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We develop quantitative predictive modeling approaches to frontier problems



kinase inhibitor 
selectivity

predicting drug 
sensitivity/resistance

selective inhibitor design: 
targets/antitargets

novel drug delivery 
modalities

automated biophysical 
assays and inference

anticipating 
drug resistance

mechanisms of 
oncogenic activation

cancer 
immunotherapy

We develop quantitative predictive modeling approaches to frontier problems

CHODERA LAB



collaborations with open science, open 
source software, and industry are synergistic

choderalab 
(algorithms, open science,  
and open source software)

Diamond Light Source / XChem

open source software

open scienceindustry

academia

OpenMM



drug discovery and development is 
slow, costly, and prone to failure

NDA
new drug approval

Phase 2
efficacy

Phase 3
effectiveness

Phase 1
safety
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Target Product 
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Human-driven  
design iterations

% survival
time*

* denotes mean  
sources: [1] [2] [3] [4] [5]

38%
6.8 y

25%
8.9 y

12%
12.0 y

7%
14.5 y

Global annual prescription drug market will reach $1.6T by 2026 [5]

6%
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48%
4.5 y
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Scannell et al. Nature Rev Drug Disc 11:191, 2012 
DiMasi et al. J Health Econ 47:20, 2016

Nature Reviews | Drug Discovery

b  Rate of decline over 10-year periods
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c  Adjusting for 5-year delay in spending impact
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FDA tightens
regulation
post-thalidomide

First wave of
biotechnology-
derived therapies

FDA clears backlog
following PDUFA
regulations plus small
bolus of HIV drugs 

The magnitude and duration of Eroom’s 
Law also suggests that a lot of the things that 
have been proposed to address the R&D pro-
ductivity problem are likely, at best, to have a 
weak effect. Suppose that we found that it cost 
80 times more in real terms to extract a tonne 
of coal from the ground today than it did 
60 years ago, despite improvements in mining  
machinery and in the ability of geologists 
to find coal deposits. We might expect coal 
industry experts and executives to provide 

explanations along the following lines: “The 
opencast deposits have been exhausted and 
the industry is left with thin seams that are 
a long way below the ground in areas that 
are prone to flooding and collapse.” Given 
this analysis, people could probably agree 
that continued investment would be justified 
by the realistic prospect of either massive 
improvements in mining technology or large 
rises in fuel prices. If neither was likely, it 
would make financial sense to do less digging.

However, readers of much of what has 
been written about R&D productivity in 
the drug industry might be left with the 
impression that Eroom’s Law can simply be 
reversed by strategies such as greater man-
agement attention to factors such as project 
costs and speed of implementation26, by 
reorganizing R&D structures into smaller 
focused units in some cases27 or larger units 
with superior economies of scale in others28, 
by outsourcing to lower-cost countries26,  
by adjusting management metrics and 
introducing R&D ‘performance score-
cards’29, or by somehow making scientists 
more ‘entrepreneurial’30,31. In our view, these 
changes might help at the margins but it 
feels as though most are not addressing  
the core of the productivity problem.

There have been serious attempts to 
describe the countervailing forces or to 
understand which improvements have been 
real and which have been illusory. However, 
such publications have been relatively 
rare. They include: the FDA’s ‘Critical Path 
Initiative’23; a series of prescient papers by 
Horrobin32–34, arguing that bottom-up  
science has been a disappointing distraction;  
an article by Ruffolo35 focused mainly on 
regulatory and organizational barriers;  
a history of the rise and fall of medical inno-
vation in the twentieth century by Le Fanu36; 
an analysis of the organizational challenges 
in biotechnology innovation by Pisano37; 
critiques by Young38 and by Hopkins et al.39, 
of the view that high-affinity binding of a 
single target by a lead compound is the best 
place from which to start the R&D process; 
an analysis by Pammolli et al.19, looking at 
changes in the mix of projects in ‘easy’ versus 
‘difficult’ therapeutic areas; some broad-
ranging work by Munos24; as well as a  
handful of other publications.

There is also a problem of scope. If we 
compare the analyses from the FDA23, 
Garnier27, Horrobin32–34, Ruffolo35, Le Fanu36, 
Pisano37, Young38 and Pammolli et al.19, there 
is limited overlap. In many cases, the differ-
ent sources blame none of the same counter-
vailing forces. This suggests that a more 
integrated explanation is required.

Seeking such an explanation is important 
because Eroom’s Law — if it holds — has 
very unpleasant consequences. Indeed, 
financial markets already appear to believe 
in Eroom’s Law, or something similar to it, 
and the impact is being seen in cost-cutting 
measures implemented by major drug com-
panies. Drug stock prices indicate that inves-
tors expect the financial returns on current 
and future R&D investments to be below 
the cost of capital at an industry level40, and 

(KIWTG���^ Eroom’s Law in pharmaceutical R&D. a�̂ �6JG�PWODGT�QH�PGY�FTWIU�CRRTQXGF�D[�VJG�75�
(QQF�CPF�&TWI�#FOKPKUVTCVKQP�
(&#��RGT�DKNNKQP�75�FQNNCTU�
KPHNCVKQP�CFLWUVGF��URGPV�QP�TGUGCTEJ�
CPF�FGXGNQROGPV�
4�&��JCU�JCNXGF�TQWIJN[�GXGT[��|[GCTU��b�^�6JG�TCVG�QH�FGENKPG�KP�VJG�CRRTQXCN�QH�
PGY�FTWIU�RGT�DKNNKQP�75�FQNNCTU�URGPV�KU�HCKTN[�UKOKNCT�QXGT�FKHHGTGPV����[GCT�RGTKQFU��c�̂ �6JG�RCVVGTP�
KU�TQDWUV�VQ�FKHHGTGPV�CUUWORVKQPU�CDQWV�CXGTCIG�FGNC[�DGVYGGP�4�&�URGPFKPI�CPF�FTWI�CRRTQXCN��
(QT�FGVCKNU�QH�VJG�FCVC�CPF�VJG�OCKP�CUUWORVKQPU��UGG�5WRRNGOGPVCT[�KPHQTOCVKQP|5��
VCDNG��CPF�
REFS 24,86,87��0QVG�VJCV�4�&�EQUVU�CTG�DCUGF�QP�VJG�2JCTOCEGWVKECN�4GUGCTEJ�CPF�/CPWHCEVWTGTU�
QH�#OGTKEC�
2J4/#��#PPWCN�5WTXG[������(REF. 86)�CPF�REF. 87��2J4/#�KU�C�VTCFG�CUUQEKCVKQP�VJCV�
FQGU�PQV�KPENWFG�CNN�FTWI�CPF�DKQVGEJPQNQI[�EQORCPKGU��UQ�VJG�2J4/#�HKIWTG�WPFGTUVCVGU�4�&�
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GUVKOCVGF�TGCN�VGTO�4�&�EQUV�KPHNCVKQP�HKIWTGU�HTQO�REFS 24,87��6JG�QXGTCNN�RKEVWTG�UGGOU�VQ�DG�HCKTN[�
TQDWUV�VQ�VJG�RTGEKUG�FGVCKNU�QH�EQUV�CPF�KPHNCVKQP�ECNEWNCVKQPU��2CPGN�a�KU�DCUGF�QP�C�HKIWTG�VJCV�QTKIK�
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NOW: 
>$2.6B/drug

drug discovery seems to be getting harder

Pharma doubled their R&D spending



Nature Reviews | Drug Discovery
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that continued investment would be justified 
by the realistic prospect of either massive 
improvements in mining technology or large 
rises in fuel prices. If neither was likely, it 
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the drug industry might be left with the 
impression that Eroom’s Law can simply be 
reversed by strategies such as greater man-
agement attention to factors such as project 
costs and speed of implementation26, by 
reorganizing R&D structures into smaller 
focused units in some cases27 or larger units 
with superior economies of scale in others28, 
by outsourcing to lower-cost countries26,  
by adjusting management metrics and 
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cards’29, or by somehow making scientists 
more ‘entrepreneurial’30,31. In our view, these 
changes might help at the margins but it 
feels as though most are not addressing  
the core of the productivity problem.
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describe the countervailing forces or to 
understand which improvements have been 
real and which have been illusory. However, 
such publications have been relatively 
rare. They include: the FDA’s ‘Critical Path 
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science has been a disappointing distraction;  
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an analysis of the organizational challenges 
in biotechnology innovation by Pisano37; 
critiques by Young38 and by Hopkins et al.39, 
of the view that high-affinity binding of a 
single target by a lead compound is the best 
place from which to start the R&D process; 
an analysis by Pammolli et al.19, looking at 
changes in the mix of projects in ‘easy’ versus 
‘difficult’ therapeutic areas; some broad-
ranging work by Munos24; as well as a  
handful of other publications.

There is also a problem of scope. If we 
compare the analyses from the FDA23, 
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Pisano37, Young38 and Pammolli et al.19, there 
is limited overlap. In many cases, the differ-
ent sources blame none of the same counter-
vailing forces. This suggests that a more 
integrated explanation is required.

Seeking such an explanation is important 
because Eroom’s Law — if it holds — has 
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financial markets already appear to believe 
in Eroom’s Law, or something similar to it, 
and the impact is being seen in cost-cutting 
measures implemented by major drug com-
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MOORE’S LAWEROOM’S LAW

drug discovery seems to be getting harder



103 - 106 parts

We regularly design planes, bridges,  
and buildings on computers 

< 102 atoms

Why not small molecule drugs?



a rising tide lifts all boats

By working together to solve major challenges, 
we can improve success rates for everybody



how can we, as a community 
solve challenges in our field to 

improve success rates?

open source software 
open science

Key tools of collaboration:



Goal: Ensure our work has maximum impact by allowing use, modification, and 
redistribution. Aim to explicitly rescind any restrictions that would prevent this.

thoughtful licensing models can ensure 
research has maximum scientific impact

h!ps://web.stanford.edu/~vcs/papers/Licensing08292008.pdf

reproducible research product 

paper 
data 
experiment (code)  
documentation 

licenses that encourage others to build on work 

CC-BY 4.0     h!ps://creativecommons.org/licenses/by/4.0/ 
CC-BY 4.0 
MIT, BSD 3-clause h!ps://opensource.org/licenses/MIT 
CC-BY 4.0 

https://web.stanford.edu/~vcs/papers/Licensing08292008.pdf
https://web.stanford.edu/~vcs/papers/Licensing08292008.pdf
https://creativecommons.org/licenses/by/4.0/
https://opensource.org/licenses/MIT
https://creativecommons.org/licenses/by/4.0/
https://opensource.org/licenses/MIT


open source software ecosystems 
have the potential to accelerate progress



We can look to the machine learning 
ecosystem for inspiration

machine learning



We can look to the machine learning 
ecosystem for inspiration

Tensorflow

machine learning

* Created new opportunities 
* Accelerated rate of progress

What did TensorFlow accomplish?



h!p://openmm.org/

http://openmm.org/
http://openmm.org/


openmm architecture makes development simple

OpenMM also has bindings for C++, C, and FORTRAN
Extensibility is built into every layer of the architecture as a fundamental design goal. A

guiding philosophy is that users should be able to implement new features as easily as possible,
by writing as little code as possible. Those features should then work on all types of hardware,
including both CPUs and GPUs, and have good performance on all of them. Finally, the devel-
oper of a feature should be able to package and distribute their code independently, without
needing the approval or participation of the core OpenMM development team.

The highest layer of the architecture is based on the Python scripting language. Users can
easily extend it by writing their own Python code to implement the algorithms of their choice.
A wide range of simulation protocols, sampling methods, etc. can be implemented in this way,
often with only a few lines of code.

The next layer down defines the calculations that are tied together through Python script-
ing. This layer includes many classes for creating “custom” forces and integrators. These clas-
ses provide a simple but powerful mechanism for extensibility. The user provides one or more
mathematical expressions to describe the calculation to be done. For example, they might give
an expression for the interaction energy of a pair of particles as a function of the distance
between them. The expression is parsed and analyzed, and just-in-time compilation is used to
generate an efficient implementation of the code for calculating that interaction [15]. This
allows users to easily define a huge variety of interactions and integration algorithms. They can
then be used on any supported type of hardware, and involve little or no loss in performance.

At the lowest layer, OpenMM is based on a plugin mechanism. Calculations are defined
by “computational kernels”. A plugin may define new kernels for doing new types of calcula-
tions, or alternatively it may provide new implementations of existing kernels, for example to
support a new type of hardware. Plugins are dynamically discovered and loaded at runtime.
Each one is packaged as a file that can be distributed separately from the rest of OpenMM and
installed by any user.

Another unique feature of OpenMM is its support for multiple input pipelines. Before a
molecular system can be simulated, it first must be modelled. This is sometimes a complex
process involving such steps as combining multiple molecules into a single file, building miss-
ing loops, selecting a force field, and parametrizing small molecules. Typically, each simulation
package provides its own tools for doing this. They often differ in significant ways, such as
what force fields are available.

OpenMM does include modelling tools, but it also can directly read the file formats used by
Amber [16], CHARMM [17], Gromacs [18], and Desmond [19]. A user can prepare their

Fig 1. Architecture of OpenMM.

https://doi.org/10.1371/journal.pcbi.1005659.g001

OpenMM 7

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1005659 July 26, 2017 3 / 17



openmm is used by researchers all over the world

Geographic statistics from h!p://simtk.org 
 

h!p://openmm.org

h!p://github.com/choderalab/openmmtools
OpenMMTools

OpenMM

http://simtk.org
http://simtk.org
http://github.com/choderalab/openmmtools
http://github.com/choderalab/openmmtools
http://openmm.org
http://openmm.org
http://omnia.md
http://omnia.md


Openmm can be used as a library to enable 
applications to integrate physical modeling

openmmtools

isolde perses iapetus

general GPU-accelerated MD simulation engine 
(C++/CUDA/OpenCL with Python API)

high-level simulation algorithms, alchemical tools 
(Python to enable rapid development)

targeted domain-specific applications 
(Python, C++, C, or Fortran)

CORE

ALGORITHMS

APPLICATIONS



example: real-time simulation-based 
refinement in a visualization program

ISOLDE https://isolde.cimr.cam.ac.uk | Tristan Croll, Cambridge University

https://isolde.cimr.cam.ac.uk
https://isolde.cimr.cam.ac.uk


load your tools

grab a dataset

define a new kind of model

declare your objectives in training it
fit it
use it

Why can't we make it this easy to do new things in molecular modeling?
h!ps://www.tensorflow.org/overview

modern ml frameworks provide a level of 
abstraction that enables high productivity 

and interoperable ecosystems

https://www.tensorflow.org/overview
https://www.tensorflow.org/overview


openmm aims to provide a clear, high productivity API  
around which an ecosystem can grow in python

21 

http://builder.openmm.org 

h!p://builder.openmm.org/

load a force field

define a simulation

minimize the energy

load a structure

target the GPU

equilibrate the system

define outputs

run a simulation

http://builder.openmm.org
http://builder.openmm.org


alchemical free energy calculations provide a rigorous 
structure-enabled way to compute binding affinities

∆Gbind

PLP + L

PøP + ø
restraint imposition discharging steric decoupling noninteracting

Includes all contributions from enthalpy and entropy of binding to a flexible receptor

simulations of alchemical intermediates with a!enuated interactions

Pioneering work from many: McCammon, van Gunsteren, Kollman, Jorgensen, Chipot, Roux, Boresch, Fujitani, Pande, Shirts, Swope, Christ, Mobley, Schrödinger, and many more
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thermodynamic 
cycle



physical modeling for drug discovery 
faces three major challenges

2.   We’re missing some essential chemical in our simulations 
(e.g. protonation states, tautomers, covalent association)

3.   We haven’t sampled all of the relevant conformations 

V (q) =
∑

bonds

Kr(r − req)
2 +

∑

angles

Kθ(θ − θeq)
2

+
∑

dihedrals

Vn

2
[1 + cos(nφ − γ)] +

∑

i<j

[

Aij

R12
ij

−

Bij

R6
ij

+
qiqj

εRij

]

1. The forcefield does a poor job of modeling the physics of our system



h!p://openforcefield.org

http://openforcefield.org
http://openforcefield.org


h!p://qcarchive.molssi.org

http://qcarchive.molssi.org
http://qcarchive.molssi.org


GAFF 1 
(1999)

HANNAH BRUCE MACDONALD 
MSKCC

thrombin 
PDB101: 1PPB

GAFF 2 
(2016)

OPLS2.1 
(2015)

smirnoff99Frosst 
(2018)

openff 1.0 
(2019)

h!p://github.com/choderalab/perses  dominic Rufa

we’ve made RAPID AND significant progress
Open Force Field Initiative

“parsley”

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


open source software is chronically 
underfunded—even when essential to entire fields

https://xkcd.com/2347/ 

https://github.com/ParmEd/ParmEd 

A project someone who works for 
a lightswitch company has been 
thanklessly maintaining since 2014

Are there better models for supporting open source software essential to science?

https://xkcd.com/2347/
https://xkcd.com/2347/
https://github.com/ParmEd/ParmEd
https://github.com/ParmEd/ParmEd


the open force field model is so successful, we 
have created a foundation to help replicate it



community blind challenges  
accelerate progress to solutions



SAMPL
Model systems of intermediate complexity to focus community on challenges in blind tests
Model protein-ligand systems
Isolate individual physical challenges (e.g. binding of charged ligands)  
Physical properties
Tests of forcefield accuracy in hydrated or protein-like environments 
Isolate chemical effects (protonation states, ligand conformations) without slow protein timescales 
Host-guest systems  
Binding of small drug-like molecules with protein-like affinities, without slow protein timescales

SAMPL0
2007

SAMPL1
2008

SAMPL2
2009

SAMPL3
2011

SAMPL4
2013

SAMPL5
2016

JNK3 kinase inhibitors 
hydration free energies

CDK2 kinase inhibitors  
hydration free energies

hydration free energies 
tautomer ratios

trypsin inhibitors  
hydration free energies

HIV-1 integrase inhibitors 
hydration free energies 

octoacid host-guest 
CB7 host-guest

distribution coefficients 
CBClip host-guest 

CB7 host-guest



BLind challenges CAN drive progress 
by focusing community effort

SAMPL0
2007

SAMPL1
2008

SAMPL2
2009

SAMPL3
2011

SAMPL4
2013

SAMPL5
2016

JNK3 kinase inhibitors 
hydration free energies

CDK2 kinase inhibitors  
hydration free energies

hydration free energies 
tautomer ratios

trypsin inhibitors  
hydration free energies

HIV-1 integrase inhibitors 
hydration free energies 

octoacid host-guest 
CB7 host-guest

distribution coefficients 
CBClip host-guest 

CB7 host-guest



BLind challenges CAN drive progress 
by focusing community effort

SAMPL0
2007

SAMPL1
2008

SAMPL2
2009

SAMPL3
2011

SAMPL4
2013

SAMPL5
2016

 
hydration free energies

 
hydration free energies

hydration free energies  
hydration free energies

 
hydration free energies WE RAN OUT  

OF DATA!

Lots of disagreement
in predictions

Can tell when
experiments

are wrong XAt Genentech, distribution coefficients were 
obtained for 53 compounds

Pcyc =
[Neutral solute in cyclohexane]

[Neutral solute in water]

Dcyc =
[Solute in cyclohexane]

[Solute in water]

cyclohexane

water

Partition coefficients and distribution coefficients 
are similar, but the latter includes all species:

pH dependent, so we report                    at pH 7.4logD7.4



Alphafold2’s success at casp is an example 
of the payoff for sustained investment

https://www.nature.com/articles/s41586-021-03819-2 

AlphaFold2 error —>

everyone else —>

https://www.nature.com/articles/s41586-021-03819-2
https://www.nature.com/articles/s41586-021-03819-2


CACHE:  
Critical Assessment of Computational Hit-Finding Experiments

1. CHALLENGE ISSUED 2. VIRTUAL LIBRARY 3. PREDICTION AND VALIDATION 4. OUTCOMES RELEASE

Make-on-Demand

Crowd-Sourced

REAL, ZINC15

Bespoke Chemistry

SOURCE

TESTREFINE

PREDICTParticipants 
submit hit 

predictions

CACHE sources 
compounds

CACHE tests 
compounds

Screening data 
refines model

Open Chemistry

Open Data

CACHE presents a 
variety of ‘hit finding’ 
challenges to the 
community, as well as 
assessment criteria 

CACHE establishes and 
hosts two virtual 
libraries: ‘make-on-
demand and ‘crowd-
sourced’ (synthetically 
accessible by chemists)

• Participants predict chemical matter 

• Each participant has the opportunity to make two cycles of 
predictions per round 

• CACHE sources compounds and experimentally tests 
predictions 

• Outcomes help inform models and improve predictions 

Data package released to the 
public, including: 

• # of compounds tested 
• # of confirmed hits 
• Potency of hits 
• Chemical structures 
• Physical properties 
• Similarity to known actives 

PDB = Protein data bank 
SAR = structure-activity relationship https://chemrxiv.org/engage/chemrxiv/article-details/6168ba62f718dfc39bdee0db 

https://chemrxiv.org/engage/chemrxiv/article-details/6168ba62f718dfc39bdee0db
https://chemrxiv.org/engage/chemrxiv/article-details/6168ba62f718dfc39bdee0db


open science has the potential 
to transform drug discovery



THE COVID MOONSHOT !
An open science antiviral discovery effort
The COVID Moonshot Consortium 
http://postera.ai/covid 

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


10 Feb 2020 - Frank von Delft









Both sequence and structure of Mpro are highly 
conserved among beta-coronaviruses

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

sequence (24 Jan 2020)

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

structure (PDB structure released 5 Feb 2020)

Mpro appears to be a viable target for developing a  
SARS-CoV-2 antiviral as well as pan-coronavirus antivirals





Virus no longer drives disease; primarily 
inflammation-mediated injury 
Antivirals less effective 
Hospitalized: access to IV drugs

Oral antivirals window of opportunity 
(prophylaxis or early treatment) 

Requires coupling to frequent testing

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

Vaccines effective 
only if administered weeks 

prior to exposure

Antibodies useful if delivered sufficiently early, but challenges for IV administration

A variety of THERAPEUTICS will be necessary  
to end the pandemic

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


Why else might we want an oral antiviral?

A drug taken when needed doesn’t require 100% compliance by public 

Inhibitors to essential, mutation-resistant targets could remain 
effective against Spike variants that may reduce vaccine effectiveness 

Shelf-stable oral inhibitor would enable practical global deployment 
without complications of cold chain storage 

A simple synthetic route could enable rapid production at low cost



Much of the world is still waiting on vaccines

https://www.cfr.org/backgrounder/guide-global-covid-19-vaccine-efforts 

https://www.cfr.org/backgrounder/guide-global-covid-19-vaccine-efforts
https://www.cfr.org/backgrounder/guide-global-covid-19-vaccine-efforts


global, equitable access is a huge problem
TRIPS patent waiver requests from India and 100 low-
income countries to expand vaccine production have been 
pending since October 2020, and nothing has happened

Meanwhile….

https://www.healthaffairs.org/do/10.1377/hblog20210712.248782/full/

https://www.forbes.com/sites/aayushipratap/2021/07/28/pfizer-expects-335-billion-in-vaccine-revenue-in-2021/?sh=f49a83c217d4


https://www.nytimes.com/2021/11/09/us/moderna-vaccine-patent.html

https://www.nytimes.com/2021/10/09/business/moderna-covid-vaccine.html 


https://www.healthaffairs.org/do/10.1377/hblog20210712.248782/full/
https://www.nytimes.com/2021/11/09/us/moderna-vaccine-patent.html
https://www.nytimes.com/2021/10/09/business/moderna-covid-vaccine.html
https://www.healthaffairs.org/do/10.1377/hblog20210712.248782/full/
https://www.nytimes.com/2021/11/09/us/moderna-vaccine-patent.html
https://www.nytimes.com/2021/10/09/business/moderna-covid-vaccine.html


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

Known inhibitors were also covalent inhibitors, 
which can be difficult to optimize to prevent off-target issues

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

sidechain-like moieties



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






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

https://fragalysis.diamond.ac.uk 

All data was immediately released online 

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






Which strategies would most quickly carry fragment 
structures all the way to a useful antiviral 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




There was overwhelming response

• > 7,000 Designs 

• > 350 Designers 

• First 850 compounds made 
and tested 

• Hits in the µM range



Crowdsourcing generated multiple novel hit chemotypes  
via fragment mergers



Crowdsourcing generated multiple novel hit chemotypes  
via fragment mergers



The medicinal chemistry target product profile (TPP) defines 
the goal for producing a preclinical candidate

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 (Medchemica) leads med chem design team of multiple industry veterans
TPP for 5-day oral antiviral course following exposure, SARS-CoV-2 PCR+, or onset of symptoms



We built an assay cascade to help us achieve the TPP in 
a rapid but cost-effective manner

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?



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

~100 pflop/s!



we mobilized the folding@home consortium to focus on covid-19

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

SARS-CoV-2 simulations go exascale to predict dramatic spike opening and cryptic pockets across the proteome  
https://www.nature.com/articles/s41557-021-00707-0 

https://www.nature.com/articles/s41557-021-00707-0
https://www.nature.com/articles/s41557-021-00707-0


This honestly came as a bit of a surprise

~1.5 exaflops 
> sum of top-10 supercomputers



To prioritize compounds for further potency optimization, we enumerated 
a huge variety of molecules that can be quickly synthesized by Enamine



We can use Folding@home to run alchemical free energy 
calculations to evaluate which designs should bind better

Instead of transmuting lead into gold… …we change one molecule into another!

Neither process can be done with chemistry, but we can do it in a computer!



We used Folding@home to 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


https://openforcefield.org/news/introducing-openforcefield-1.0/

https://openforcefield.org/news/introducing-openforcefield-1.0/
https://openforcefield.org/news/introducing-openforcefield-1.0/


alchemical free energy calculations have the 
potential to compute multiple properties of interest

driving affinity / potency

optimizing thermostability 
Gapsys, Michielssens, Seeliger, and de Groot. Angew Chem 55:7364, 2016 
h!ps://doi.org/10.1002/anie.201510054 

driving selectivity 
Moraca, Negri, de Olivera, Abel JCIM 2019 
h!ps://doi.org/10.1021/acs.jcim.9b00106  
Aldeghi et al. JACS 139:946, 2017. 
h!ps://doi.org/10.1021/jacs.6b11467

predicting clinical drug resistance/sensitivity 
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EGFR L858R

Rec.. Furin-like Rec.. GF_recep_IV Pkinase_Tyr
Hauser, Negron, Albanese, Ray, Steinbrecher, Abel, Chodera, Wang.  
Communications Biology 1:70, 2018 
h!ps://doi.org/10.1038/s42003-018-0075-x  
Aldeghi, Gapsys, de Groot. ACS Central Science 4:1708, 2018  
h!ps://doi.org/10.1021/acscentsci.8b00717

https://doi.org/10.1002/anie.201510054
https://doi.org/10.1002/anie.201510054
https://doi.org/10.1021/acs.jcim.9b00106
https://doi.org/10.1021/jacs.6b11467
https://doi.org/10.1021/acs.jcim.9b00106
https://doi.org/10.1021/jacs.6b11467
https://doi.org/10.1038/s42003-018-0075-x
https://doi.org/10.1021/acscentsci.8b00717
https://doi.org/10.1038/s42003-018-0075-x
https://doi.org/10.1021/acscentsci.8b00717


partition coefficients (logP, logD) and permeabilities 

porin permeation 

crystal polymorphs, etc.

structure-enabled ADME/Tox targets 

hERG CYP3A4

alchemical free energy calculations have the 
potential to compute multiple properties of interest



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/%23folding--home
https://registry.opendata.aws/foldingathome-covid19/
https://covid.molssi.org//org-contributions/%23folding--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 

biochemical  
IC50 : 74 nM 

antiviral  
EC50 : 241 nM 

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

it’s surprising how well binding poses can be predicted

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


We generated hundreds of x-ray structures 
that map the plasticity of the binding site

   534 X-ray structures posted
+ 357 more in refinement

 
There are only 1188 X-ray structures of 

all SARS-CoV-2 proteins in the PDB!
https://fragalysis.diamond.ac.uk/viewer/react/preview/target/Mpro 

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


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

P1

P2

crowdsourced
merged fragment hit



active-site residue conservation
of pathogenic coronaviruses

residue conservation
mapped onto Mpro structure

Our inhibitors are small, noncovalent,  
and engage highly conserved residues



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 Mon 31 Jan )

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


this compound has excellent antiviral 
activity against all variants

(micromolar)

CPE assay in HelaACE2 cells

https://doi.org/10.1101/2020.10.29.339317

https://doi.org/10.1101/2020.10.29.339317
https://doi.org/10.1101/2020.10.29.339317


DATA REPORTED ONLINE AND IN PREPRINT:

> 20,000 UNIQUE DESIGNS
> 2,220 COMPOUNDS MADE AND TESTED
> 400 POTENT COMPOUNDS



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


We went from fragment screen to preclinical 
phase in just 18 months, spending less than $1M



we’re aiming to bring an antiviral to 
manufacture with minimal or no ip

We have a path to go “straight to generics” (potentially entirely free of patents)  
to enable true, low-cost global access to meet the needs of underserved LMICs



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



Ki 0.3 [0.2, 0.5] nM

EC50 230 [160, 340] nM (VeroE6)


1.4% oral bioavailability

Ki 3 [1,7] nM

EC50 75 [66,83] nM (VeroE6)


50% oral bioavailbility

paxlovid oral antiviral 
(co-dosed with ritonavir as bait for CYPs)

intravenous antiviral

(clinical trials paused)

350 people 
roughly $1B 

11 months from start to clinic 
clinical trials Mar-Nov 2021

pfizer developed their iv mpro inhibitor into  
an oral antiviral in record time

https://www.science.org/doi/10.1126/science.abl4784 

https://www.science.org/doi/10.1126/science.abl4784
https://www.science.org/doi/10.1126/science.abl4784


https://www.biorxiv.org/content/10.1101/2022.01.25.477757v1

FDA Paxlovid Emergency Use Authorization 
https://www.fda.gov/media/155050/download 

EUA contains seven pages of drug-drug interactions, 
leaving a significant vulnerable untreated population

we still need more than one oral antiviral

https://www.biorxiv.org/content/10.1101/2022.01.25.477757v1
https://www.biorxiv.org/content/10.1101/2022.01.25.477757v1
https://www.fda.gov/media/155050/download
https://www.fda.gov/media/155050/download


Shinogi recently reported the discovery of s-217622, 
discovered with the help of moonshot data

https://www.biorxiv.org/content/10.1101/2022.01.26.477782v1 

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

Rapidly developed into potent antiviral with extraordinary PK (one pill/day!) 

Currently in Phase 3 trials with readout expected soon

Shinogi S-217622
Moonshot MAT-POS-e194df51-1

https://www.biorxiv.org/content/10.1101/2022.01.26.477782v1
https://www.biorxiv.org/content/10.1101/2022.01.26.477782v1




The only reason we didn’t have antivirals for  
sars-cov-2 was due to market failure



The only reason we didn’t have antivirals for  
sars-cov-2 was due to market failure

Our compounds are equipotent against SARS-CoV-1.

There’s no reason we couldn’t have done this in 2004 after the first SARS pandemic.



https://knowablemagazine.org/article/health-disease/2021/why-we-are-developing-patentfree-covid-antiviral-therapy 

https://knowablemagazine.org/article/health-disease/2021/why-we-are-developing-patentfree-covid-antiviral-therapy
https://knowablemagazine.org/article/health-disease/2021/why-we-are-developing-patentfree-covid-antiviral-therapy


open science can transform antiviral discovery

• Nobody knows how IP should work for diseases that don’t yet exist.  
Openly disclosing all stages of discovery is only way to ensure investment  
in antiviral research is available when we need it.


• We need an open science nexus for antiviral discovery. 
We must share data, coordinate resources, and enable seamless collaboration  
to avoid wasted and duplicated effort. 

• We can evaluate and apply new technologies to accelerate discovery. 
We can leverage the latest advances in the open source drug discovery ecosystemto 
increase success rates, benchmark the utility of methods, and disseminate learnings. 

• We can exercise this platform to produce clinic-ready oral drug candidates  
to stop new outbreaks before they become pandemics.


• We must develop therapeutics with global access in mind from day one.  
No one is safe unless we’re all safe.



ai-driven structure-enabled antiviral platform (ASAP)

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)

coronaviruses

flaviviruses

picornaviruses

Warm start targets:
nsp13  nsp14 nsp16 2Apro ns2b/3

resistance-robust
targets

Antiviral targeting 
to suppress drug 

resistance

Preclinical 
development and 

translation
Target 

enablement

Fragment-to-lead 
and target 
validation

Covalent targeting 
strategies

Lead 
optimization
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P R O J E C T  4

MproPLpro nsp3-Mac1 N-protein

9 early lead packages with
broad antiviral activity

(data disclosed in real time)

6 lead optimization
campaigns

(data disclosed in real time)

3 INDs
with public preclinical data

packages

D D D DA AA BSS ABSD

ADMINISTRATIVE
CORE

DATA INFRASTRUCTURE 
CORE

STRUCTURAL BIOLOGY
CORE

BIOCHEMICAL ASSAY
CORE

ANTIVIRAL EFFICACY AND 
RESISTANCE CORE

John Chodera (MSKCC)
Ben Perry (DNDi)

Alpha Lee (PostEra)
Administrative Director

Project Coordinator

Alpha Lee (PostEra)
Matthew Robinson (PostEra)

Frank von Delft (Diamond)
John Chodera (MSKCC)

Frank von Delft (Diamond Light Source)
Daren Fearon (Diamond Light Source)
Martin Walsh (Diamond Light Source)

Nir London (Weizmann)
Haim Barr (Weizmann)

Kris White (Mount Sinai)
Adolfo García-Sastre (Mount Sinai)

Randy Albrecht (Mount Sinai)
Johan Neyts (Leuven) [service facility]

ABSDSUPPORTING LETTERS

OPEN SCIENCE 
OUTPUT BY 

YEAR 5:

John Chodera (MSKCC)
Ben Perry (DNDi)

Alpha Lee (PostEra) PIs

10 target-enabling 
packages (TEPs)

(data disclosed in real time)

https://www.choderalab.org/news/2021/10/26/asap-avidd-proposal 

https://www.choderalab.org/news/2021/10/26/asap-avidd-proposal
https://www.choderalab.org/news/2021/10/26/asap-avidd-proposal
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We already have fragment screens for multiple targets, 
and are ready to get to work



CHODERA LAB

- All funding: h!p://choderalab.org/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
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

