org/10.1136/bmj.m3862
https://doi.org/10.1136/bmj.m3862


Drug discovery is usually a long and expensive process

How can we drastically cut down this timeline 
and ensure we will succeed?

https://doctortarget.com/machine-learning-applied-drug-discovery/ 

https://doctortarget.com/machine-learning-applied-drug-discovery/
https://doctortarget.com/machine-learning-applied-drug-discovery/


Diamond Light Source prosecuted a high-throughput 
X-ray fragment screen in a matter of weeks

Atomic resolution  
structure of the 

protease determined 

February 20

1,500 crystals  
collected in one day (!)

March 5

78 fragment-bound 
structures solved  

and released to the web 

48 covalent fragments 
71 active site fragments

March 18

Frank von Delft 
Diamond Light Source / XChem / SGC

Main protease  
cloned and produced 

at Diamond after  
COVID shutdown of  

Haitao Yang lab in Shanghai

February 14

Martin Walsh

Covalent screen finds 150 
active site hits 

>40 hits validated

February 25

Nir London

https://www.diamond.ac.uk/covid-19/for-scientists/Main-protease-structure-and-XChem.html 

https://www.diamond.ac.uk/covid-19/for-scientists/Main-protease-structure-and-XChem.html
https://www.diamond.ac.uk/covid-19/for-scientists/Main-protease-structure-and-XChem.html






Fragment hits completely cover the active site

Could we merge our way to potent 
lead compounds directly?

Douangamath et al., Nature Communications 11:5047, 2020 
https://www.nature.com/articles/s41467-020-18709-w

interactive view: https://fragalysis.diamond.ac.uk/viewer/react/preview/target/Mpro 

close-up of active site

S1

S2

S1’

S4

Cys145

https://www.nature.com/articles/s41467-020-18709-w
https://www.nature.com/articles/s41467-020-18709-w
https://fragalysis.diamond.ac.uk/viewer/react/preview/target/Mpro
https://fragalysis.diamond.ac.uk/viewer/react/preview/target/Mpro


Which strategies would most quickly get us from 
fragment structures all the way to a useful drug?

What if we tried ALL OF THEM?

Nir London 
Weizmann Institute



Alpha Lee (PostEra/Cambridge) quickly 
set up the COVID Moonshot website

Alpha Lee 
Cambridge/PostEra

http://postera.ai/covid 

http://postera.ai/covid
http://postera.ai/covid


The COVID Moonshot adopted a global open science,  
patent-free, collaborative approach to drug discovery

Open data

Open science

Patent-free

http://postera.ai/covid 

http://postera.ai/covid
http://postera.ai/covid






…and there was overwhelming response

• > 7,000 Designs 

• > 350 Designers 

• First 850 compounds made 
and tested 

• Hits in the µM range



PostEra’s synthetic route prediction AI identified which 
designs could be synthesized by CROs in a matter of hours

http://postera.ai/covid

• Enamine 
• WuXi 
• Sai

Schwaller et al. ACS Central Science 5:9, 2019

https://pubs.acs.org/doi/10.1021/acscentsci.9b00576 

CROs  
donating effort

http://postera.ai/manifold 

CRO catalogue-aware optimal synthetic route

* free for academics!

http://postera.ai/covid
http://postera.ai/covid
https://pubs.acs.org/doi/10.1021/acscentsci.9b00576
https://pubs.acs.org/doi/10.1021/acscentsci.9b00576
http://postera.ai/manifold
http://postera.ai/manifold


In a first for a drug discovery project, all data 
was immediately reported back to the community

http://postera.ai/covid

http://postera.ai/covid
http://postera.ai/covid


Diamond XChem’s automated beamline enabled 
us to turn structures around in days

http://postera.ai/covid

http://postera.ai/covid
http://postera.ai/covid


Crowdsourcing generated a number of novel chemical 
series by fragment merging

IC50=23!M



Crowdsourcing yielded multiple lead series

http://postera.ai/covid

3-aminopyridines 

[As of 16 Mar 2021]

Ugis quinolones benzotriazoles 

http://postera.ai/covid
http://postera.ai/covid
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Drug discovery is usually a long and expensive process

How can we drastically cut down this timeline 
and ensure we will succeed?

https://doctortarget.com/machine-learning-applied-drug-discovery/ 

https://doctortarget.com/machine-learning-applied-drug-discovery/
https://doctortarget.com/machine-learning-applied-drug-discovery/


Every real drug discovery project needs a target product 
profile (TPP) to know what we are aiming to achieve

Property Target range Rationale

protease assay IC50 < 50 nM Extrapolation from other anti-viral programs
viral replication EC50 < 0.2µM Suppression of virus at achievable blood levels
plaque reduction EC50 < 0.2µM Suppression of virus at achievable blood levels

Coronavirus spectrum SARS-CoV2 B1.1.7 , 501.V2, B.1.1.248 variants essential, 
SARS-CoV1 & MERS desirable Treat vaccine resistant variants and future pandemic preparation.

route of administration oral bid/tid(qid)- compromise PK for potency if pharmacodynamic effect achieved
solubility > 5 mg/mL, >100µM tolerable Aim for biopharmaceutical class 1 assuming <= 750 mg dose

half-life Ideally>= 8 h (human) est from rat and dog Assume PK/PD requires continuous cover over plaque inhibition for 24 h

safety

Only reversible and monitorable toxicities 
No significant DDI - clean in 5 CYP450 isoforms 
hERG and NaV1.5 IC50 > 50 µM 
No significant change in QTc  
Ames negative 
No mutagenicity or teratogenicity risk

No significant toxicological delays to development 
DDI aims to deal with co-morbidities / combination therapy,  

cardiac safety for COVID-19 risk profile  
Low carcinogenicity risk reduces delays in manufacturing  

Patient group will include significant proportion of women of childbearing age

Ed Griffen 
MedchemicaTPP for 5-day oral antiviral course following exposure, SARS-CoV-2 PCR+, or onset of symptoms



Our assay cascade is designed to allow us to rapidly 
make progress against our TPP objectives

Ed Griffen 
Medchemica

Does it inhibit Mpro? How does it bind?
Does it enter cells and inhibit Mpro?
Does it have a chance of working in humans?

Does it kill virus in infected cells,  
sparing healthy cells?
Does it have a favorable safety profile?

Is it orally bioavailable at  
required concentrations?

Assay components donated by 
groups and CROs around the world



The med chem design team brought >100 years 
of industry med chem experience to bear

http://postera.ai/covid

3-aminopyridines 
948 compounds 
(primary series)

[As of 16 Mar 2021]

Ugis 
403 compounds 
(backup series)

quinolones 
86 compounds 
(backup series)

benzotriazoles 
42 compounds 
(backup series)

Ed Griffen 
Medchemica

258 X-ray structures (and rapidly growing) 
>25% of all SARS-CoV-2 structures!

http://postera.ai/covid
http://postera.ai/covid


3-aminopyridines provide a potent P1-P2 scaffold 
capable of accessing P4 and P1’ pockets

IC50=23!M

http://postera.ai/covid
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Optimization of the P1-P2 scaffold resulted in incredibly 
potent compound with ~0.5 µM antiviral activity

With the Israel Institute  
of Biological Researchhttp://postera.ai/covid

Lead compound active 
against live SARS-CoV-2

EC50 = 550 nM
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Scaffold is well-poised for covalentization

http://postera.ai/covid

Nir London 
Weizmann Institute

Diamond Light Source  / XChem 
Daeron Fearon

Cys145His41

MAT-POS-090737b9-1

Vladas Oleinkovas, UCB 
Matt Robinson, PostEra

MAT-POS-e69ad64a-2

Matt Robinson, PostEra

CVD-0015332 
IC50 = 51 nM

http://postera.ai/covid
http://postera.ai/covid
https://covid.postera.ai/covid/submissions/090737b9-1bcf-4edb-8165-2835ba53bc09/1
https://covid.postera.ai/covid/submissions/090737b9-1bcf-4edb-8165-2835ba53bc09/1
https://covid.postera.ai/covid/submissions/e69ad64a-d355-47ea-93db-4d4756e74c4c/2
https://covid.postera.ai/covid/submissions/e69ad64a-d355-47ea-93db-4d4756e74c4c/2


How can we design optimal P1’/P4 substituents?

http://postera.ai/covid

http://postera.ai/covid
http://postera.ai/covid


Our lab had started to use Folding@home to aid experimental 
collaborators in pursuing COVID-19 drug discovery projects

~100 pflop/s!



Ariana Brenner (CBM) 

Rafal Wiewiora (TPCB) 

Ivy Zhang (CBM)

https://doi.org/10.1101/2020.06.27.175430

We built the first exaFLOP/s computing platform 
as the public joined in our effort

~1.5 exaflops 
> sum of top-10 supercomputers



There are multiple design vectors to explore

IC50 = 3.6 µM

IC50 = 25 µM
ADA-UCB-6c2cb422-1  (x10959)

JOR-UNI-2fc98d0b-12  (x10201)

TRY-UNI-2eddb1ff-7 (x10789)

IC50 = 0.72 µM

IC50 = 3.1 µM

TRY-UNI-714a760b-6  (x2646)
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TRY-UNI-714a760b-6  (x2646)

P1’ pocket engagement

P1 substituent optimization

P4 pocket engagement

fragment-derived inspiration

x
(x0770)

(x0678)

fragment merger produced
initial lead compound

current lead compound

current lead compound
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https://postera.ai/covid/submissions/6c2cb422-4898-41bd-9409-adfdfb62f5c2/1
https://postera.ai/covid/submissions/6c2cb422-4898-41bd-9409-adfdfb62f5c2/1
https://postera.ai/covid/submissions/2fc98d0b-0368-411c-9879-6d22f4d4aef5/12
https://postera.ai/covid/submissions/2fc98d0b-0368-411c-9879-6d22f4d4aef5/12
https://covid.postera.ai/covid/submissions/2eddb1ff-432d-4cd4-9842-3943a075779e/7
https://covid.postera.ai/covid/submissions/2eddb1ff-432d-4cd4-9842-3943a075779e/7
https://postera.ai/covid/submissions/714a760b-0e02-4b09-8736-f27f854f8c22/6
https://postera.ai/covid/submissions/714a760b-0e02-4b09-8736-f27f854f8c22/6
https://postera.ai/covid/submissions/714a760b-0e02-4b09-8736-f27f854f8c22/6
https://postera.ai/covid/submissions/714a760b-0e02-4b09-8736-f27f854f8c22/6


We can enumerate a huge variety of molecules that can be quickly 
synthesized by changing out the ingredients used in the final step



Folding@home can run relative alchemical free energy calculations at 
planetary scale, performing tens of thousands of transformations/week

Dominic Rufa 
Tri-I TPCB PhD student

perses: open source relative alchemical free energy calculations  
http://github.com/choderalab/perses 


Open Force Field Initiative OpenFF (“Parsley”) small molecule force field 
http://openforcefield.org + Hannah Bruce Macdonald 

William Glass 
Matt Wittman 
David Dotson

http://github.com/choderalab/perses
http://openforcefield.org
http://github.com/choderalab/perses
http://openforcefield.org


The progress bar 
measures the fraction 
of compounds we 
could synthesize that 
we’ve evaluated for 
each sprint



We generated a lot of data, which we have shared online via AWS

https://registry.opendata.aws/foldingathome-covid19/ 

https://covid.molssi.org//org-contributions/#folding--home 

https://registry.opendata.aws/foldingathome-covid19/
https://covid.molssi.org//org-contributions/#folding--home
https://registry.opendata.aws/foldingathome-covid19/
https://covid.molssi.org//org-contributions/#folding--home


free energy calculations can rapidly prioritize 
compounds from large virtual synthetic libraries

COVID Moonshot: [Moonshot] [Fragalysis] [Dashboard]

Can we engage S4 from this 5,000-compound virtual synthetic library varying R3?

top compounds from free energy calculations

parent compound

Top free energy calculation compounds and experimental affinity measurements:

http://postera.ai/covid
https://fragalysis.diamond.ac.uk/viewer/react/projects/765/559
https://fah-public-data-covid19-moonshot-sprints.s3.us-east-2.amazonaws.com/dashboards/sprint-5-dimer/sprint-5-dimer-x11498-dimer-neutral/index.html
http://postera.ai/covid
https://fragalysis.diamond.ac.uk/viewer/react/projects/765/559
https://fah-public-data-covid19-moonshot-sprints.s3.us-east-2.amazonaws.com/dashboards/sprint-5-dimer/sprint-5-dimer-x11498-dimer-neutral/index.html


Most ideas were bad ideas

better worse



Human chemists seem better than random,  
but it’s hard to get them to generate enough ideas

humans
computer



Sprint 5 
Science Dashboard

dashboard: https://tinyurl.com/fah-sprint-5-dimer 

Fragalysis viewer: https://fragalysis.diamond.ac.uk/viewer/react/preview/target/Mpro 

(compounds are 
currently being 

synthesized 
by Enamine)

https://tinyurl.com/fah-sprint-5-dimer
https://fragalysis.diamond.ac.uk/viewer/react/preview/target/Mpro
https://tinyurl.com/fah-sprint-5-dimer
https://fragalysis.diamond.ac.uk/viewer/react/preview/target/Mpro


dashboard: https://tinyurl.com/fah-sprint-5-dimer 

Fragalysis viewer: https://fragalysis.diamond.ac.uk/viewer/react/preview/target/Mpro 

https://tinyurl.com/fah-sprint-5-dimer
https://fragalysis.diamond.ac.uk/viewer/react/preview/target/Mpro
https://tinyurl.com/fah-sprint-5-dimer
https://fragalysis.diamond.ac.uk/viewer/react/preview/target/Mpro


Orally bioavailable inhibitor for therapeutic and prophylactic use

We are close to achieving our TPP objectives

Property Target range Progress March 2021

protease assay IC50 < 50 nM  
(compromise if clean and anti viral activity sufficient) 50nM (mean n=3)

viral replication  
(Vero-E6) EC50 < 0.2µM ~0.5 μM VeroE6 CPE

plaque reduction 
(Vero-E6, Calu-3) EC50 < 0.2µM ~0.25 μM Calu3 

PK-PD Cmin > EC90 (plaque reduction) for 24h Studies in progress

Coronavirus spectrum SARS-CoV2 B1.1.7 , 501.V2, B.1.1.248 variants essential  
SARS-CoV-1 & MERS desirable

Active against B1.1.7 , 501.V2 in cellular assays 
Compounds dispatched for panel testing (Takeda)

Route of administration oral Some oral exposure observed

solubility > 5 mg/mL, >100µM tolerable < 1mg/ml

half-life Ideally>= 8 h (human) est from rat and dog Rat 2h

safety

No significant protease activity >50% at 10μM (Nanosyn 61 protease panel) 
Only reversible and monitorable toxicities (NOAEL > 30x Cmax) 
No significant DDI - clean in 5 CYP450 isoforms 
Critical transporter check (e.g. OATP) 
hERG and NaV1.5 IC50 > 50 µM 
No significant change in QTc  
No mutagenicity or teratogenicity risk

Protease panel clean 
Eurofins / CEREP 44 target panel clean 
Cyp450: 1.8μM 2C9, 10μM 3A4 

Cardiotoxicity in vivo testing planned 
Live phase planned 
Ames planned



We’re lining up IND-enabling studies now
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XChem fragment-to-lead lead optimization pre-IND

Suite of optimized leads
trials

$350k, 30 groups $800k, 40 groups

(planning)
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(exploring)Regulatory phase

100 nM racemate  
(likely ~50 nM)  
predicted to be  

metabolically stable!
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THANK YOU!
preprint: https://doi.org/10.1101/2020.10.29.339317 
contributors: https://tinyurl.com/covid-moonshot-authors   
twitter: https://twitter.com/covid_moonshot  
slides: http://choderalab.org/news 
Moonshot data: http://postera.ai/covid 
Folding@home data: http://covid.molssi.org  
funding: Diamond, Oxford COVID Response Fund, Weizmann, PostEra, MSKCC, NSF,  
   DNDi, LifeArc, Wellcome Trust TEP Strategic Award, and so many in-kind contributions
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