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26 mar 2020
One month later…



What could we do to AID the  
Global covid-19 response effort?



We hoped vaccines were coming,  
but knew that oral antivirals would be needed

Vaccines would need complete safety if vaccinating ~100% of the public.

A oral pill without cold storage requirements is much easier to distribute globally

Achieving ~100% vaccine uptake is difficult; a drug can be used by those who get sick

An antiviral could avoid resistance seen in vaccines that target highly variable spike

Safe oral antivirals could protect at-risk patients when other options aren’t available



The sars-cov-2 genome was published 24 Jan 2020

Striking similarity to SARS-CoV and MERS-CoV

The new virus was strikingly similar to viruses responsible for the SARS and MERS outbreaks



The main viral protease (Mpro) is highly conserved 
between Sars-cov, mers-cov, and sars-cov-2

Could the main viral protease be a viable drug target for COVID-19?

Jin et al. Nature 582:289, 2020 
doi:10.1038/s41586-020-2223-y 

structure (PDB structure released 5 Feb 2020)

Tahir ul Qamal et al. J Pharm Anal, in press 
doi:10.1016/j.jpha.2020.03.009 

sequence (24 Jan 2020)



We knew from sars-cov that the main viral 
protease (mpro) is essential for viral replication

de Wit et al. Nat. Rev. Microbiology (2016)

3CLPro 

or Mpro
cleaves viral polyprotein 

in 11 different places 
= difficult for active site 

to mutate?



Previously known sars-cov mpro inhibitors were peptidomimetics, 
which are difficult* to develop into oral drugs

known Mpro inhibitors were also covalent inhibitors, 
which can be difficult to optimize for PK and off-target issues*

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

sidechain-like moieties

* As you’ll hear in the next talk, Pfizer did an astounding job of this with nirmatrelvir while we were working on this!
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Diamond light source was able to collect data 
for 1,500 x-ray structures in record time 

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

Diamond Light Source / XChem / SGC

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


Diamond light source was able to collect data 
for 1,500 x-ray structures in record time 

First protease 
structure 

determined at 
Diamond

February 20

Data for 1,500 crystals  
for small molecule 

fragment soaks 
collected at Diamond

March 5

78 fragment-bound 
structures solved  

and released online

March 18

Main protease  
cloned and produced 

at Diamond

February 14

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

Diamond Light Source / XChem / SGC

 
Haitao Yang lab 

shares first structure 
but forced to shut 

down; sends plasmid 
sequence to Diamond

February 5

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


All data was immediately released online with 
the goal of accelerating drug discovery

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

https://fragalysis.diamond.ac.uk 

(pre-preprinting!)

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://fragalysis.diamond.ac.uk/


Fragment hits completely cover the active site, 
suggesting merges could improve potency

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 

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


Fragment hits completely cover the active site, 
suggesting merges could improve potency

Could we merge our way to potent 
antivirals 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 

SARS-CoV-2 Mpro active site

S1

S2

S1’

S4

Cys145

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


Which computational strategies would most rapidly progress 
fragments to early leads with measurable potency?



Which computational strategies would most rapidly progress 
fragments to early leads with measurable potency?

“…what if we tried all of them?”

Nir London 
Weizmann Institute



First, we needed a cool name to motivate people



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


Alpha Lee (Cambridge) tapped a company he co-founded, 
PostEra, to create an open drug discovery commons website

Alpha Lee 
Cambridge/PostEra

http://postera.ai/covid 

Molecule sketcher! 
2D compound design viewer! 
Discussion boards!

+ Matthew Robinson (PostEra)

http://postera.ai/covid






…and there was overwhelming response

• > 7,000 Designs 

• > 350 Designers



THERE WERE SOME EXCELLENT IDEAS
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We used openeye omega/Fred to weed out bad ideas

code and docking results: https://github.com/FoldingAtHome/covid-moonshot/tree/master/moonshot-submissions 

all final docked ligand structures

Pat Walters blog: http://practicalcheminformatics.blogspot.com

docking of a single compound, showing all possible conformers

https://github.com/FoldingAtHome/covid-moonshot/tree/master/moonshot-submissions


Machine learning based synthetic route prediction models 
identified designs that could be easily synthesized

http://postera.ai/covid

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

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

Molecular Transformer:  
http://postera.ai/manifold 

CRO catalogue-aware optimal synthetic route 
(Enamine, WuXi, Sai)

Quickly made 850 
compounds 

in a few weeks!

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


Data was immediately reported back to the community

http://postera.ai/covid

http://postera.ai/covid


Data was immediately reported back to the community

http://postera.ai/covid

http://postera.ai/covid


Diamond’s automated beamline enabled us to generate 
new structural data for these inhibitors in just days

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

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


Diamond’s automated beamline enabled us to generate 
new structural data for these inhibitors in just days

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

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


we even set up a discussion board 

https://discuss.postera.ai/c/covid/5 

https://discuss.postera.ai/c/covid/5


though it quickly turned into 
peter kenny’s online med chem blog

https://discuss.postera.ai/c/covid/5 

https://discuss.postera.ai/c/covid/5


Crowdsourced design strategies generated a number of 
novel chemical series by fragment merging



Crowdsourced design strategies generated a number of 
novel chemical series by fragment merging



Crowdsourcing generated multiple leads with  
Novel noncovalent chemotypes





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

https://doctortarget.com/machine-learning-applied-drug-discovery/
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https://doctortarget.com/machine-learning-applied-drug-discovery/
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Medicinal chemistry provided us with guiding 
design principles

• Aim for small, efficient molecules 
• Less opportunity for off-target effects 
• Reduce permeability and metabolic risks 
• Keep within the substrate envelope to minimize resistance risks 
• Simplicity of compounds – reduce cost of development and cost of goods  

= speed of development and equitable, affordable access 

• Avoid peptidomimetics  
• Present a different development and toxicity risk profile 

• Potency first, covalency later (if needed) 
• Make the compounds potent and selective first add covalent warhead if needed to avoid 

complications with a warhead that may react with off-targets 

• Speed over breadth 
• Broader spectrum pan-coronaviral activity is not a primary goal of this first-generation program 



We quickly defined a target candidate profile (TCP)  
to capture the objectives of our drug discovery program 

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 
Medchemica5-day oral antiviral course following exposure, SARS-CoV-2 PCR+, or onset of symptoms



Our assay cascade was an attempt to rapidly meet the 
TCP objectives, but relied mostly on donated resources

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?



PRIMARY ENZYME, TIER 
1 IN VITRO ADMET

ANTI-VIRAL 
POTENCY & 
RESISTANCE 

(SCREENING)

ANALYZE

SYNTHESIS

 PRIMARY IN VIVO 
ADMET

TIER 2 IN VITRO  
ADMET

TIER 2 IN VITRO  
ADMET

Anti-viral 
Cellular  

(profiling)

Anti-viral 
Animal  

(profiling)
TIER 3 IN VITRO  

ADMET
 SECONDARY IN 

VIVO ADMET

DOSE TO HUMAN 
PREDICTION

20% (~ 500 compounds)

6% of total (120 compounds)

10  compounds

45 compounds

75%
DESIGN

DESIGN-MAKE-TEST-
ANALYZE (DMTA) 

CYCLE

LEAD 
OPTIMIZATION 

ASSAY CASCADE

We spent the next few months In lead optimization 
design-make-test-analyze (DMTA) cycles



design-make-test-analyze cycles share a common operation:

1. Select a current lead molecule

2. Use AI tools to identify a retrosynthetic pathway capable of installing new groups to replace part of the molecule

3. Chemists conservatively select  analogues from the (often very) large enumerated synthetic space



Could we use predictive models to identify promising ideas 
the chemists had overlooked?

~15,000 
Potential 
R3 groups



Could we use predictive models to identify promising ideas 
the chemists had overlooked?

~15,000 
Potential 
R3 groups



alchemical free energy calculations are a useful way 
to exploit structural data to predict binding affinities

Pioneering work from many: McCammon, van Gunsteren, Kollman, Jorgensen, Chipot, Roux, Boresch, Fujitani, Pande, Shirts, Swope, Christ, Mobley, and many more 
LiveCoMS Best Practices: https://livecomsjournal.org/index.php/livecoms/article/view/v2i1e18378 

PL1P + L1

��G

PL2P + L2

requires same or similar scaffolds 
requires common scaffold to anchor series

aqueous complex

https://livecomsjournal.org/index.php/livecoms/article/view/v2i1e18378
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http://openforcefield.org

http://openforcefield.org


GAFF 1 
(1999)

thrombin 
PDB101: 1PPB

GAFF 2 
(2016)

OPLS2.1 
(2015)

smirnoff99Frosst 
(2018)

openff 1.0 
(2019)

http://github.com/choderalab/perses  

The Open force field initiative has produced 
systematically more accurate force field generations

Open Force Field

“parsley”

http://github.com/choderalab/perses


Quick Retrospective calculations suggested our tools did a  
reasonably good job of predicting compound potency

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

WILLIAM 
GLASS 
postdoc

HANNAH 
BRUCE 

MACDONALD 
postdoc

DOMINIC 
RUFA 

TPCB student

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


Typically, we use fast graphics processing units (GPUs)  
to run a few dozen calculations. 

Where do we get enough GPUs to score  
virtual libraries of >15,000 compounds each week?



Our lab is a member of the folding@home consortium,  
a worldwide distributed computing network

~100 pflop/s!GREG 
BOWMAN

VINCENT 
VOELZ

ANTONIA 
MEY

SONYA 
HANSON

PILAR 
COSSIO

DIWAKAR 
SHUKLA

JOHN 
CHODERA

Folding@home Consortium 2023



As people from around the world started running folding@home,  
we quickly created the world’s first exascale computing resource 

Ariana Brenner (CBM) 

Rafal Wiewiora (TPCB) 

Ivy Zhang (CBM)

Folding@home blog



As people from around the world started running folding@home,  
we quickly created the world’s first exascale computing resource 

Ariana Brenner (CBM) 

Rafal Wiewiora (TPCB) 

Ivy Zhang (CBM)

https://doi.org/10.1101/2020.06.27.175430

~1.5 exaflops 
> sum of top-10 supercomputers

This would cost $6.8B/year on AWS.
Nature Chemistry 13:651, 2021

Folding@home blog



Both computing and science contributors were truly global



Both computing and science contributors were truly global



alchemical free energy calculations generally use clever but complex 
Markov chain monte carlo algorithms to sample alchemical states

Independent simulations
Easy to parallelize, but sampling problems 
at any 𝜆 can make calculations unreliable 
simple but dangerous

AMBER18 TI 
Song, Lee, Zhu, York, Merz 2019 
https://doi.org/10.1021/acs.jcim.9b00105

Hamiltonian replica exchange ★
Good sampling at any 𝜆 can rescue 
problems at other 𝜆 if good 𝜆 overlap 
reliable but complex and costly

[MC]

Schrödinger FEP+ 
Wang, Wu, Deng, Kim, ... Abel 2015 
https://doi.org/10.1021/ja512751q 

NAMD 
Jiang, Thirman, Jo, Roux 2018 
http://doi.org/10.1021/acs.jpcb.8b03277 

also OpenMM (via openmmtools)

Single-replica methods
For certainly problems, can converge 
extremely quickly in a fraction of 
computer effort; tricky to make reliable 
immature and tricky to implement

Hongzhi, Fayer, Wang 2006 
https://doi.org/10.1063/1.2424700  
Tan 2017 
https://doi.org/10.1080/10618600.2015.1113975

https://doi.org/10.1021/acs.jcim.9b00105
https://doi.org/10.1021/ja512751q
http://doi.org/10.1021/acs.jpcb.8b03277
https://doi.org/10.1063/1.2424700
https://doi.org/10.1080/10618600.2015.1113975






Nonequilibrium switching or cycling can easily be run in 
parallel distributed computing environments

Nonequilibrium cycling
Can approximate nonequilibrium 
switching if relaxation is fast  
(or restraints are used to limit motion) 
a terrible hack, but it just might work

1 ns

1 ns

1 ns

1 ns

- - - - - - - - - - - 4 ns cycles - - - - - - - - - - - 

ΔΔG = −1.6 ± 0.1 kcal/mol

nonequilibrium switching time

w
or

k 
/ k

T

Crooks fluctuation theorem

(from Bennett acceptance ratio)

(Now used in OpenEye  
Orion NES free energy 

workflows!)



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

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

We generated a lot of data, which we shared online via the  
AWS public datasets program

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


http://postera.ai/covid 

We even put up a progress bar!

http://postera.ai/covid


Alchemical free energy calculations 
often had reasonable accuracy

key free energy-driven 
potency increases



We learned a lot about how computation could aid humans: 
Most virtual library compounds were bad ideas

better worse

WILLIAM 
GLASS 
postdoc

HANNAH 
BRUCE 

MACDONALD 
postdoc

DOMINIC 
RUFA 

TPCB student



Human chemists nominate better compounds,  
but are limited in the number of designs they can ideate

WILLIAM 
GLASS 
postdoc

HANNAH 
BRUCE 

MACDONALD 
postdoc

DOMINIC 
RUFA 

TPCB student

humans
computer



We set up a dashboard to provide a real-time leaderboard

[dashboard] 

DAVID 
DOTSON 
software 
scientist

MATT 
WITTMANN 

software 
scientist

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


The dashboard let chemists easily inspect the results



Potent human chemist designs sometimes 
unexpectedly float to the top

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


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

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

https://fragalysis.diamond.ac.uk/viewer/react/projects/1264/924 

it was surprising how well poses could be predicted

https://tinyurl.com/fah-sprint-5-dimer
https://fragalysis.diamond.ac.uk/viewer/react/preview/target/Mpro
https://fragalysis.diamond.ac.uk/viewer/react/projects/1264/924


rapid cycles of prediction and postmortem generates 
actionable insights at an incredible pace



rapid cycles of prediction and postmortem generates 
actionable insights at an incredible pace

Well-predicted transformations

All modifications of P1 substituent pKa => His163 is accepting H-bond, not donating!



We used netbfe to leverage experimental measurements 
for multiple compounds in each alchemical network

HUAFENG XU 
atommapper.com

Optimal Measurement Network of Pairwise Differences 
Huafeng Xu. J. Chem. Inf. Model. 2019, 59, 11, 4720–4728


https://doi.org/10.1021/acs.jcim.9b00528 

compound with experimental binding affinity

compound with unknown binding affinity

https://doi.org/10.1021/acs.jcim.9b00528


successive rounds of medicinal chemistry produced 
potent mpro inhibitors with antiviral activity

crowdsourced
merged fragment hit

TRY-UNI-714a760b-6 
x2646 / 5RH2 
Z1129289650 

23.7 [19.5, 28.9] µM 
n.d.

ADA-UCB-6c2cb422-1 
x10959 / 7S3S 
Z1530724813 

0.721 [0.647, 0.804] µM 
4.5 µM

MAT-POS-b3e365b9-1 
x11612 / TBD 
Z4643752419 

0.255 [0.240, 0.270] µM 
7.0 µM

MAT-POS-3ccb8ef6-1 
P0744 / TBD 
Z4943052515 

0.288 [0.273, 0.304] µM 
1.9 µM

MAT-POS-e194df51-1 
P1788 / TBD 
Z5129808241 

0.0368 [0.0343, 0.0395] µM 
0.064 µM

PostEra ID 
Fragalysis ID / PDB ID 
Enamine Cat No 
IC50(Mpro) 
EC50(SARS-CoV-2, A549) 
ΔΔGexp 
ΔΔGFEP

-2.07 [-1.89,-2.25] kcal/mol 
-1.8±0.1 kcal/mol

-0.615 [-0.517, -0.715] kcal/mol 
-0.7±0.2 kcal/mol

0.007 [0.006,0.139] kcal/mol 
0.0±0.1 kcal/mol

-1.22 [-1.14, -1.29] kcal/mol 
-2.4±0.1 kcal/mol

first candidate
satisfying TCP

https://covid.postera.ai/covid/submissions/TRY-UNI-714a760b-6
https://fragalysis.diamond.ac.uk/viewer/react/preview/direct/target/Mpro/mols/x2646/L/P/C
https://www.rcsb.org/structure/5RH2
https://www.enaminestore.com/realdb/Z1129289650
https://covid.postera.ai/covid/submissions/ADA-UCB-6c2cb422-1
https://fragalysis.diamond.ac.uk/viewer/react/preview/direct/target/Mpro/mols/x10959/L/P/C
https://www.rcsb.org/structure/7S3S
https://www.enaminestore.com/realdb/Z1530724813
https://covid.postera.ai/covid/submissions/MAT-POS-b3e365b9-1
https://fragalysis.diamond.ac.uk/viewer/react/preview/direct/target/Mpro/mols/x11612/L/P/C
https://www.enaminestore.com/catalog/Z4643752419
https://covid.postera.ai/covid/submissions/MAT-POS-3ccb8ef6-1
https://fragalysis.diamond.ac.uk/viewer/react/preview/direct/target/Mpro/mols/P0744/L/P/C
https://www.enaminestore.com/catalog/Z4943052515
https://covid.postera.ai/covid/submissions/MAT-POS-e194df51-1
https://fragalysis.diamond.ac.uk/viewer/react/preview/direct/target/Mpro/mols/P1788/L/P/C
https://www.enaminestore.com/catalog/Z5129808241


human dose projections of 100-350 mg t.i.d.

We’re still actively pursuing multiple backups 
to enter an accelerated preclinical program

the first compound to meet our medicinal chemistry target 
product profile has achievable human dose predictions

https://doi.org/10.1101/2020.10.29.339317  
(updated 2 Mar 2023!) 

Over 180 contributors/authors: 
https://tinyurl.com/covid-moonshot-authors 

https://doi.org/10.1101/2020.10.29.339317
https://tinyurl.com/covid-moonshot-authors


DATA REPORTED ONLINE AND IN PREPRINT:

> 20,000 UNIQUE DESIGNS
> 2,220 COMPOUNDS MADE AND TESTED 
> 850 X-RAY STRUCTURES
> 400 POTENT COMPOUNDS



Shionogi recently reported the discovery of ensitrelvir, 
discovered with the help of moonshot data

Discovery of S-217622, a Noncovalent Oral SARS-CoV-2 3CL Protease Inhibitor Clinical Candidate for Treating COVID-19
J. Med. Chem. 2022, 65, 9, 6499–6512 
https://doi.org/10.1021/acs.jmedchem.2c00117 

COVID Moonshot molecules and X-ray structures informed pharmacophore 
model used to identify compound in internal collection for pain program 

Shionogi rapidly developed into potent antiviral with excellent PK  
(just 1 pill/day for 5 days) 

Approved in Japan on 22 Nov 2022

Shinogi Ensitrelvir (S-217622) [PDBID: 8DZ0] 
COVID Moonshot TRY-UNI-714a760b-6 [PDBID: 5RH2] 
(early Moonshot lead rapidly compound disclosed online)

https://doi.org/10.1021/acs.jmedchem.2c00117
https://covid.postera.ai/covid/submissions/714a760b-0e02-4b09-8736-f27f854f8c22/6


Our inhibitor is small, noncovalent, and engage highly 
conserved residues, presenting a differentiated resistance 

profile to other clinical Mpro inhibitors
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COVID Moonshot

Analysis by Judy Huang, Sarah Duggan, Celia Schiffer, Melissa Baby 
https://doi.org/10.1101/2020.10.29.339317 

https://doi.org/10.1101/2020.10.29.339317


https://dndi.org/press-releases/2021/covid-moonshot-funded-by-wellcome-to-rapidly-develop-safe-globally-accessible-affordable-antiviral-pill/ 

https://dndi.org/press-releases/2021/covid-moonshot-funded-by-wellcome-to-rapidly-develop-safe-globally-accessible-affordable-antiviral-pill/


we’re aiming to bring an antiviral straight 
to generics manufacture without a patent

We have a potential “straight to generics” pathway, entirely free of patents,  
with the aim of low-cost global access to meet the needs of underserved  

low- and middle-income countries (LMICs)



What’s surprising about all this? 
Our compounds are equipotent against sars-cov-1



What’s surprising about all this? 
Our compounds are equipotent against sars-cov-1

Why couldn’t we have done this in 2004 after the 2003 SARS pandemic?



How can we prevent future pandemics?
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2. Start close to the finish line. 
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How can we prevent future pandemics?

1. Run fast.  
Develop a technology platform for accelerated discovery of oral antivirals that can rapidly progress 
fragments to preclinical candidates leveraging machine learning and physical modeling 
Eliminate inefficiencies in human-based discovery by tightly integrating CADD approaches 

 

2. Start close to the finish line.  
Repeatedly exercise this platform to develop an arsenal of low-cost clinic-ready drug candidates 
against viruses of pandemic concern 
Leverage platform to generate a variety of antivirals with broad antiviral activity

What’s the best way to win a race?



How can we prevent future pandemics?

1. Run fast.  
Develop a technology platform for accelerated discovery of oral antivirals that can rapidly progress 
fragments to preclinical candidates leveraging machine learning and physical modeling 
Eliminate inefficiencies in human-based discovery by tightly integrating CADD approaches 

 

2. Start close to the finish line.  
Repeatedly exercise this platform to develop an arsenal of low-cost clinic-ready drug candidates 
against viruses of pandemic concern 
Leverage platform to generate a variety of antivirals with broad antiviral activity

https://www.nytimes.com/2021/06/17/health/covid-pill-antiviral.html

What’s the best way to win a race?



18 May 2022
$68M seed funding for initial 3 years



ai-driven structure-enabled antiviral platform (ASAP) 
Is like a distributed drug discovery biotech

P1: Karla Kirkegaard (Stanford)
Matt Bogyo (Stanford)

Jesse Bloom (Fred Hutch)

P2: Frank von Delft (Diamond Light Source)
Martin Walsh (Diamond Light Source)

Oxford CMD SRF [service facility]

P4: Nir London (Weizmann)
Matt Bogyo (Stanford)

P3: Alpha Lee (PostEra)
John Chodera (MSKCC)

Frank von Delft (Diamond)
Ed Griffen (Medchemica)
Nir London (Weizmann)

Karla Kirkegaard (Stanford)
Martin Walsh (Diamond)

P5: Ed Griffen (Medchemica)
Ben Perry (DNDi)

Alpha Lee (PostEra)
John Chodera (MSKCC)

P6: Ben Perry (DNDi)
Laurent Fraisse (DNDi)

Annette von Delft (Medchemica)
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packages (TEPs)
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http://asapdiscovery.org 

Open science drug discovery for global equitable and affordable access

$110M / 5 years planned AViDD Center

http://asapdiscovery.org


We can share all the data we generate for  
entire discovery programs openLY

http://asapdiscovery.org/pipeline  http://asapdiscovery.org/outputs 

http://asapdiscovery.org/pipeline
http://asapdiscovery.org/outputs


Asap provides us with an opportunity to feed the cadd community 
with data for blind challenges and retrospective datasets
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We will spend millions of dollars on chemistry 
to assess compounds selected by our methods, 
all of which will be released openly.  

This provides an unprecedented opportunity to 
prospectively assess computational models and 
generate curated datasets while producing useful 
antivirals and discovery data for future pandemics

PRIMARY ENZYME, TIER 
1 IN VITRO ADMET

ANTI-VIRAL 
POTENCY & 
RESISTANCE 

(SCREENING)

ANALYZE

SYNTHESIS

75%
DESIGN

DESIGN-MAKE-TEST-
ANALYZE  

CYCLE

http://asapdiscovery.org 

http://asapdiscovery.org


Asap provides us with an opportunity to feed the cadd community 
with data for blind challenges and retrospective datasets

CADD 
community DOI-based CADD tool repository

continuous blind evaluation 
of predictive models 

top models used to accelerate discovery

automated blind challenges of containerized tools

retrospective datasets for 
building and refining 

predictive models
https://tdcommons.ai/ 

https://drugdesigndata.org/about/celpp 

http://www.samplchallenges.org/ 

pharma / academia deploy and use models

https://tdcommons.ai/
https://drugdesigndata.org/about/celpp
http://www.samplchallenges.org/


https://omsf.io/projects/project-list/  

open 
free energy

Asap has an opportunity to help build sustainable cadd 
software ecosystems working with omsf

a 501(c)3 nonprofit organization 

https://omsf.io/projects/project-list/


Alchemiscale allows us to scale open free energy consortium 
calculations to cluster, cLoud, and Folding@home

alchemiscale

https://github.com/openforcefield/alchemiscale 

open 
free energy

DAVID 
DOTSON 
Datryllic

BENJAMIN 
RIES 

Open Free Energy

Check out the Open Free Energy  
poster from Benjamin Ries  on Mon/Tue!

https://github.com/openforcefield/alchemiscale


Alchemiscale allows us to easily assess the rapid progress 
open force field is making in accurate binding free energies

open 
free energy

JEFFREY 
WAGNER

Check out Jeffrey Wagner’s  
OpenFF poster on Wed/Thu



kEN 
TAKABA

Open source ecosystems allow us to rapidly exploit new 
technologies, such as fully machine learned force fields

🌶 +🍹
PAVAN 

BEHARA
YUANQING 

WANG

Iván 
pulido

MIKE 
HENRY

Don’t miss Ken Takaba’s Espaloma  
poster Wed/Thu on all the details!

espaloma is parameterized on over 1M QM calculations and uses graph nets to assign MM parameters

🌶 🍹

reproduces QM minima Produces excellent protein:ligand binding free energies 



The COVID Moonshot collaboration is worldwide
all contributors: https://tinyurl.com/covid-moonshot-authors   Matthew C. Robinson PostEra Inc.

Nir London The Weizmann Institute of Science
Efrat Resnick The Weizmann Institute of Science
Daniel Zaidmann The Weizmann Institute of Science
Paul Gehrtz The Weizmann Institute of Science
Rambabu N. Reddi The Weizmann Institute of Science
Ronen Gabizon The Weizmann Institute of Science
Haim Barr The Weizmann Institute of Science
Shirly Duberstein The Weizmann Institute of Science
Hadeer Zidane The Weizmann Institute of Science
Khriesto Shurrush The Weizmann Institute of Science
Galit Cohen The Weizmann Institute of Science
Leonardo J. Solmesky The Weizmann Institute of Science
Alpha Lee PostEra Inc.; University of Cambridge
Andrew Jajack PostEra Inc.
Milan Cvitkovic PostEra Inc.
Jin Pan PostEra Inc.
Ruby Pai PostEra Inc.
Tatiana Matviiuk Enamine Ltd
Oleg Michurin Enamine Ltd
Marian Gorichko Taras Shevchenko National University of Kyiv
Aarif Shaikh Sai Life Sciences
Jakir Pinjari Sai Life Sciences
Vishwanath Swamy Sai Life Sciences
Maneesh Pingle Sai Life Sciences
Sarma BVNBS Sai Life Sciences
Anthony Aimon Diamond Light Source Ltd; Research Complex at Harwell
Frank von Delft Diamond Light Source Ltd; University of Oxford; Research Complex at Harwell; 
Daren Fearon Diamond Light Source Ltd; Research Complex at Harwell
Louise Dunnett Diamond Light Source Ltd; Research Complex at Harwell
Alice Douangamath Diamond Light Source Ltd; Research Complex at Harwell
Alex Dias Diamond Light Source Ltd; Research Complex at Harwell
Ailsa Powell Diamond Light Source Ltd; Research Complex at Harwell
Jose Brandao Neto Diamond Light Source Ltd; Research Complex at Harwell
Rachael Skyner Diamond Light Source Ltd; Research Complex at Harwell
Warren Thompson Diamond Light Source Ltd; Research Complex at Harwell
Tyler Gorrie-Stone Diamond Light Source Ltd; Research Complex at Harwell
Martin Walsh Diamond Light Source Ltd; Research Complex at Harwell
David Owen Diamond Light Source Ltd; Research Complex at Harwell
Petra Lukacik Diamond Light Source Ltd; Research Complex at Harwell
Claire Strain-Damerell Diamond Light Source Ltd; Research Complex at Harwell
Halina Mikolajek Diamond Light Source Ltd; Research Complex at Harwell
Sam Horrell Diamond Light Source Ltd; Research Complex at Harwell
Lizbé Koekemoer University of Oxford
Tobias Krojer University of Oxford
Mike Fairhead University of Oxford
Beth MacLean University of Oxford
Andrew Thompson University of Oxford
Conor Francis Wild University of Oxford
Mihaela D. Smilova University of Oxford
Nathan Wright University of Oxford
Annette von Delft University of Oxford
Carina Gileadi University of Oxford
Victor L. Rangel School of Pharmaceutical Sciences of Ribeirao Preto
Chris Schofield University of Oxford
Tika R. Malla University of Oxford
Anthony Tumber University of Oxford
Tobias John University of Oxford
Ioannis Vakonakis University of Oxford
Anastassia L. Kantsadi University of Oxford
Nicole Zitzmann University of Oxford
Juliane Brun University of Oxford
J. L. Kiappes University of Oxford
Michelle Hill University of Oxford
Finny S. Varghese Radboud University Medical Center
Ronald P. van Rij Radboud University Medical Center
Gijs J. Overheul Radboud University Medical Center
Susana Tomásio Collaborative Drug Discovery
Charlie Weatherall Collaborative Drug Discovery
Mariana Vaschetto Collaborative Drug Discovery

Hannah Bruce Macdonald Memorial Sloan Kettering Cancer Center
John D. Chodera Memorial Sloan Kettering Cancer Center
Dominic Rufa Memorial Sloan Kettering Cancer Center
Matthew Wittmann Memorial Sloan Kettering Cancer Center
Melissa L. Boby Memorial Sloan Kettering Cancer Center;Weil Cornell Medical College
William G. Glass Memorial Sloan Kettering Cancer Center
Peter K. Eastman Stanford University

Joseph E. Coffland Cauldron Development
Ed J. Griffen MedChemica Ltd
Willam McCorkindale University of Cambridge
Aaron Morris PostEra Inc
Robert Glen University of Cambridge
Jason Cole Cambridge Crystallographic Datacentre
Richard Foster University of Leeds
Holly Foster University of Leeds
Mark Calmiano UCB
Rachael Tennant Lhasa Ltd. UK
Jag Heer UCB
Jiye Shi UCB
Eric Jnoff UCB
Matthew F.D. Hurley Temple University
Bruce A. Lefker Thames Pharma Partners LLC
Ralph P. Robinson Thames Pharma Partners LLC
Charline Giroud University of Oxford
James Bennett University of Oxford
Oleg Fedorov University of Oxford
St Patrick Reid Department of Pathology and Microbiology
Melody Jane Morwitzer Department of Pathology and Microbiology
Lisa Cox Life Compass Consulting Ltd
Garrett M. Morris University of Oxford
Matteo Ferla University of Oxford
Demetri Moustakas Relay Therapeutics
Tim Dudgeon Informatics Matters
Vladimír Pšenák M2M solutions, s.r.o
Boris Kovar M2M solutions, s.r.o
Vincent Voelz Temple University
Warren Thompson Diamond Light Source Ltd; Research Complex at Harwell
Anna Carbery University of Oxford;Diamond Light Source
Alessandro Contini University of Milan
Austin Clyde Argonne National Laboratory
Amir Ben-Shmuel Israel Institution of Biological Research
Assa Sittner Israel Institution of Biological Research
Boaz Politi Israel Institution of Biological Research
Einat B. Vitner Israel Institution of Biological Research
Elad Bar-David Israel Institution of Biological Research
Hadas Tamir Israel Institution of Biological Research
Hagit Achdout Israel Institution of Biological Research
Haim Levy Israel Institution of Biological Research
Itai Glinert Israel Institution of Biological Research
Nir Paran Israel Institution of Biological Research
Noam Erez Israel Institution of Biological Research
Reut Puni Israel Institution of Biological Research
Sharon Melamed Israel Institution of Biological Research
Shay Weiss Israel Institution of Biological Research
Tomer Israely Israel Institution of Biological Research
Yfat Yahalom-Ronen Israel Institution of Biological Research
Adam Smalley UCB
Vladas Oleinikovas UCB
John Spencer University of Sussex
Peter W. Kenny
Benjamin Perry DNDi
Walter Ward Walter Ward Consultancy and Training
Emma Cattermole University of Oxford
Lori Ferrins Northeastern University
Charles J. Eyermann Northeastern University
Bruce F. Milne University of Coimbra

https://tinyurl.com/covid-moonshot-authors
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Yulia Filimonova 
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COVID Moonshot: Enamine Chemists in Kyiv
E N A M I N E

Volodymyr Pashchenko 
Natalia Kozakova 
Victor Gulyak 
Vitalii Bilenko 
Yulia Fil 
Kostiantyn Melnykov 
Sergiy Kinah 
Ivan Logvinenko 
Maria Lototska 
Igor Tsurupa 
Eugene Chernyshenko 



CHODERA LAB

- All funding: http://choderalab.org/funding

http://choderalab.org/funding


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

https://doi.org/10.1101/2020.10.29.339317
https://tinyurl.com/covid-moonshot-authors
https://twitter.com/covid_moonshot
http://choderalab.org/news
http://postera.ai/covid
http://covid.molssi.org


Community submissions generated useful hit 
compounds early in the moonshot project

https://www.biorxiv.org/content/10.1101/2020.10.29.339317v4 

https://www.biorxiv.org/content/10.1101/2020.10.29.339317v4


Getting to Investigational New Drug (IND) approval in <1 year is complex and expensive

Efficacy
CMC
Pharmacokinetics
Regulatory
Clinical
Safety

Q2 Q3 Q4 Q1
Preparation of regulatory phase No/cmpds Mar Apr May Jun Jul Aug Sep Oct Nov Dec Jan Feb Mar
WP 1 Identify up to 5 optimized leads Medicinal Chemistry

Efficacy
Efficacy vs PK/PD

WP2 Build Optimized Lead profile package 5 compounds
Compound synthesis at risk for WP2 (5-10g) at risk
In Silico DEREK / UCB D2P2 5

pure sample compound Safety pharmacology (Ames, Genotox) 5
Hepatotoxicity cellular assay 5
Patch clamp cardiomyocytes 5
Safety 44 panel receptor binding panel 5
Check CNS exposure - initial assessment (Irwin test) 5
Acceptable drug interaction profile (CYP, TDI) 5
ADME for human dose prediction 5
Multi-dosing study (rat) 5
Multi-dosing study (dog) 5
Ascending dose study (rat) 5

WP3 Optimized lead scale-up 5 compounds
Process chemistry assessment of scale up feasibility at risk 5
Formulation assessment 5
Formulation for PK 5
2-3 compounds
Formulation Phase 1 3
Forced degradation study 3
Compound synthesis for 7 day tox at risk 5
Compound synthesis for DRF pilot toxicology at risk 5

WP4 Exploratory toxicology 2-3 compounds
Bioanalysis validated (ICH), rat, dog, human 3
7 d ascending dose (non GLP) tox rat 3
Dose Range Finding (DRF) pilot toxicology - rat 3
Dose Range Finding (DRF) pilot toxicology - dog 3

WP5 Large-scale synthesis/stability 2-3 compounds
Stability in capsule at risk 3
Stability (3 - 6 months) at risk 3
Large scale synthesis for GLP tox at risk 5

Regulatory phase 1 compound (and back-up)
WP6 GLP toxicology and safety GLP tox - 1 month dog (assume 5 days dosing) 1

GLP tox - 1 month rat (assume 5 days dosing) 1
Acceptable PK (with a validated bioanalytical method) rat/dog GLP 1
PK scaling and Dose to Human prediction 1

WP7 GMP manufacture GMP manufacture feasibility at risk 3
GMP manufacture 1

WP8 Regulatory assessments Develop clinical endpoints 1
Regulatory assessments 1
Clear IND regulatory path 1
HPOC/CPOC plan is acceptable to regulatory agency 1

4a

3 Acceptable Tox
Nominate IND candidate and back up 

Acceptable safety profile & formulation

PoC in vivo

2

Acceptable safety margin

5

IND

1

Acceptable PK/PD relationship

4b

$/milestone
1 570000
2 607500
3 995000
4 1085000
5 1710000

4967500 Total



FIN.


