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CANCER IS A LEADING CAUSE OF DEATH
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Cancer Facts & Figures 2021 - The American Cancer Society



SMALL MOLECULE KINASE INHIBITORS CAN HAVE SIGNIFICANT
THERAPEUTIC BENEFITS ON CANCERS INVOLVING KINASE DYSREGULATION

molecular target @": Bcr-Abl fusion constitutively activates ABL in CML patients,
resulting in unchecked white blood cell proliferation
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[PDB:1IEP] [~500 kinases] [blockbuster drug]  [toxic natural product]

71 small molecule kinase inhibitors have been approved by the FDA [2]
Global annual kinase inhibitor market $40B in 2020; expect $65B in 2027 [3]

[1] Nature Biotech 23:329, 2005
[2] as of 29 Mar 2022: http://www.brimr.org/PKI/PKls.htm
[3] Global Kinase Inhibitor Markets 2019-2020 and 2027 [URL]
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KINASE INHIBITORS CAN HAVE SIGNIFICANT THERAPEUTIC
BENEFITS ON CANCERS INVOLVING KINASE DYSREGULATION
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Analysis of three open-label trials (phase |, adults; phase l/ll, children; phase |l, adolescents/adults) assessing larotrectinib for treating advanced solid tumors
with NTRK gene fusion (N = 55). Trial IDs NCT02122913, NCT02637687, and NCT02576431.

How can we develop more therapeutics that yield durable response?

Drilon et al., NEJM 378:731, 2018 [DOI]


http://clinicaltrials.gov/show/NCT02122913
http://clinicaltrials.gov/show/NCT02637687
http://clinicaltrials.gov/show/NCT02637687
http://clinicaltrials.gov/show/NCT02576431
http://clinicaltrials.gov/show/NCT02576431
https://doi.org/10.1056/nejmoa1714448

DRUG RESISTANCE IS A MAJOR CHALLENGE FOR
TARGETED KINASE INHIBITOR THERAPY
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Mutations in the target of therapy can reduce the durability of response
Need an armamentarium of second-line therapeutics or broad activity against mutants

Wagle et al. J Clin Oncol 2011 [DOI]


https://doi.org/10.1200/jco.2010.33.2312

THE LONG TAIL OF CANCER MUTATIONS FRUSTRATES THE
PREDICTION OF RESISTANCE

Out of 10,000 tumors sequenced by MSKCC
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55,217 missense mutations in

MSK-IMPACT panel kinases

seen only once

The vast majority of mutations are rare:
seen <5 times Unlikely to be clinical or biochemical evidence of
whether they confer drug resistance or susceptibility

seen <10 times EGFR L858A
43 @ A FEW RECURRENT MUTATIONS
5
i e “LONG TAIL” OF L ARE MUTATIONS

® @ @ = b o >
0 omPand eniie erevenmt i sasBiRerian 6% % Hd) eSiHr s £ e et TEI I NN HNEINWTHEN SIS N ec’onifiie o

Rec.. L Furin-like | Rec.. LIGF_recep_|

0 200 400 600 800 | 1000

cumulative kinase
mutatation observations

10° 10! 10° 10°
Mmutation recurrence

Zehir et al. Nature Medicine 23:703, 2017 [DOI]
Hauser et al. Communications Biology 1:70, 2018 [DOI]


https://doi.org/10.1038/nm.4333
https://doi.org/10.1038/s42003-018-0075-x

DIFFERENT DRUGS APPEAR TO EXERT DISTINCT
SELECTIVE EVOLUTIONARY PRESSURES

CML patients failing out of imatinib therapy often different kinds of resistance

depending on the choice of second-line therapy:
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Data suggests we should be able to predict how different mutants confer resistance/susceptibility

Gruber et al. Leukemia 26:172, 2012.



DRUG DISCOVERY AND DEVELOPMENT IS
COSTLY, TIME-CONSUMING, AND INEFFICIENT

Target —
Candidate
Profile (TCP)

stage cost* ! $13.5M $3M $3M $8M $20M $3M
% survival 48% 38% 25% 12% 7% 6%
duration® o 4.5y 2.3y 21y 3.1y 2.5y 9 mo
Discovery Phase 1 Phase 2 Phase 3
safety efficacy effectiveness
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design iterations

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


https://doi.org/10.1038/nrd3078
https://doi.org/10.1093/biostatistics/kxx069
http://doi.org/10.1001/jamainternmed.2017.3601
https://doi.org/10.1111/cts.12577
https://www.globenewswire.com/news-release/2020/05/05/2027286/0/en/Prescription-Drugs-Market-to-Exhibit-a-CAGR-of-8-9-by-2026-Development-of-Advanced-Prescription-Drugs-to-Augment-Growth-states-Fortune-Business-Insights.html

DRUG DISCOVERY USUALLY ENDS IN FAILURE

=
)Q Drugs are getting more expensive to develop due to low success rates (~2%)
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DRUG DISCOVERY USUALLY ENDS IN FAILURE

a Overall trend in R&6D efficiency (inflation-adjusted)
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DRUG DISCOVERY IS A COMPLEX
MULTI-OBJECTIVE DESIGN PROBLEM
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WHY NOT SMALL MOLECULE DRUGS?



DRUG DISCOVERY IS A COMPLEX
MULTI-OBJECTIVE DESIGN PROBLEM

Target Candidate Profile (TCP) for oral SARS-CoV-2 main viral protease (Mpro) inhibitor

Property Target range Rationale
protease assay ICs50 < 10 nM Extrapolation from other anti-viral programs
viral replication assay ECso0 < 5 uM Suppression of virus at achievable blood levels
plague reduction assay ECso < 5 uM Suppression of virus at achievable blood levels
route of administration oral bid/tid - compromise PK for potency if pharmacodynamic effect achieved
Solloifigy > 3 (el Aim for biopharmaceutical class 1 assuming <= 750 mg dose
half-life > 8 h (human) est from rat and dog Assume PK/PD requires continuous cover over plague inhibition for 24 h max bid dosing
Only reversible and monitorable toxicities No significant toxicological delays to development 4509
No significant DDI - clean in 5 CYP450 isoforms  DDI aims to deal with co-morbidities / therapies, goG'*“
safet hERG and NaV1.5 ICso > 50 uM cardiac safety for COVID-19 risk profile
y No significant change in QTc cardiac safety for COVID-19 risk profile
Ames negative Low carcinogenicity risk reduces delays in manufacturing
No mutagenicity or teratogenicity risk Patient group will include significant proportion of women of childbearing age

https://doi.org/10.1101/2020.10.29.339317
https://covid.postera.ai/covid
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DRUG DISCOVERY IS A COMPLEX MULTI-OBJECTIVE
DESIGN PROBLEM

target goals for
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druglike molecule
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virtual screening, etc.)



TO MEET THESE OBJECTIVES, TYPICAL DISCOVERY
PROJECTS GROUP ASSAYS INTO SEQUENTIAL TIERS
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Tier 2

Further in vitro profiling — Caco-2, MDCK-MDR1, mouse

liver microsomal stability, CYP inhibition and induction

Criteria B

|
PK and tolerability study
r
Hamster in vivo efficacy model

Tier 3

4

Preclinical Candidates for Advancement

assay purpose

Does it inhibit the target? How does it bind?
Does it bind the target in cells?

Does it have a chance of working in humans?

Does it actually work in cells?

Could it cause bad side effects?

Can oral dosing deliver sufficient drug?
Does it actually work against the disease?



DRUG DISCOVERY PROGRESSES THROUGH MANY
DESIGN-MAKE-TEST-ANALYZE CYCLES
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THE CHODERA LAB AIMS TO DEVELOP PREDICTIVE MODELS
WITH REAL IMPACT ON HUMAN HEALTH

+

+
O Develop predictive models useful for guiding drug discovery
aE—

@% Make predictions that enable statistically sound decisionmaking

Impact both drug discovery and clinical applications




CHODERA LAB
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WE COLLABORATE BROADLY TO IMPACT DRUG DISCOVERY
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L INTERLINE Our Science Our Mission Team Careers News

Scientific Focus

Interline has developed a drug discovery platform focused on three essential areas:

Genomics

Our genomics pipeline prioritizes genetic variants that drive disease by altering

protein communities.

Communities

We integrate experimental proteomics and machine learning techniques to identify
the detailed molecular mechanisms through which genetic variants change protein

community dynamics.

Modulators

Advanced biophysics, structural biology and computational capabilities enable us to

discover and characterize drugs that reshape these communities.

Connect

We also found new companies
to deploy our technologies to
maximize impact

Interline Therapeutics
Licensed technologies from MSK

Launched in May 2021
With S92M Series A

aims to use our technologies to
design selective modulators of
protein communities

JDC is a Founding SAB member
MSKCC has equity in Interline




DRUG DISCOVERY IS NOT A BIG DATA PROBLEM

DALL-E 2 was trained on a dataset of 650 million images

- GPT-3 was trained on a corpus of 22.5 billion pages of text (45 TB)

—w==mem [ypical drug discovery programs make and test ~2000 compounds
é\ € = % and largest opportunity for impact is early on in the program

We need methods that can extrapolate from little or no data



STRUCTURAL DATA IS NOW AN ABUNDANT RESOURCE
FOR DRUG DISCOVERY
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ALPHAFOLD-LIKE METHODS HAVE DRAMATICALLY
EXTENDED THE REACH OF STRUCTURAL MODELS

Article | Open Access | Published: 15 July 2021

Highly accurate protein structure prediction with
AlphaFold

John Jumper &4 Richard Evans, [...]Demis Hassabis
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Coverage after AlphaFold *Used our OpenMM molecular modeling framework!

http://openmm.org/ - over 1.2 million downloads

OpenMM

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

OpenFold: https://github.com/aglaboratory/openfold
Structural coverage: https://journals.plos.org/ploscompbiol/article?id=10.1371/journal.pcbi.1009818
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STRUCTURAL DATA ENABLES PHYSICAL MODELS TO PROVIDE
A DATA EFFICIENT WAY TO GENERALIZE FROM SPARSE DATA

typical class | molecular mechanics force field
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Shan, Kim, Eastwood, Dror, Seeliger, Shaw. JACS 133:9181, 2011
Durrant, McCammon. Molecular dynamics simulations and drug discovery. BMC Biology, 2011



WE DEVELOPED ALCHEMICAL FREE ENERGY CALCULATIONS INTO A USEFUL
TECHNOLOGY TO EXPLOIT STRUCTURAL DATA TO PREDICT AFFINITIES

simulations of alchemical intermediates with attenuated interactions

AGbind
P+L—> PL

l thermodynamic AGl AN

cycle

P+o—> P\

restraint imposition discharging steric decoupling noninteracting

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

ZN ZQ ZB ZN / —pU
AG _— 1 1 — 1 1 ° e Zn — d B n(iU) artition function
1—N — 5 N — Zl 6 N —— Zl 22 ZN_l X € p f

JDC contributions to theory and algorithms: J Chem Phys 125:084902, 2006; J Chem Theor Comput 3:1231, 2007; J Phys CHem B 111:2242, 2007; J Phys Chem B 111:13052, 2007; J Chem
Phys 126:155101, 2007; J Chem Phys 129:124105, 2008; J Med Chem 51:769, 2008; J Chem Phys 134:174105, 2011; PNAS 108:E1009, 2011; J Computer Aided Molecular Design 27:989, 2013;
J Phys Chem B 119:12912, 2015; J Phys Chem B 122:5579, 2018; J Phys Chem B 122:5466, 2018; Entropy 20:318, 2018; Living Journal of Computational Molecular Sciences 2:1, 2020



WE CAN PREDICT SMALL MOLECULE AFFINITIES WITHIN A LEAD
SERIES TO USEFUL ACCURACY

Absolute binding energies - benchmark
benchmark (N = 16)
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free energy calculations with http://github.com/choderalab/perses Experimental A G / kcal/mol



http://github.com/choderalab/perses

WE CAN PREDICT SMALL MOLECULE AFFINITIES WITHIN A LEAD
SERIES TO USEFUL ACCURACY

How often can this help us make Absolute binding energies - benchmark

. . . . benchmark (N = 16)
the right decision about which RMSE:  0.66 [95%: 0.45, 0.89]
molecules to synthesize? MUE:  0.52 [95%: 0.35, 0.75.

R2: 0.74 [95%: 0.43, 0.90]
rho: 0.86 [95%: 0.64, 0.95]
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http://github.com/choderalab/perses

WE PREVIOUSLY SHOWED WE CAN USE FREE ENERGY CALCULATIONS TO
ADDRESS MAJOR QUESTIONS IN CANCER DRUG DISCOVERY AND THERAPY

CHANGES OF A FEW ATOMS

S HOW CAN WE DESIGN
L7 S SPECIFICALLY TARGETED
GHOULLHES  CANCERDRUGS?

o \.'.@
- J \
. A Albanese, Chodera, Volkamer, Keng, Abel, Wang.
inhibitor modification J Chem Inf Model 60:6211, 2020

for drug deSIgﬂ https://doi.org/10.1021/acs.jcim.0c00815

HOW CAN WE PREDICT
DRUG RESISTANCE
AND SUSCEPTIBILITY?

A Hauser, Negron, Albanese, Ray, Steinbrecher, Abel, Chodera, Wang.
Communications Biology 1:70, 2018
https://doi.org/10.1038/s42003-018-0075-x

tumor-specific mutation
for therapeutic biomarkers


https://doi.org/10.1021/acs.jcim.0c00815
https://doi.org/10.1038/s42003-018-0075-x

ALCHEMICAL FREE ENERGY CALCULATIONS CAN

BE USED TO COMPUTE MANY DRUG PROPERTIES
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HOW WELL DO THESE METHODS WORK
IN A REAL DRUG DISCOVERY PROGRAM?




monoclonal tailored
antibodies antibodies

panning

human or other se!ection of identification of recloning in
species antibody antibodies in monoclonal binders desired antibody
gene library vitro (panning) by e.g. ELISA format

doi:10.3389/fcimb.2021.697876

Will antibodies still bind against escape mutants?
How can we optimize antibodies to ensure broad specificity against mutations?

Disease Surges,
And Lockdown
May Not Halt It

This article s by Chris Buckley,
Raymond Zhong, Denive Grady and
Ronl Caryn Rabin

WUHAN, China - A top Che
nese health official warned on
Sunday that the spread of the dan-
gerous new coronavirus, already
extraordinandy rapid, is acceler-
ating furthey, deopening global
fears about an illness that has
slckened more than 2,700 people
worldwide and Killed ar least 80
people in China.

The grm diagnosis came amid
concerns that Chini's efforts to
coatam the spread of the disease,
despite a lockdown of unprece-
dented scope affecting 56 million
people, may not ondy have come
100 late but could even make the
sltuation worse, inclading by ex-
acerbating shortages of medical
supplles,

Adding to the growing global
alarm, people who are carrying
the virus but not showing symp-
Toms may still be able to Infoct oth-
ers, according to the Chinese offi-
clal, Ma Xiaowed, the director of
China’s Narknal Health Commis-
sion. Such asymptomatic trans
missions would make the disease
much mare difficult to control, as
seemingly healthy people travel
and interact with others,

“The epidemic is now entering
a more serous and complex pert-
od” Mr. Ma sald during & Sunday
news conference In Beijing. “It
Jooks like it will continue for some
time, and the number of cases
may mcrease”

China's attempts to curb the dis-
ease's spread — essentially coc-
doning off the major citles in the
province of Hubes, including as

Continued o Page AS

WS¥BA e e - -
HACTOR MU TAMAL ACOWCA FRANCLNOOM, - CETTY Bven

Haospitals in Wuhan, China, the epicenter of the coronavirus outbreak, remain intensely crowded.

Novel Virus Tests China’s Authoritarian Bargain

By STEVEN LEE MYERS Xi Is Under Pressure to

and CHRIS BUCKLEY

BEIING — It took thousands
of infections and scores of deaths
from & mysterious virus for Chi-
na's authoritarian leader to pub-
By say what had become glar-
mgly obvious to many in recent
weeks: The country (s facing &
grave public health crisis,

After his declaration, the leader,
Xi Jinping, put China on a virtual
war footing to cope with the un-
folding epidemic of the coro-
navirus. He convened an extraot-
dinary session of the Communist
Party’s top poiical body, Issuing
orders for handling the crisis with
the crisp, somber stoicism of &

Tame Growing Crisis

field marshal.

“Were sure 10 be able to win in
thas battle* he procdiaimed an Sat-
urday before his six grim-faced
colleagues on the party’s Palitbu-
ro Standing Committes

Compared to the very low bar
set by the Chinese leadership's se-
crecy and inacticn duning the
SARS epidemic in 2002 and 2003,
Mr. Xi has responded with speed
and alacrity to the latest heakth
emergency, a pacumaniaiike vi-
rus that at kast official count has

lalled at least 80, sickened thou
sands in China and spread around
the workl,

But there are also signs that 1he
government, especially a1 the re-
gronal Jevel in Hubei Province, the
source of the outbreak, was slow
to recognize the danmger and is
continuing to mishandle the crisis
Some pablic health experts have
asked whether the sweeping trav
el restrictions that have been im-
posed are kaving people withou
access to medical care, while
many Chinese remain uncon
vinced the government (s being
completely forthcoming about the
toll of the disease.

*Substantively, the response

Continued on Poge AS
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WE HAD ALSO BEEN COLLABORATING WITH
DIAMOND LIGHT SOURCE IN THE UK

Diamond Light Source, UK
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Protein érystars 1/10th of a millimetre are

grown

In Mmicroscopic drops no larger than 1 mm.

diamond

Light for Science



A set of 3600 X-ray diffraction images of the protein crystal di 4
are rapidly collected as it is rotated in the X-ray beam. U;h?g‘g:]w




DIAMOND LIGHT SOURCE PROSECUTED A HIGH-
THROUGHPUT X-RAY FRAGMENT SCREEN IN JUST WEEKS

33808
6x107-
— No compound

— A13
4%107 -

Intensity

34060

50% labeling
y/ .
210 by PCM-0102781
o~mt:&Lﬁm

33000 34000 35000
mass [Da]

February 14 February 20 February 25 March 5 March 18

 Main protease Atomic resolution ~ Covalent screen finds 150 1,500 crystals 78 fragment-bound
e D e structure of the active site hits collected in one day (!) dstrtljctureds tsotl;]/ed i
COVID shutdown of protease determined 40 hit idated and released 10 the we
Haitao Yang lab in Shanghai IS vallgate

Martin Walsh Nir London f ;. 2 , %
Frank von Delft ! Yroes

https://www.diamond.ac.uk/covid-19/for-scientists/Main-protease-structure-and-XChem.htm| Diamond Light Source / XChem / SGC (i |



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

ALL DATA WAS IMMEDIATELY RELEASED ONLINE

.diamond ‘ Coronavirus Science

Home BasI@tdlNiid5e8 For Journalists For the Public For Staff Diamond Website

- Main protease structure and XChem fragment screen
In This Section

Summary

To contribute to the global effort to combat COVID-19, Diamond has been able to solve a new structure

COVID MoonShot - Taking of the SARS-CoV-2 main protease (MP) at high resolution (PDB ID: 6YB7), and complete a large XChem

fragrnents to impactf crystallographic fragment screen against it (detailed below). Data have been deposited with the PDB,
Elactron d"ensity evidence but V\{e are making the rfasults ava}lable immediately tf) the V\{Ol'|d on this page: additional work is
- ongoing, and updates will be continually posted here in coming days and weeks.

Downloads

Highlights on progress This work builds on the sensationally fast crystal structure of MP™ at 2.16 A in complex with a
Credits 3 covalent inhibitor, released in January this year by Prof Zihe Rao (5LU7, published here, described

here). We thus ordered the synthetic gene and cloned the full length protein as previously described
FAQ for the SARS main protease (Xue et al 2007). This yielded crystals of the unliganded enzyme that
diffracted to high resolution (1.25 A) on beamline 104-1, in a different space group to the inhibitor
complex, and the structure was determined and refined rapidly. Critically. this showed it had the
active site empty and solvent accessible - perfect for fragment screening.

Nsp3 macrodomain ADP-ribosyl
hydrolase and XChem fragment
screen

So it proved: the first 600-crystal experiment could be completed in 72 hours, through growing large
numbers of crystals, optimising the soaking conditions, soaking and harvesting all 600 crystals and
completing the data collection run on beamline 104-1. The hits from this initial run and other details
were pre-released on March 6th.

New scientific animations
Rapid Access
Research Areas

Qur collahorators By the 24 of March, the initial 1500-crystal experiment was complete, and the results made publicly

available. Screening additional libraries throughout April brought the total number of active site
fragments to 71, with 48 fragments binding covalently (full timeline here and download page here).
This was an exceptionally large screen which yielded a remarkably rich readout, with vast opportunities
for fragment growing and merging.

We have already triggered computationally-driven follow-up work internally, and externally joined
forces to launch a fully-open crowdsourcing and crowdfunding initiative - the COVID Moonshot - to
establish urgently the shortest route possible to clinical impact by maximally exploiting the readout
- you can help, read more here.

On the 11th of May, the first biochemical and structural data from Moonshot compounds was released
and by the 12th of June over 500 compounds had been tested, demonstrating that the design-make-
test process is fully in place.

XChem fragment screen

The initial screen encompassed multiple fragment libraries: the DSl-poised library, MiniFrags (Astex)
Fraglites & Peplites (CRUK Newcastle Drug Discovery Unit (Newcastle University)), York3D (University of
York), SpotFinder and heterocyclic electrophilic fragment library (Hungarian Academy of Sciences) and
an electrophilic fragment library designed and pre-screened by mass spec at the Weizmann Institute
(see below).

There were 74 hits of high interest - data and extensive details are here, and some interactive
views here:

® 23 non-covalent hits in the active site
e 48 covalent hits in the active site
® 3 hits in the dimer interface, one in a calculated hotspot
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https://fragalysis.diamond.ac.uk

https://www.diamond.ac.uk/covid-19/for-scientists/Main-

protease-structure-and-XChem.html

(pre-preprinting!)

. Thread

"} Martin Walsh
@MartinWalshDLS

1/ It's been a very busy few weeks in the Walsh group
@diamondLightSou but extremely happy to announce
that in collaboration with Frank von Delft group’s at
Diamond we have been able to perform a full X-ray
fragment based drug discovery experiment on the
SARS-CoV-2 main protease

6:16 PM - Mar 7, 2020 - Twitter Web App

621 Retweets 245 Quote Tweets 1.4K Likes

® 0 v, &

Replying to @MartinWalshDLS
2/ We have released all data from this work here: diamond.ac.uk/covid-

19/for-s... #covid19 #SARS_COV_2 #DrugDiscovery #AntiviralDrugs

’,'i” Martin Walsh @MartinWalshDLS - Mar 7 000

#structuralbiology #crystallography #cryoEM #nmr We will update data as
its generated to accelerate drug development to combat #COVID19
@JeremyFarrar
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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/

WE KNOW FROM SARS-COV THAT THE MAIN VIRAL
PROTEASE (MPRO) IS ESSENTIAL FOR VIRAL REPLICATION

-
~~~~~

Entry and

uncoating Release

Receptor | |

Smooth-walled
vesicle

Endosome

Subgenomic (+)mRNAs

i e JUIU)
Genomic (+)RNA HHH
WAAA
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Translation / Subgenomic (+)RNAs
Transcription MM,\WN\MMMM AAA iitieoeapsid
pplaand ———= AAA Golgi
pplab I ] mﬁﬁﬁ
Genomic (-)RNAs
P I RSt SR A 6 B B
Proteolysis ! AAA —
@O ® Genomic (+)RNAs
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- O \ Translatlon
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R @ :
AAA — ©

Replicase-transcriptase Double-

complex membrane ﬁ o -
. . . Cytoplasm vesicles =S
de Wit et al. Nat. Rev. Microbiology (2016) yiep Nucleus \\N




PREVIOUSLY KNOWN SARS-COV MPRO INHIBITORS WERE PEPTIDOMIMETICS,
WHICH ARE DIFFICULT TO DEVELOP INTO ORAL DRUGS

Liu et al. Eur J Med Chem 206:‘]1271’1’, 2020

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

Could X-ray fragment hits be a route to an oral SARS-CoV-2 antiviral?



FRAGMENT HITS COMPLETELY COVER THE ACTIVE SITE,

SUGGEST FRAGMENT MERGES COULD IMPROVE POTENCY

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

Douangamath et al., Nature Communications 11:5047, 2020
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

FRAGMENT HITS COMPLETELY COVER THE ACTIVE SITE,
SUGGEST FRAGMENT MERGES COULD IMPROVE POTENCY

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

Could we merge our way to potent
lead compounds directly?

sxsnnssall Sasanns"

SARSEGOV-2 Mpro actilie.site

Douangamath et al., Nature Communications 11:5047, 2020
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

WHICH COMPUTATIONAL STRATEGIES WOULD MOST RAPIDLY PROGRESS
FRAGMENTS TO EARLY LEADS WITH MEASURABLE POTENCY?

F
e ‘“ ..what If we tried all of them?”

Nir London

Weizmann Institute



FIRST, WE NEEDED A COOL NAME TO MOTIVATE PEOPLE

COVID Moonshog

An international effort to
DISCOVER A COVID ANTIVIRAL




THE COVID MOONSHOT ADOPTED A GLOBAL OPEN SCIENCE,
PATENT-FREE, COLLABORATIVE APPROACH TO DRUG DISCOVERY

‘:@3 Open science COVID Moonshot)
OO
Open data http://postera.ai/covid

Patent-free g



http://postera.ai/covid

Alpha Lee (Cambridge) tapped his startup company (PostEra)
_\\to create an open drug discovery commons website

COVID Moonshot

Alpha Lee

Cambridge/PostEra

Design a Compound, We Will Make It

After drawing the molecule, you will be asked for details on your design. After results are collected, we will prioritize
compounds and send them out for synthesis and testing [see details]. There will be several rounds of design; the second
round closed Thursday, April 2, 11:59 PM PST. Results will be posted live as we receive them so stay tuned!

View already submitted molecules here. Join the discussion with scientists around the world on our forum.

Draw or enter SMILES (add multiple by pressing "Add" after each entry)
SMILES

R Era~aY EE R 00°/ov

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

SO0O0OAOO0O | &

Contact Information

Name* i Affiliation

Background

* Please specify the rationale in some detail (by eye, docking, FEP, ...)

* Add any notes or special considerations regarding your compound (complex sythesis required, past experience, ...)
e |f there are other compounds related to your main structure, submit them as a comma separated list of SMILES

* Please specify which fragments were used as inspiration (e.g. X_0072, X_0161)

L ]

A PDB of the bound structure from simulations is optional c o + M attheW RObi nSOn (POStEra)

http://postera.ai/covid



http://postera.ai/covid

London Lab

@iondan_jab

~

6:46 PM - 18 Mar 2020
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Q Add another Tweet
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...and there was overwhelming response
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JAN-GHE-fd8 DAR-DIA-fc9 AGN-NEW-fad DAV-AUT-fa2 JOH-MSK-ec6 WAR-XCH-eb7 DAR-DIA-eac GIA-UNK-eaa NAU-LAT-c9b AGN-NEW-c7b PAU-WEI-c6d BEN-VAN-c4c
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THERE WERE SOME EXCELLENT IDEAS

)\/\\ | I ~ )\ a
Oy G a
q&o e gﬂ Uy %w

MAK-UNK-e05327b2-1 MAK-UNK-e05327b2-2 MAK-UNK-e05327b2-3 MAK-UNK-e05327b2-5

Design Rationale:

using https://molmatinf.com/covid19/ as a score reference



THERE WERE SOME ... INTERESTING ... IDEAS TOO

N H
~ — 7\ 3 N
\ B N
> O —N o < > 0 ®
/ N
H H
MAK-UNK-4b073b5c-1 MAK-UNK-4b073b5c-2 MAK-UNK-4b073b5c-3 MAK-UNK-4b073b5c-4

Design Rationale:

by eye, tiny molecules



THERE WERE SOME ... INTERESTING ... IDEAS TOO

THE-UNK-83327413-1 THE-UNK-833274f3-2 THE-UNK-83327413-3 THE-UNK-8332743-4

Design Rationale:

These substances are only carbon, and they have no alarm.



THERE WERE SOME ... INTERESTING ... IDEAS TOO

. -} SELt . $§ \
. -\ﬂ-i * .JJ
- urg Y “ r }‘

Design Rationale:

| used random numbers to find this compound.



THERE WERE SOME ... INTERESTING ... IDEAS TOO

JAM-UNK-fcc74568-1

Design Rationale:

Common sense

Other Notes:

I'm sure it works, on a dish at least.



WE USED FAST PHYSICAL MODELS TO WEED OUT BAD IDEAS

all final docked ligand structures

docking of a single compound, showing all possible conformers

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

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



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

MACHINE LEARNING BASED SYNTHETIC ROUTE PREDICTION MODELS
IDENTIFIED DESIGNS THAT COULD BE EASILY SYNTHESIZED

MOLECULE DETAILS
MAT-POS-b3e365b9-1

CE ” ZI /é

‘ Check Availability on Manifold |

View on Fragalysis EiGE)

Fluorescence @ RapidFire

http://postera.ai/covid

CRO catalogue-aware optimal synthetic route

Contract Research

Synthetic Steps

Reaction 1: Amidation
(9 references, click to view

Input: reactants-reagents (atom-wise tokenization)

Brclccc2..c(cl)clcec3cdceccccdcdceccecdce3cecdln2-clecc2e(cl)clecececcin2-clceccecl.CCO.
Cclcceecl.0B(0)clcec2ccc3cecenc3c2nl.cleec([PH](c2ceceec2)(c2cecec2)[Pd]([PH](c2cceec?2)
(c2cceec2)c2ccccc?2)([PH](c2ccecec2)(c2cccec2)c2cccec2)[PH](c2cceec2)(c2cececc2)c2cecccec2)ccl

Multi-head attention

\ Encoder Decoder
8 y k. y ~

Molecular Transformer clccc(-n

...2c3ccccc3c3cc(-nd4cS5cece(-
cbcec7ccc8cecenc8c/7n6)cecS5c5cecbe7cccec7c/7ccccc/7cbee54)cec32)ccl

Target: most likely products
Molecular Transformer:
http://postera.ai/manifold

)
0. O — @er? WuXi
No—~ 0 “ 0 I
OH : }‘ N/ .

Organizations (CROs)

X

Enamine

Sal

Quickly made 850
compounds
In a few weeks!

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

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



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

& PostEra | COVID-19 X -+

& covid.postera.ai/covid w O 0 & I @ & ] @

§C POSJ[EI’O. Home Submit Submissions ¥ About ¥ Discuss | Login m

Help us Fight Coronavirus

Contribute your expertise to design inhibitors of the SARS-CoV-2 main protease

Check out our new data:

Activ'gy Data (I3  Structures (33

We are an international group of scientists from academia and industry trying to do our small part to help combat COVID-19. This
effort began when Chinese scientists worked rapidly to determine the structure of the novel SARS-CoV-2 main protease (MP™),
which triggered a massive crystal-based fragment screen at the XChem facility at UK's Diamond Light Source. With the same

urgency, we are now trying to progress these data towards what is desperately needed: gffective, easy-to-make anti-COVID drugs.

We welcome contributions of many forms including scientific expertise, experimental capabilities, and indeed donations to make
this possible.

If ~u 27~ an@xperimentalist with hands to lend, especially a Virologist with live assays, please emall us. If you wish to make a
b B L ,ond bution to help make and test more compounds, please see our donation page. If you have expertise in designing

http://postera.ai/covid


http://postera.ai/covid

DIAMOND’S AUTOMATED BEAM LINE ENABLED US TO GENERATE

STRUCTURAL DATA IN JUST DAYS
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CROWDSOURCED DESIGNS GENERATED A NUMBER OF NOVEL
CHEMICAL SERIES BY FRAGMENT MERGING

Contributor: Tryfon Zarganis - Tzitzikas, University of Oxford, TDI MedChem

Design Rationale: = I i {5‘;
The design of the molecules was done by superimposing the different fragments from the crystal structures (by eye). N : 7 5 ) O
The reactions should be fairly easy urea formation or amide coupling all from readily available starting materials. i N A =
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CROWDSOURCING GENERATED MULTIPLE LEADS WITH
NOVEL NONCOVALENT CHEMOTYPES

Aminopyridines Ugis Quinolones Benzotriazoles
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COULD WE USE FREE ENERGY CALCULATIONS TO ASSESS THESE
DESIGNS AND FIND IDEAS THE CHEMISTS HAD OVERLOOKED?

~15,000
Potential
R3 groups




RETROSPECTIVE CALCULATIONS SUGGESTED OUR TOOLS DID A REASONABLY GOOD
JOB OF PREDICTING WHICH COMPOUNDS WERE MORE POTENT

X-ray structure as reference

constrained enumeration of
poses for proposed molecule

perses: open source relative alchemical free energy calculations

http://github.com/choderalab/perses

selection of pose
with best docking score

.§
&

free energy calculation
final posed structure
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Open Force Field Initiative OpenFF (“Parsley”) small molecule force field

http://openforcefield.org

Simple star maps

3-aminopyridine lead series

OpenFF 1.2.0
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OK, BUT WHERE DO WE GET ENOUGH GPUS?
OUR VIRTUAL LIBRARIES ARE > 15,000 COMPOUNDS!



OUR LAB HAD HAD STARTED TO USE FOLDING@HOME TO AID EXPERIMENTAL
COLLABORATORS PURSUING COVID-19 DRUG DISCOVERY PROGRAMS

FOLDING
@HOME

CHOOSE YOUR PLATEORM Client statistics by 0S

0S Type Native TFLOPS® x86 TFLOPS" Active CPUs Active Cores Total CPUs
Windows 857 857 67,467 187,104 5,857,235

Mac OS X 91 91 8,083 85,382 217,033
Linux 87 87 6,383 26,457 882,200
NVIDIA GPU 1 2 4 4 348371
ATl GPU 10,243 21,613 7,178 7178 426,335
NVIDAI Fermi GPU 36,065 76,097 21,570 21,587 624822
Total 47,344 98,747 110,685 327,712 8,355,996
1924085 people have non-anonymously contributed to Folding@home.
Table last updated at Sat, 19 Oct 2019 18:23:11
64bit Linux |
~y
100 pflop/s!




WE MOBILIZED THE FOLDING@HOME
CONSORTIUM TO FOCUS ON COVID-19

* probing mutations at the RBD:ACE2
interface to optimize Ab therapeutics

free energy calculations for prioritizing
compounds tested by experimental
collaborators

identifying cryptic pockets for potential
allosteric inhibition mechanisms

Simulating multiple targets to understand
their potential for drug discovery

About

Pande Lab

Community volunteers

Partners

How does donor funding
compare with federal grant
funding?

Links

Donation FAQ
Stanford Donation Site
Highlight from the 2016

Stanford Chemistry
Department Graduation

THE FOLDING@HOME
CONSORTIUM (FAHC)

A number of research labs are involved in running and enhancing FAH.

E(()JI\JAI,QMN LAB, WASHINGTON UNIVERSITY IN ST.

The Bowman lab combines computer simulations and experiments to understand
the mechanisms of allostery (i.e. long-range communication between different parts
of a protein) and to exploit this insight to control proteins’ functions with drugs and
mutations. Examples of ongoing projects include (1) understanding how mutations
give rise to antibiotic resistance, (2) designing allosteric drugs to combat antibiotic
resistant infections, (3) understanding allosteric networks in G proteins and designing
allosteric anti-cancer drugs, and (4) understanding and interfering with the
mechanisms of Ebola infection. To rapidly converge on predictive models, we iterate
between using simulations to gain mechanistic insight, conducting our own
experimental tests of our models, and refining our simulations/analysis based on
feedback from experiments. We also develop enhanced sampling algorithms for
modeling rare events that are beyond the reach of existing simulation
methodologies.

CHODERA LAB, MEMORIAL SLOAN-KETTERING
CANCER CENTER

The Chodera lab at the Sloan-Kettering Institute uses Folding@home to better
understand how we can design more effective therapies for cancer and other
diseases.

Their mission is to completely redesign the way that therapeutics—especially
anticancer drugs—are designed using computers, graphics processors (GPUs),
distributed computing, robots, and whatever technology we can get our hands on.
They are striving to make the design of new cancer drugs much more of an
engineering science, where state-of-the-art computer models quantitatively and
accurately predict many aspects of drug behavior before they are synthesized
Chodera Lab certainly won't get there overnight—lots of hard work is needed to
improve algorithms, force fields, and theory. But by tapping into the enormous
computing resources of F@h, they can more rapidly make predictions and then test
them in the laboratory (with robots!) to quickly make improvements through leaming
from each cycle of prediction and validation.

VOELZ LAB, TEMPLE UNIVERSITY

it Voelz lab at Temple University’'s Chemistry Department focuses on using
transferrable all atom simulations for prediction and design of biomolecular
dynamics and function. In particular, their interests include in silico prediction and
design of proteins, peptide mimetics (e.g. peptoids), and binding sequences for cell
signaling peptides.

HUANG LAB HKUST

Xuhui Huan o at HKUST is interested in conformational change, which is crucial
for a wude range o“ biological processes including biomolecular folding and the




AS PEOPLE FROM AROUND THE WORLD STARTED RUNNING FOLDING@HOME,

WE QUICKLY CREATED THE WORLD’S FIRST EXASCALE COMPUTING RESOURCE

FOLDING@HOME TAKES UP THE
Flg(I)" AGAINST COVID-19 / 2019-
NGOV

February 27, 2020
by Greg Bowman

We need your help! Folding@home is joining researchers around the world working
to better understand the 2019 Coronavirus (2019-nCoV) to accelerate the open
science effort to develop new life-saving therapies. By downloading Folding@aHome,
you can donate your unused computational resources to the Folding@home
Consortium, where researchers working to advance our understanding of the
structures of potential drug targets for 2019-nCoV that could aid in the design of new
therapies. The data you help us generate will be quickly and openly disseminated as
part of an open science collaboration of multiple laboratories around the world,
giving researchers new tools that may unlock new opportunities for developing
lifesaving drugs.

2019-nCoV is a close cousin to SARS coronavirus (SARS-CoV), and acts in a similar
way. For both coronaviruses, the first step of infection occurs in the lungs, when a
protein on the surface of the virus binds to a receptor protein on a lung cell. This viral
protein is called the spike protein, depicted in red in the image below, and the
receptor is known as ACE2. A therapeutic antibody is a type of protein that can block
the viral protein from binding to its receptor, therefore preventing the virus from
infecting the lung cell. A therapeutic antibody has already been developed for SARS-
CoV, but to develop therapeutic antibodies or small molecules for 2019-nCoV,
scientists need to better understand the structure of the viral spike protein and how it
binds to the human ACE2 receptor required for viral entry into human cells.

Proteins are not stagnant—they wiggle and fold and unfold to take on numerous
shapes. We need to study not only one shape of the viral spike protein, but all the
ways the protein wiggles and folds into alternative shapes in order to best
understand how it interacts with the ACE2 receptor, so that an antibody can be
designed. Low-resolution structures of the SARS-CoV spike protein exist and we
know the mutations that differ between SARS-CoV and 2019-nCoV. Given this
information, we are uniquely positioned to help model the structure of the 2019-nCoV
spike protein and identify sites that can be targeted by a therapeutic antibody. We
can build computational models that accomplish this goal, but it takes a lot of
computing power.

This is where you come in! With many computers working towards the same goal, we
aim to help develop a therapeutic remedy as quickly as possible. By downloading
Folding@home here [LINK] and selecting to contribute to "Any Disease”, you can help
provide us with the computational power required to tackle this problem. One protein
from 2019-nCoV, a protease encoded by the viral RNA, has already been crystallized.

Although the 2019-nCoV spike protein of interest has not yet been resolved bound to
ACE?2, our objective is to use the homologous structure of the SARS-CoV spike
protein to identify therapeutic antibody targets.
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THIS WAS AN ENORMOUS INCREASE IN COMPUTATIONAL POWER

Use Your Computer To Help Folding@Home Solve The COVID-19 Virus
Pandemic

Longmont Observer + Yesterday

C I I e nt Stat I Stl c S by 0 S « 400,000 new people have joined Folding@Home's fight against COVID-19

Engadget - 2 days ago

0S Type Native TFLOPS® x86 TFLOPS" Active CPUs Active Cores Total CPUs = View Full Coverage v

Windows 857 857 67467 187,104 5,857235

Mac OS X 91 91 8,083 85,382 217,033

Lintix 87 87 6,383 26457 882200 Folding@home software diverts users' excess processing power to

NVIDIA GPU 1 2 4 4 348371 finding coronavirus cure

ATI GPU 10,243 21,613 7,178 7178 426,335 Dezeen ZZnotryago

NVIDAI Fermi GPU 36,065 76,097 21,570 21587 624822

Total 47,344 98,747 110,685 327,712 8,355,996
1924085 people have non-anonymously contributed to Folding@home. Folding@Home Network Breaks the ExaFLOP Barrier In Fight Against
Table last updated at Sat, 19 Oct 2019 18:23:11 Coronavirus

lfom's Hardware - 5 hours ago

DB date 2019-10-19 23:22:42

Active CPUS are defined as those which have returned WUs within 50 days. The FLOPS per core was last
updated based on a FAH core performance report run on Wed May 11 11:56:35 PDT 2016.
How to Fight Coronavirus With Folding@home and a Gaming PC

*TFLOPS is the actual teraflops from the software cores, not the peak values from CPU/GPU specs. Please HoWeTo Blek. + 5 daimias

see our FAQ and FLOPS FAQ.

Join Team Hackaday To Crunch COVID-19 Through Folding@Home

Hackaday - 7 days ago

Coronavirus And Folding@Home; More On How Your Computer Helps Medical
Research



THIS WAS AN ENORMOUS INCREASE IN COMPUTATIONAL POWER

Use Your Computer To Help Folding@Home Solve The COVID-19 Virus ﬁ‘ - * 3
Pandemic Y

@ Longmont Observer « Yesterday

« 400,000 new people have joined Folding@Home's fight against COVID-19

Engadaget - 2 days ago

Team Monthly m m (& View Full Coverage Y

ACtlve C PUS & G PUS by OS zz::\ic@ll:znm; isrzg\::ljrree diverts users' excess processing power to

Dezeen - 22 hours ago

0S AMD GPUs NVidia GPUs CPUs CPU cores TFLOPS x86 TFLOPS
Windows 75,823 314,952 474,277 3,588,315 680,371 1,384,998
Linux 3,675 41,113 78,124 811,997 85,028 167,152
macOSX 0 0 41582 230,198 2,578 2,578 Folding@Home Network Breaks the ExaFLOP Barrier In Fight Against
Totals 79,498 356,065 593,983 4,630,510 767977 1,554,728 Coronavirus
lom's Hardware - 5 hours ago
CPUs and GPUs which have returned Work Units within the last 50 days are listed by OS. FLOPS per core is
estimated.
TFLOPS is Tera Floating-point OPerations per Second or trillions of math operations per second. Please see
our FLOPS FAQ for more information. How to Fight Coronavirus With Folding@home and a Gaming PC
How-To Geek - 5 days aqo

Reported on Wed, 25 Mar 2020 23:42:36 GMT

~1.5 exaflops
> sum of top-10 supercomputers

This would cost $6.8B/year on AWS.

Join Team Hackaday To Crunch COVID-19 Through Folding@Home

Hackaday - 7 days ago

Coronavirus And Folding@Home; More On How Your Computer Helps Medical
Research



BOTH COMPUTING AND SCIENCE CONTRIBUTORS WERE TRULY GLOBAL
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Article | Published: 14 July 2021

SARS-CoV-2 RBD antibodies that maximize breadth
and resistance to escape

Tyler N. Starr, Nadine Czudnochowski, Zhuoming Liu, Fabrizia Zatta, Young-Jun Park, Amin Addetia,
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Circulating SARS-CoV-2 spike N439K variants
maintain fitness while evading antibody-mediated
immunity
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OK, WE HAVE COMPUTING RESOURCES NOW...

...BUT WE HAD NEVER RUN FREE ENERGY
CALCULATIONS ON FOLDING@HOME



ALCHEMICAL FREE ENERGY CALCULATIONS GENERALLY USE CLEVER BUT COMPLEX
MARKOY CHAIN MONTE CARLO ALGORITHMS TO SAMPLE ALCHEMICAL STATES

Independent simulations
Easy to parallelize, but sampling problems
at any A can make calculations unreliable

simple but too dangerous to use

Hamiltonian replica exchange %
Good sampling at any 4 can rescue

problems at other A if good A overlap
reliable but complex for Folding@home

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

MD

MD

>

>

>

MD

MD

MD

MD

MD
o
>
>
MD Replica exchange and expanded
_ ensemble simulations as Gibbs
sampling: Simple improvements
> for enhanced mixing
® J. Chem. Phys. 135, 194110 (2011); https:/doi.org/10.1063/1.3660669
John D. Chodera" 2 and Michael R. Shirts? P’
MD
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Efficient Estimation of Free Energy Differences from Monte Carlo Data

CHARLES H. BENNETT

IBM Thomas J, Watson Research Center, Yorktown Heights, New York 10598
Received February 13, 1976; accepted May 3, 1976

Near-optimal strategies are developed for estimating the free energy difference between
two canonical ensembles, given a Metropolis-type Monte Carlo program for sampling
each one. The estimation strategy depends on the extent of overlap between the two
ensembles, on the smoothness of the density-of-states as a function of the difference
potential, and on the relative Monte Carlo sampling costs, per statistically independent
data point. The best estimate of the free energy difference is usually obtained by dividing
the available computer time approximately equally between the two ensembles; its
efficiency (variance X computer time)~! is never less, and may be several orders of
magnitude greater, than that obtained by sampling only one ensemble, as is done in
perturbation theory.

I. INTRODUCTION

A well-known deficiency of the Monte Carlo [l1, 2] and molecular dynamics
[3] methods, commonly used to study the thermodynamic properties of classical
systems having 10% to 10* degrees of freedom, is their inability to calculate quantities
such as the entropy or free energy, which cannot be expressed as canonical or
microcanonical ensemble averages. In general, the free energy of a Monte Carlo
(MC) or molecular dynamics (MD) system can be determined only by a procedure
analogous to calorimetry, i.e., by establishing a reversible path between the
system of interest and some reference system of known free energy. ‘“Computer
calorimetry” has a considerable advantage over laboratory calorimetry in that the
reference system may differ from the system of interest not only in its thermo-
dynamic state variables but also in its Hamiltonian, thereby making possible a
much wider variety of reference systems and reversible paths. Often the path
between an analytically tractable reference system and the system of ultimate
physical interest will include one or more intermediate systems. These may be
interesting in their own right (e.g., the hard sphere fluid), or they may be special
systems, important only as calorimetric stepping stones, whose Hamiltonians
contain artificial terms designed to stabilize the system against phase transitions
[4, 5], induce favorable importance weighting [6, 7], or otherwise enhance the
system’s efficiency as a computational tool [8-10].

245
Copyright © 1976 by Academic Press, Inc.
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LETTERS

Verification of the Crooks fluctuation theorem and
recovery of RNA folding free energies

D. Collin'*, F. Ritort**, C. Jarzynski’, S. B. Smith®, |. Tinoco Jr’ & C. Bustamante™®®

Atomic force microscopes and optical tweezers are widely used to
probe the mechanical properties of individual molecules and
molecular interactions, by exerting mechanical forces that induce
transitions such as unfolding or dissociation. These transitions
often occur under nonequilibrium conditions and are associated
with hysteresis effects—features usually taken to preclude the
extraction of equilibrium information from the experimental
data. But fluctuation theorems'™ allow us to relate the work
along nonequilibrium trajectories to thermodynamic free-energy
differences. They have been shown to be applicable to single-
molecule force measurements® and have already provided infor-
mation on the folding free energy of a RNA hairpin”®. Here we
show that the Crooks fluctuation theorem” can be used to deter-
mine folding free energies for folding and unfolding processes
occurring in weak as well as strong nonequilibrium regimes,
thereby providing a test of its validity under such conditions.
We use optical tweezers'® to measure repeatedly the mechanical
work associated with the unfolding and refolding of a small RNA
hairpin'' and an RNA three-helix junction'”. The resultant work
distributions are then analysed according to the theorem and
allow us to determine the difference in folding free energy between
an RNA molecule and a mutant differing only by one base pair, and
the thermodynamic stabilizing effect of magnesium ions on the
RNA structure.

The Crooks fluctuation theorem® (CFT) predicts a symmetry
relation in the work fluctuations associated with the forward and
reverse changes a system undergoes as it is driven away from thermal
equilibrium by the action of an external perturbation. This theorem
applies to processes that are microscopically reversible, and its
experimental evaluation in small systems is crucial to understand
better the foundations of nonequilibrium physics'’. A consequence
of the CFT is Jarzynski’s equality'’, which relates the equilibrium
free-energy difference AG between two equilibrium states to an
exponential average (denoted by angle brackets) of the work done
on the system, W, taken over an infi S —
quilibrium experiments, exp(—AG
equality has been developed® into a |
nonequilibrium single-molecule pull
free-energy profiles or potentials o =
coordinates. Experimental testing o -
molecule force experiments'® used t

can be folded and unfolded quasi-re,

system usually makes it difficult in practice to extract unfolding free
energies using small loading rates (below a few pNs™'). Drift effects
decrease noticeably for larger pulling speeds, making it possible to
obtain more reliable experimental data (and also good statistics as a
large number of pulls can be executed in a reasonable time), but at the
expense of a more irreversible unfolding process. Here we show that
significant improvements can be obtained by using the CFT, which
provides a more robust and more rapidly converging method to
extract equilibrium free energies from non-equilibrium processes.
The CFTallows us to quantify the amount of hysteresis observed in
the values of the irreversible work done to unfold and refold a
macromolecule. Let Py;(W) denote the probability distribution of
the values of the work performed on the molecule in an infinite
number of pulling experiments along the unfolding (U) process, and
define P(W) analogously for the reverse (R) process. For the CFT to
be applicable, the unfolding and refolding processes need to be
related by time-reversal symmetry, that is, in our experiments, the
optical trap used to manipulate the molecule must be moved at the
same speeds during unfolding and refolding. Moreover, the molecu-
lar transition probed always has to start in an equilibrium state
(folded in the unfolding process, and denatured or unfolded in the
refolding process) and reach a well-defined final state. The CFI” then

predicts that:
W - AG .
exp ( T ) (1)

where AG is the free-energy change between the final and the initial
states, and thus equal to the reversible work associated with this
process. Note that the CFT does not require that the system studied
reaches its final equilibrium state immediately after the unfolding
and refolding processes have been completed; it is only the control
parameter that needs to attain its final value, whereas the system may
continue to equilibrate to a well-defined state that is consistent with
Sy s 0 ter. The equilibration occurs
ter, and therefore contributes
over the external variation of a
/ rosition of the optical trap or

Py(W) _
Pr(—W)

— Ax; (2)

occur far from equilibrium, the appli é —
hampered by large statistical uncesiainuss war aios v wis
sensitivity of the exponential average to rare events'”'® (low values
of W). Moreover, although the equality (W)= AG holds for pro-
cesses occurring near equilibrium, spatial drift in the experimental

| approximated by the familiar
>
= L
—

WIICIC A 1D LT UIDLALILE UCLWGEIL LG ends of the molecule and I\(s is
the number of intervals used in the sum (see ref. 6 for a thorough
discussion of this issue). Relation (1) quantifies hysteretic effects in
the pulling experiment: work values larger than AG occur most often

"Merck & Co. Inc., Automated Biotechnology Department, North Wales, Pennsylvania 19454, USA. ZDepartament de Fisica Fonamental, Facultat de Fisica, Universitat de
Barcelona, Diagonal 647, 08028 Barcelona, Spain. 13 Complex Systems, Los Alamos National Laboratory, Los Alamos, New Mexico 87545, USA. "Haoward Hughes Medical
Institute, S'Departmenl of Chemistry, 6Departmenls of Physics and Molecular & Cell Biology, University of California, Berkeley, California 94720, USA.
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ir-optimal strategies are developed for estimating the free energy difference between
anonical ensembles, given a Metropolis-type Monte Carlo program for sampling
yne. The estimation strategy depends on the extent of overlap between the two
bles, on the smoothness of the density-of-states as a function of the difference
ial, and on the relative Monte Carlo sampling costs, per statistically independent
woint. The best estimate of the free energy difference is usually obtained by dividing
vailable computer time approximately equally between the two ensembles; its
ncy (variance x computer time)=! is never less, and may be several orders of
tude greater, than that obtained by sampling only one ensemble, as is done in
‘bation theory.

I. INTRODUCTION

|-known deficiency of the Monte Carlo [1, 2] and molecular dynamics
ods, commonly used to study the thermodynamic properties of classical
1aving 10% to 10* degrees of freedom, is their inability to calculate quantities
the entropy or free energy, which cannot be expressed as canonical or
1onical ensemble averages. In general, the free energy of a Monte Carlo
molecular dynamics (MD) system can be determined only by a procedure
Is to calorimetry, i.e., by establishing a reversible path between the
f interest and some reference system of known free energy. “Computer
try” has a considerable advantage over laboratory calorimetry in that the
» system may differ from the system of interest not only in its thermo-
state variables but also in its Hamiltonian, thereby making possible a
ider variety of reference systems and reversible paths. Often the path
an analytically tractable reference system and the system of ultimate
interest will include one or more intermediate systems. These may be
1g in their own right (e.g., the hard sphere fluid), or they may be special
important only as calorimetric stepping stones, whose Hamiltonians
artificial terms designed to stabilize the system against phase transitions
iduce favorable importance weighting [6, 7], or otherwise enhance the
efficiency as a computational tool [8-10].
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WE KNOW HOW TO OPTIMIZE NONEQUILIBRIUM PROTOCOLS!

The measures how rapidly the gii(A) = <5'1ﬂ m(x; A) Olnm(x; A) >
equilibrium distribution changes as control parameters are twiddled. Y OA; OA; Y
The measures how much the distribution T N 1/2

has changes from one value of control parameters to another. L= / dt ()\ g )\)

(Can also integrate effects of correlation time) 0

Optimal protocols are geodesics in thermodynamic metric space;

. . Af) > NL( G, \p)?

they equalize thermodynamic length between measurements. var(Af) = ( b)
. . . . ~1

The efficiency of a transformation is related to how much effort is o van (Af)

needed to achieve a given target variance €. For the same amount of Var2_1 (Af)

computer effort, we can estimate it via a ratio of variances:

free energy metric tensor cumulative thermodynamic lengtr

|

| | optimized paths canyield

| | | orders of magnitude

| L | { reduction in variance!
) | A | ) |

Crooks, PRL 99:100602, 2007; Shenfeld et al. PRE 80:046705, 2009; Sivak and Crooks PRL 108:190602, 2012.
Nilmeier, Crooks, Minh, Chodera PNAS 1008:E1009, 2011




NONEQUILIBRIUM CYCLING CAN EASILY BE RUN IN PARALLEL

= 100
= :
~  50- :
O :
g 0 7] :
0 200 400 600 800 1000F
nonequilibrium switching time "
complex (N = 60) solvent (N = 60)
0.061 Fr(ZW) /A 0.15 - [N\
> | Ny ' | B direction
= A / o \ | . forwar
o / \ : \ \[3J reverse
0.02 / B \ 0.05 - / =\ \
- N / : \
EA N | / . )
// E ) \\ > < el | 3 \
0.00 — : e 0.00 — — — ,

-15.0-12.5-10.0 -7.5 =-5.0 =-2.5 0.0
work / kcal mol~1

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

-10 -9 -8 -7 -6 -5 -4
work / kcal mol~1

----------- 4dnscycles-----------

MD MD
A1 >
A2 Tns )

1
AN | neq R
AN ¥
Tns

Py(W) W —AG
PR(—W)_eXp( ks T )

Crooks fluctuation theorem

AAG =-1.6 = 0.132 kcal/mol

(from Bennett acceptance ratio)

MD




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

Folding@home
@foldingathome

e

Replying to @foldingathome @covid_moonshot and @EnaminelLtd

The first @covid_moonshot sprint was a huge success!
Your GPUs worked through 2,353,512 work units of small
molecules binding to the #COVID19 main protease.
That's nearly 10 milliseconds of simulation time!

Progress on the current Sprint 1 to evaluate a batch of potential drugs Started Sun
Jul 26 06:31:13 UTC 2020

7

8:52 AM - Aug 17, 2020 - TweetDeck

https://reqistry.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

EVEN LARGE TRANSFORMATIONS WERE SUCCESSFUL
IN IDENTIFYING MORE POTENT COMPOUNDS

%mmwmpound

Can we engage S4 from this 5,000-compound virtual synthetic library varying R3 Q\ A/@
O 3
1:0 1 alkylati /uY@\ J\VT@\ Pd catalysed coupling b R, C 1IC50 = 25%»

TRY-UNI-714a760b- 6
Top free energy calculation compounds and experimental affinity measurements: -

EN300 26624333 EN300-365771 EN3OO 316592 EN300 60314 ENSOO 6734624 EN300-20814457 , |
N \ /‘ - i |
8 4 uM ' / 9 6 UM _20uM 23 yM ' > w
?ll \ §
EN3OO 298506 EN300 1086686 EN300-106778 EN300 1723947 EN300-2515954 EN300 6734624 \
EN300 1425849 EN300-1704613 EN300-299518 EN300 124496 EN300-212829 \ﬁ
Y 19uM [y 23uM .‘; ~\ 37 uM ‘

?lg 1@. %‘& > ?> = e~
Q & top &)ﬁb?unds from free energy calculations

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



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 VIRTUAL LIBRARY COMPOUNDS WERE BAD

better

Cumulative N ligands

WwWorse

Sprint 1

o0
|
<

-6 -4 -2 0
Affinity relative to ligand 0 / kcal mol~—!

HANNAH
DOMINIC BRUCE WILLIAM
RUFA MACDONALD  GLASS
TPCB student  postdoc postdoc




HUMAN CHEMISTS NOMINATE BETTER COMPOUNDS,
BUT ARE LIMITED IN THE NUMBER OF DESIGNS THEY CAN EVALUATE

Sprint 1
40 - : Primary amines
| Boronic esters
30 - | EDG-MED
| RAL-THA
20 - ;
10 - :
)
'
0 gl T — a TSP S S S N S .
-10.0 -7.5 -5.0 -2.5 0.0 e M 5.0 75 10.0

_— . : -]
Affinity relative to ligand 0 / kcal mol HANNAH

DOMINIC BRUCE WILLIAM
RUFA MACDONALD  GLASS
TPCB student  postdoc postdoc




WE SET UP A DASHBOARD TO PROVIDE A REAL-TIME LEADERBOARD

Description

COVID Moonshot Sprint 5 for benzopyran-isoquinoline series retrospective based on x11498 (MAT-POS-b3e365b9-1) to optimize substituents in the P1' pocket with
Mpro dimer and neutral Cys145:His41 catalytic dyad

Progress
Distributions
Relative free energy Cumulative distribution
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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

o COVID Moonshot Sprint11 Summary Compounds Microstates Transformations Reliable Transformations Retrospective Transformations Retrospective Compounds

Reliable Transformations ©

Showing 1 through 100 of 100 »p
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(i i (i (i
RUN310 VLA-UCB-50c39ae8-2_1 “ MAT-POS-c2d406ed-1_2 -4.0+0.3 e — T
: 4 E 2 4 sl
)" Cb‘ """
J‘. .....
RUN424 m VLA-UCB-50c39ae8-2_1 m LUO-POS-b5068a05-1_2 % m -3.410.5 N AR TR .
X ;3.?“ ! A = :
Jw B _j:;— e
RUN364 m VLA-UCB-50c39ae8-2_1 m MAT-POS-c2d406ed-2_2 . m -2.5+0.3 T
. 4 £ : 4 (ifr I
o ‘. MBI 5
RUN320 m VLA-UCB-50¢392ae8-2_1 m MAT-POS-c2d406ed-1_1 % m -2.5+0.2 e
f ~\ / ‘f L -
:% 0.
I o L ;
RUN227 VLA-UCB-50c39ae8-2_T1 - VLA-UNK-f702bf1¢c-5_1 2 -2.3+0.2 W
! 3 4 R Y - ]
{ 4:{4 m
. O e .
RUN181 m VLA-UCB-50c39ae8-2_1 m VLA-UNK-f702bf1c-6_1 m -22+0.1 s T
4 . 4

O

S



POTENT HUMAN CHEMIST DESIGNS SOMETIMES
UNEXPECTEDLY FLOAT TO THE TOP

7 BEN-BAS-c2bc0d80-6 < clccc2ce(c1)ence2N3C(=0)CC4(C3=0)CCOc5c4cc(cc5)Cl

—~—

A

x

o o

RUN1014  MAT-POS-b3e365b9-1_1 «f 5 ‘ <df ‘ ‘ il ‘ BEN-BAS-c2bc0d80-6_1 QD ‘ it | | b ‘ -6.2+0.2

IC50 (uM) -
Image Molecule IC50 Curves Fluorescence ™

BEN-BAS-c2bc0d80-6 0.49

0=C1CC2(CCOc3cccl

Check Availability
on Manifold

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

IT WAS SURPRISING HOW WELL POSES COULD BE PREDICTED
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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
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RAPID CYCLES OF PREDICTION AND POSTMORTEM GENERATES

ACTIONABLE INSIGHTS AT AN INCREDIBLE PACE

~ COVID Moonshot Sprint 10  Summary Compounds Microstates Transformations Reliable Transformations Retrospective Transformations

Retrospective Transformations @

(N = 48)
RMSE:  1.48 [95%: 1.10, 1.84]
MUE: 1.09 [95%: 0.84, 1.41]

Well-predicted transformations

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

Calculated AA G / kcal mol~1

25 00 25
Experimental AA G / kcal mol~1

Showing 1 through 48 of 48
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SUCCESSIVE ROUNDS OF MEDICINAL CHEMISTRY PRODUCED
POTENT MPRO INHIBITORS WITH ANTIVIRAL ACTIVITY

NH
N~ NH NH /] o\\l/o u o\\/,o
ﬁ NH él &I 7y ’S\ — //l -S
(o) — (o S —— o~ ™ NH — 0 N (o S N CN
0 o)
Cl

P2 : ; °'
Cl Cl
TRY-UNI-714a760b-6 ADA-UCB-6c2cb422-1 MAT-POS-b3e365b9-1 MAT-POS-3cch8ef6-1 MAT-POS-e194df51-1 MAT-POS-e194df51-1
|C50(Mpro)/uM 25 0.73 0.21 0.28 0.141 0.037
EC50(SARS-CoV-2, A549)/uM n.d. 4.5 7.0 1.9 1.65 0.064
crowdsourced

merged fragment hit



OUR INHIBITORS ARE SMALL, NONCOVALENT,
AND ENGAGE HIGHLY CONSERVED RESIDUES

active-site residue conservation
of pathogenic coronaviruses

betacoronoaviruses

alphacoronoaviruses

~ SARS-CoV-2 Wild-Type

SARS-CoV-2B.1.1.7
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SARS-CoV-2 B.1.617
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HCoV-HKU1

| HCoV-0C43

— HCoV-229E

_ HCoV-NL63
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residue conservation
mapped onto Mpro structure
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THE FIRST COMPOUND TO MEET OUR MEDICINAL CHEMISTRY TARGET
PRODUCT PROFILE HAS ACHIEVABLE HUMAN DOSE PREDICTIONS

Antiviral efficacy

Mpro IC50 /uM
A549 |IC50 /uM

In vitro ADME

LogD [measured]
MDCK-LE FA (%)

Rat
Liver microsomes Cl ul/min/kg 604
Liver microsomes t 2 (min) 2.4
Heps Cl ul/min/kg 67.6
Heps t 2 (min) 10.3
PPB free fraction (%) 5.4
Safety / Drug-drug interactions
Cyp450 (uM) 2C9/2D6/3A4
PXR risk
Herg (uM)
In vivo pharmacokinetics
Rat IV Vd (I/kg) 1.05
Rat IV CL 34.8
Rat t % IV/PO (h) 0.448 /1.4
Rat Bioavailability (%) 18

NosiXCN
] (5; MAT-POS-e194df51-1

0.037

0.064 human dose projections of 100-350 mg t.i.d.
2.5 o 0
92.9 o an blORX lV

THE PREPRINT SERVER FOR BIOLOGY

Dog Minipig Human
164 542 152

8.5 2.6 9.1
bioRxiv posts many COVID |9-related papers. A reminder: they have not been formally peer-reviewed and should not
61.4 65.9 10.3 guide health-related behavior or be reported in the press as conclusive.

11.3 10.5 67.5
10.1

New Results A Follow this preprint

Open Science Discovery of Oral Non-Covalent SARS-CoV-2 Main Protease
Inhibitor Therapeutics

25/9.4/10.3
Low
>30

https://doi.org/10.1101/2020.10.29.339317

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

We’re actively pursuing multiple backups
in an accelerated preclinical program
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SHIONOGI RECENTLY REPORTED THE DISCOVERY OF ENSITRELVIR,
DISCOVERED WITH THE HELP OF MOONSHOT DATA

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

Shionogi rapidly developed into potent antiviral with extraordinary PK
(1 pill/day; compare with 6 pills/day for Paxlovid with significant DDI risk)

Sep 29: Announced that Phase 2/3 primary endpoint was achieved

Shinogi Ensitrelvir (S-217622)
COVID Moonshot TRY-UNI-714a760b-6
(early lead rapidly compound disclosed online)

(b) 3-aminopyridine-like compound of the Postera COVID moonshot project (PDB: SRH2)

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



https://doi.org/10.1021/acs.jmedchem.2c00117
https://covid.postera.ai/covid/submissions/714a760b-0e02-4b09-8736-f27f854f8c22/6
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https://dndi.org/press-releases/2021/covid-moonshot-funded-by-wellcome-to-rapidly-develop-safe-globally-accessible-affordable-antiviral-pill/
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THE COVID MOONSHOT WENT FROM FRAGMENT SCREEN TO

PRECLINICAL PHASE IN JUST 18 MONTHS, SPENDING LESS THAN $IM
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A white-knuckle ride of open COVID drug discovery
https://www.nature.com/articles/d41586-021-01571-1

Open Science Discovery of Oral Non-Covalent SARS-CoV-2 Main Protease Inhibitor Therapeutics

SARS-CoV-2 Mpro antiviral preclinical candidate in a structure-based drug discovery program.
https://doi.org/10.1101/2020.10.29.339317
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First compound with
sub nM antiviral
activity and
acceptable rodent
PK

Wellcome Trust/
ACTA announces
$11m funding to The

COVID Moonshot for
IND-enabling studies


https://www.nature.com/articles/d41586-021-01571-1
https://doi.org/10.1101/2020.10.29.339317

WE’RE AIMING TO BRING AN ANTIVIRAL STRAIGHT
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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



THE ONLY REASON WE DIDN’T HAVE ANTIVIRALS FOR

Comment

SARS-COV-2 WAS DUE TO MARKET FAILURE

A white-knuckleride of

open COVID drug discovery

Frank von Delft, John Chodera, Ed Griffen, Alpha Lee, Nir London, Tatiana Matviuk,
Ben Perry, Matt Robinson, Mark Calmiano & Annette von Delft

Inearly 2020, aspontaneous
global collaboration came
together todesign anew,
urgent antiviral treatment.
Thereare lessons in what
happened next.

carlylSmonthsago,alarge, fast-moving
and unscheduled experiment began:
probing a key protein of the corona-
virus SARS-CoV-2 to find chemical
starting points fordrugdiscovery. The
end pointwastodevelop pills that people could
take to treat COVID-19 and related diseases.
This experiment pulled together a sponta-
neous, open, global, Twitter-fuelled collabora-
tion called the COVID Moonshot. Urgency and
a commitment to working openly recruited
more than 150 active participants, spanninga
huge range of expertise and technology across
academia, biotechnology, pharmaceuticals and
more, all working without claiming intellectual
property. Opendrug-discovery effortsareinvar-
iably super slow — ours hasbeenanexpresstrain
ontracks we have laid downaswe go. Itisaway
of working that none of us realized was possible.
The intention for the original experiment
was simply to help jump-start large drug-dis-
covery initiatives that could draw directlyon
ourdata. In those first weeks, before the pan-
demic had taken hold in the United Kingdom
or Israel (where the experiment started), we
expected that some international effort was
already in the works for countries and com-
panies to collaborate on finding COVID-19
treatments, as was happening with vaccines.
Disappointingly, fromthe start of the COVID-
19 fight, international funders decided to sup-
port only the development of repurposed
small-molecule drugs and monoclonal anti-
bodies todeliver treatments quickly, neglecting
other approaches. The world seemed to give
up on new antivirals before they even started,
agreeing onaself-fulfilling prophesy that such
drugswouldtake yearsto develop. Fewseemed
willing to contemplate suchatimescale for this
pandemic. Our first grant proposal wasrejected,
sowe hadto find a different way to presson.
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Amazing virtual collaborations sprang
up around the pandemic in many fields:
bioinformaticians and phylogeneticists
worked out ways to track new variants.
Epidemiologists and computer modellers
ran simulations. The World Health Organiza-
tion activated anetwork of experts to vet new
publicationsand preprints. Military personnel
transported medical equipmentand vaccines,
and set up community testing centres.

Our COVIDMoonshot is different. Rather than
engaging with patients while using personal
protective equipment, we work in chemistry
hoodsand with spectrometers, X-rays, computer
models and courier companies. It'sdrivenbya
conviction that conventional wisdomis wrong
about denovo drug discovery beingajob only
for big pharma and peripheral to a fast-mov-
ing global outbreak: the pandemicisstill here,
and antiviral drugs against COVID-19 are not.

The screens

Drug-discovery efforts generally require a
target, suchasaproteinthathasanimportant
role in disease. Promising drug compounds
bind to the protein, affect its function and
act safely in the body. Diamond Light Source
near Oxford is the UK national synchrotron
— a particle accelerator essential for modern
X-ray crystallography, the go-to technique for
determining 3D structures of proteins. There,
one of us(F.v.D.) leads the XChem facility that
uses the technique to screen for very small
compoundscalled fragments thatbind todrug
targets. Although these fragment hits" bind
weakly and the throughput is low compared
with other techniques (screening fewer than
1,000 compounds per experiment), the 3D
structures show exactly how each fragment
binds. This provides powerful clues about how
to create bigger, more potent molecules.

By late January 2020, scientists in China had
solved the first 3D crystal structures of the
SARS-CoV-2 main protease (M), an essential
viral enzyme, and made them public. With their
guidance, a group at Diamond led by Martin
Walsh generated new, high-quality crystals by
mid-February — lightning fast for such work.
The group also shipped M protein to the
Weizmann Institute of Science in Rehovot,
Israel, where N.L s group uses mass spectrom-
etrytoquickly identify covalent fragments that
attach to proteinsirreversibly. Thisis another

way to find useful starting points for drugs.
Racing to exploit the two weeks befor
scheduled shutdown of the synchrotron
6 March last year, more thana dozen scientit
from the Walsh, F.v.D. and N.L. groups dropp
everything tocomplete an XChem experime
four times the normal size'. All the data we
analysed within one month, and as soon
we had the first batch of results, we post
downloadable data and a short write-up
the Diamond web page, thentweeted theli
on7 March (see go.nature.com/3vjuSvb).

The tweets

The response surprised us: almost 1,0(
retweetsinaweek, and diverse offers for he
A.L.and M.R., two co-founders of the US-1
technology firm PostEra, gotintouchtos
that theirmachine-learning technology cou
propose synthetic routes to make new mo
cules inspired by the fragment hits. But fil
weneeded drug-like molecules to be designe
andN.L.realized whomwe could ask: medicii
chemists newly under lockdown restriction
but full of expertise and desperate to help.

The next step was a tweet to crowdsour
ideas for such molecules, declaring that
would make and test the bestones. Aweb pa
built by M.R. and histeam in 48 hours enabl
participants to submit machine-readable su
gestions for compounds. The site made cle
that contributions would have no strin
attached, nointellectual propertyand norerr
neration. We expected a few hundred subm
sionsatmost — intwoweeks, we hadmoreth
4,000, and had towork out how to test then

The experiments

FromMarchto May last year, wewercon Zoc
calls almost daily, lining up collaborators, log
tics, expertise, funding, institutional suppc¢
and permissions. All around us, the world w
shutting down. We were trying to work o
howto keep ourselves, our colleaguesand o
families sane, and our laboratories open.
We tapped an inexhaustible wellspring
goodwill. At the Ukrainian company Enamir
T.M. convinced management to comn
to doing synthesis at cost, and to hand
compound logistics. Its 650 chemists ma
moleculesto orderand havearenowned coll
tion of building blocks for quick synthesis.
ecarly May, new compounds were being shipp

Crystal structure of a COVID Moonshot advanced compound (turquoise) in the active site of
the SARS-CoV-2 main protease. The molecular surface colours show electrostatic charge.

weekly from Enamine to organizationsin four
countries, and that work continues. Two other
contractresearch organizations, WuXiin China
and Sai Life Sciences in India, pitched in with
offers of chemists and discounts.

Chris Schofield and his teamat the University
of Oxford, UK, together with Haim Barr and his
colleagues at the Weizmann Institute, devel-
oped distinct biochemical assays that were key
to cross-validating how well molecules inhib-
ited the working M™ enzyme. At the same time,
forallcompounds, the 3D mode of binding was
assessed at Diamond incrystalstructures. Half
adozen graduate students and postdocs sus-
pended their own projects to coordinate, run
and evaluate these assays, week after week. The
work hasn’t stopped since.

By mid-April 2020, avolunteer troop of indus-
try-based medicinal chemists, chaired by EG.,
were holding weekly meetings to scrutinize
submissions, review results, discuss strategies,
design molecules and coordinate with synthetic
chemists at Enamine. This work continues, too.

Computational chemists assembled their
ownteam through their ownnetwork, thenmet
weekly towork out algorithms to rank submis-
sions. ).C. developed new waystouse Folding@
home, the world'slargest crowdsourced super-
computer, which wasalready being used togen-
erate models of viral proteins. It crunched ‘free
energy’ calculations to predict the bestbinders
forupto10,000 compounds aweek:100 times
more than had been attempted before.

Pharmaceutical companies develop elabo-
rate information systems to track, store and
analyse compounds and their associated data;
our global efforturgently needed this, too. The
informatics web platform CDD Vault donated
us cloud space inits infrastructure just hours
after a phone call, also arranging training and
support. Many other vendors provided licences
for free, and XChem's platform for sharing 3D
data, the Fragalysis cloud, had fortunately just
beenreleased. M.R. builtaback-end systemthat
sentalldatalive on GitHub, whichismore often
used as arepository for programming code.

As the pandemic unfolded, on some calls,
you could hear the ambulance sirens fromhalfa
world away. The first agendaitem of every meet-
ing was a list of participants’ latest constraints
— lockdowns, lab closures and home-school-
ing. Childrenmade regular Zoomappearances,
andatleast two of us came down with COVID-19
ourselves. People pulled their weight not for
gloryor reward, but because there wasajob that
needed doing, and it wasone that they could do.

To cells and live virus

By June 2020, the Zoom-based collaboration
had identified sets of molecules that clearly
inhibited a crucial viral protein. The nextstep
was to testantiviral activity inliving cells. These
arecomplex experiments, requiring level-three
biosafety labs certified for airborne pathogens.

A.v.D., atranslational clinician, coordinated
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a shifting coalition of groups. One virologist
friend and colleague lived a 10-minute walk
away, and they planned experiments on lock-
down evening strolls. Other virology groups
responded to our tweet for help, and offered
avariety of assays. Compounds were shipped,
early results trickled inand some compounds
unambiguously stalled the virus. These initial
successes were crucial, both scientifically and
formorale.

Researchers at the Israel Institute for Bio-
logical Research near Rehovot agreed torun
a single test plate once we had molecules
that were sufficiently potent. When that test
showedsigns of drug-like activity, they worked
out how to conduct regular measurements,
filling acrucial gap in our testing cascade.

By September, we had reached a milestone
withachemical series thatinstilled confidence:
thecompoundsinhibited enzymes at submicro-
molar concentrations, and blocked viral activity
atsingle-digit micromolar concentrations.

Theslog

Since then, for the past nine months, the pro-
jecthas entered familiar territory in medicinal
chemistry: we have been tweaking and testing
compound designs, and optimizing early lead
molecules so that they behave like drugs —
entering the blood and staying there without
being toxic. Potency against the M™ enzyme
hasimproved 100-fold, as has antiviral activity,
and we are honing compounds’ solubility and
rate of metabolism by the liver.

Above all, we can start predicting that these
molecules will be straightforward to synthe-
size and will work as pills that are suitable for
vaccine-hesitant or immunocompromised
individuals, health-care workersand othersin
risky situations who could take them prophy-
lactically. Furthermore, we expect themtowork
against vaccine-resistant variants: whereasvac-
cines target the spike proteinonthe virus cap-
sule, our compounds target a conserved part
of the virus machinery that works inside cells.

We've also had to deal with rejected grant
proposals to advance antiviral drugs. Still, as
vaccines have showed their dramatic successes,
further variants have arrived and funders have
begun calling urgently for antivirals and look-
ing at how projects might be accelerated. In
April this year, 16 months after the outbreak
of SARS-CoV-2 in Wuhan, China, the United
Kingdom finally launched a task force focus-
ing on antivirals®.

Pfizer's March announcement of early clini-
caltrials for its antiviral pillis confirmationthat
anaccelerated approach canwork, and thatwe
should persevere. Our molecules also inhibit
proteins of the coronavirus that causes severe
acuterespiratory syndrome (SARS; see ‘Missed
opportunity’): had drug discovery persevered
during the SARS epidemic in 2003, antiviral
drugs would have been available when this
pandemic hit. Above all, it has become much

MISSED OPPORTUNITY

Had direct-acting antivirals been developed for SARS,
they would have worked for COVID-19.
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clearer how anantiviral would be most effective:
the treatment must be readily available to every-
body, longbefore they are hospitalized. Accord-
ingly, we havebeenabletodevelopaclearplan
for howto proceed, and theresourcesrequired.

We are approaching the capital-intensive,
highly regulated phases of animal studies,
producing kilograms of substance for clinical
trials and, beyond that, worldwide manufacture
and distribution of billions of pills. Our initial
goal of delivering a drug straight from the dis-
covery pipeline, free from patentsandavailable
for anyone to manufacture, cannot offer inves-

“People pulled their weight
not for glory orreward, but
because there wasajob that
neededdoing.”

torsany conventional returnoninvestment. Yet
COVID-19is not conventional, and vaccines have
elevated the normally arcane question of intel-
lectual property intoa major political concern.
Perhaps the COVID Moonshot can also shape
how open drug discovery reaches patients.

Themoral

So, what has made our approach work? Presum-
ably, the fact that the mission was clear, evenif
distant, and the ethos was unambiguous and
clearly signposted™. Initially, afewof us, fuelled
by theurgency of the moment, acted onacon-
viction that our various combined technologies
would accelerate drug discovery. We weresoon
joined by many people who did the hard work
because they feltit was the right thing to do.
Alsocrucial was the existing large ecosystem
of expertiseand biopharma supply chains, cou-
pled withnew capabilities driven by long-term
strategic investments in national infrastructure
andresearchinstitutes. Tools for online collab-
oration have reached acritical mass, both gen-
eral ones (such as Zoom or Google Docs) and

those specific to drug discovery (in our case,
CDD Vault). Serendipitously, for the segments
of our project that had the most collaborators
—suchassubmitting ideas for molecules —the
requested contributions broke into discrete,
doable tasks that easily accommodated each
contributor’s availability and know-how.

The project self-selected a team of reflex-
ively collaborative people, with no big egos.
Sofar, we haveavoided bureaucracy —noone
claimstobe the head of the COVID Moonshot.
Weretained momentumwith collective trust,
combined with sufficiently diverse expertise
and perspectives, whichallowed ustorapidly
reach and implement strategic decisions.
Reassuringly, people seemed to leave the col-
laboration only once their part of the project
had been completed.

Perhaps the most surprising asset was that
we did not have time to plan much atall = if
we had, we'd have been paralysed. It seems
you just have to get started and set dead-
lines for when to move on. Even now, we are
astonished at how quickly this infrastructure
self-assembled, just by scientists unabashedly
asking for help from colleagues, distant con-
nections or vendors. With so clear agoal, so
obvious a need and the complete absence of
contracts, peopleacross the world stepped up.
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THE ONLY REASON WE DIDN’T HAVE ANTIVIRALS FOR
SARS-COV-2 WAS DUE TO MARKET FAILURE

MISSED OPPORTUNITY

Had direct-acting antivirals been developed for SARS,
they would have worked for COVID-19.
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Our compounds are equipotent against SARS-CoV-1.
There’s no reason we couldn’t have done this in 2004 after the 2003 SARS pandemic.



America And The TRIPS Waiver: You Can
Talk The Talk, But Will You Walk The Walk?

Vineeta Gupta, Sreenath Namboodiri

JULY 13, 2021 10.1377/hblog20210712.248782
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As nations grapple with the issues surrounding global COVID-19 vaccine manufacturing and
distribution, the Trade-Related Aspects of Intellectual Property Rights (TRIPS) Agreement has
found itself in mainstream conversation in the US more than ever before. A difficult concept to
fully grasp, TRIPS refers to a World Trade Organization (WTO)-led international agreement
about the protection of intellectual property rights and trade.

In October 2020, the governments of India and South Africa, with the support of 62 WTO
member states, proposed a TRIPS Agreement waiver proposal that would temporarily waive
intellectual property rights protections for technologies needed to prevent, contain, or treat
COVID-19, including vaccines and vaccine-related technologies. More than 100 low-income
countries support this proposal, but it is receiving much opposition from many high-income
countries, including some European Union (EU) member states, the UK, Japan, Canada, and
Australia. On May 5, 2021, the Biden administration announced support for negotiating this
waiver, intensifying debate in the US and the EU—but so far the US has not gone further than its
announcement of support.

The TRIPS waiver is critical to combating the COVID-19 pandemic around the world. Demand
for the vaccine has already surpassed supply, with high-income countries taking a large share
of reserved doses. Given that no single vaccine manufacturer could produce enough vaccines
to meet the demand of the entire globe, supporters of the waiver ponder the ethics of
multinational manufacturers holding exclusive rights to information and technology, preventing
other companies from entering the markets that are not being served—primarily in low- and
middle-income countries. Sharing vaccine-related information will not only help get the
pandemic in check now, but it could also encourage firms to develop the next round of
vaccines that will be necessary to address new variants.

The TRIPS waiver is critical to ensuring an equitable distribution of vaccines around the globe.
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GLOBAL, EQUITABLE ACCESS IS A ENORMOUS PROBLEM

TRIPS patent waiver requests from India and 100 low-
iIncome countries to expand vaccine production have been
pending since October 2020, and nothing has happened

Meanwnhile....
Forbes

EDITORS' PICK | Jul 28, 2021, 01:48pm EDT | 40,69¢

Plizer Expects $33.5 Billion In
Vaccine Revenue In 2021

Moderna, Racing for Profits, Keeps Covid
Vaccine Out of Reach of Poor

Some poorer countries are paying more and waiting longer for
the company’s vaccine than the wealthy — if they have access at

all.

Moderna and U.S. at Odds Over Vaccine
Patent Rights

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/?7sh=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
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THIS PROBLEM WILL NOT GO AWAY.
CLIMATE CHANGE IS CREATING THE “PANDEMICENE”

Climate change

Heating and stirring
the global viral soup

Rachel E. Baker & C. Jessica E. Metcalf

Simulations show that rising global temperatures and changes
in land use will drive new encounters between mammalian
species. This could lead to an increase in virus-sharing events
that might threaten both wildlife and humans. See p.555 2

"%
2 0.7
N 2 06
- 35
C 05
O
5 0.4 1
a 0.2
O
o OJ
0 0.2 04 06 08 1.0 ”
Viral sharing
: ' _ _ _ Fig.4|Novel viralsharing events coincide with human population centres. hotspots of cross-species viral transmission in wildlife. Both variables were
htt S //WWW natu reCOm/arthle_S/S41 5& 022 0478_8 W In2070 (SSP 1-RCP 2.6; climate only), human population centresin equatorial linearlyrescaledtoOtol. Theresults wereaveraged across nine GCMs.

httDS -/[/www.natu re. com/articles/d41 586-022-0 1474-9 Africa, south China, Indiaand southeast Asia will overlap with projected



https://www.nature.com/articles/s41586-022-04788-w
https://www.nature.com/articles/d41586-022-01474-9

BY 2050, ANTIMICROBIAL RESISTANCE WILL
KILL 10 MILLION PEOPLE EACH YEAR

AMR in 2050
10 million

Tetanus
60,000

Road traffic

accidents Cancer
1.2 million 8.2 million
AMR now
700,000
(low estimate)
Measles Cholera
130,000 100,000
120,000
Diarrhoeal ‘
disease Diabetes
1.4 million 1.5 million Projected deaths

https://amr-review.org/Publications.html
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Opinion

Why we are developing a
patent-free Covid
antiviral therapy

OPINION: During global health crises such as pandemics, drug discovery
should be publicly funded and open, with no research secrets locked away

By Alpha Lee and John Chodera | By Frank von Dellt | 09.27.2021
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he rapid development of vaccines against Covid-g is a scientific triumph.
But the recipes for making these vaccines are the exclusive intellectual

property of pharmaceurical companies, which means countries cannor

manufacture an approved vaccine themselves, thus limiting distribution

worldwide. For this and other reasons — such as problems with medical

infrastrucrure and a lack of rrained workers to administer the vaccine — maost

poor countries won't be widely vaccinated until at least 2024.

Much of the process of discovering a new drug or vaccine
— as researchers hunt for new candidates, and companies
develop those into safe, effective products — is typically
conducted behind closed doors, Even once a product is

approved, patent protections prevent other

manufacturers from making and selling it. Evenrually,

patents expire; but some aspects of the lifesaving science Mote from Reset — An ongoing seres
behind the development of those patented products — L v S
coronavirus pandemic. its consequences

. . ' - .
5 < > >
such as \Vhl(‘l\ candidares don't wnrl\ often remain and the way forward.

[orever locked up in corporate silos, hindering research

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

that may prevent future pandemics.


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

HOW CAN WE PREVENT FUTURE PANDEMICS?

What's the best way to win a race?

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

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



HOW CAN WE PREVENT FUTURE PANDEMICS?
What's the best way to win a race?

A Pill to Treat Covid-19? The U.S. Is
Betting on It.

1 . Ru n fa St. D eve | '®) p a tec A new $3.2 billion program will support the development of

3l antivirals that can rapidly
antiviral pills, which could start arriving by the end of this year.
progress fragments to pre

1 physical modeling

2. Start close to the finish

an arsenal of low-cost clinic-
ready drug candidates ag

Dr. Anthony Fauci announced on Thursday that the White House was investing over $3 billion to

advance the development of antiviral pills to treat Covid-19 as well as future virus outbreaks.
Agence France-Presse — Getty Images

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



Consortium formed to discover
antivirals for COVID-19 receives NIH
funding to develop globally

accessible treatments for pandemics

A consortium led by international scientists from the non-profit, open-science COVID
Moonshot [Z has been awarded an initial $68,662,387 from the US National Institutes
of Health (NIH] to discover and develop globally accessible and affordable novel oral
antivirals to combat COVID-19 and future pandemics.

'If we had clinic-ready antivirals suitable for SARS-CoV-2 when the pandemic struck
in late 2019, we could have perhaps saved millions of lives,” said Dr Ben Perry,
Discovery Open Innovation Leader at the Drugs for Neglected Diseases initiative
[DND/), and a founder of the COVID Moonshot. ' The world needs a diverse stockpile
of novel antiviral compounds that can be quickly advanced for the current pandemic
and when the next pandemic strikes, and it is essential that these be affordable and
equitably accessible to everyone.’

The consortium has created the artificial intelligence (Al)-driven Structure-enabled
Antiviral Platform (ASAP), which will use cutting-edge technology, encompassing
advanced structural biology, Al, machine learning, and computational chemistry on
Folding(dhome, the world’s largest distributed computing platform, to build a robust
antiviral discovery pipeline.

DND/1s one of the three institutions leading the consortium, along with Al-driven

biotech PostEra and the Memorial Sloan Kettering Cancer Center. ASAP partners
include the Diamond Light Source (UK); PostEra (USAJ; the Memorial Sloan

7 AT B - Sl o e N = ocomeares FTTEENR Y Rl i VR =B sme s e s Pain cagi®ipiecaegnoe o AR i e = oo oo oo Y

18 May 2022
d for initial 3 years

DND:

Drugs for Neglected Diseases initiative

The ultimate objective of the project is to deliver multiple drug candidates ready for
evaluation in humans in the event of an ongoing or emerging pandemic threat. The
project will maximize the use of an open science model that prioritizes global,
equitable, and affordable access.

ASAP is built on the successes of the COVID Moonshot [, a global, open-science
collaboration that began in March 2020 and rapidly identified potent antivirals
targeting the main protease of the SARS-CoV-2 virus, which are currently
undergoing a preclinical development program funded by the Wellcome/COVID-19
Therapeutics Accelerator. The open science data publicly shared by Moonshot
additionally enabled the identification of another promising COVID-19 drug @
developed by the Japanese pharmaceutical company Shionogi that is now in late-
stage clinical trials.

‘The rapid progress of Moonshot demonstrates the power of Al-driven drug design,’
said Dr Alpha Lee, Chief Scientific Officer of PostEra and a founder of the COVID
Moonshot. "Our algorithms generate molecules with optimized properties that can
quickly be made and tested in the lab and help us select the most important
experiments. ASAP will take this to the next level.” Dr Lee is one of the leaders of
ASAP.

ASAP will target viral families that have been historically neglected by the market,



WE AIM TO TEST AUTONOMOUS DISCOVERY METHODS IN THE

AI-DRIVEN STRUCTURE-ENABLED ANTIVIRAL PLATFORM (ASAP)

coronaviruses

flaviviruses

OPEN SCIENCE
OUTPUT BY
YEAR5:

$68M awarded for initial 3 years

Open science drug discovery for global equitable and affordable access

Project Coordi/ator

up to S110M over 5 years

Warm start targets: PLpro nsp3-Mac1 N-protein Mpro
nsp13 nsp14 nsp16 ns2b/3
PROJECT 1 PROJECT 2 PROJECT 3 PROJECT S5 PROJECT 6
Fragment-to-lead
and target
Antiviral targeting validation Preclinical
Target Lead
to suppress drug enablement ot development and
resistance PROJECT 4 translation
Covalent targeting
strategies
D A D S DSBA D SBA D A
NV NV NV NV NV
resistance-robust 10 target-enabling 9 early lead packages with 6 lead optimization 3 INDs
targets packages (TEPs) broad antiviral activity campaigns with public preclinical data
(data disclosed in real time) (data disclosed in real time) (data disclosed in real time) packages
P1: Karla Kirkegaard (Stanford) P2: Frank von Delft (Diamond Light Source)  P3: Alpha Lee (PostEra) P4: Nir London (Weizmann) P5: Ed Griffen (Medchemica) P6: Ben Perry (DNDi)
Matt Bogyo (Stanford) Martin Walsh (Diamond Light Source) John Chodera (MSKCCQ) Matt Bogyo (Stanford) Ben Perry (DNDi) Laurent Fraisse (DNDi)
Jesse Bloom (Fred Hutch) Oxford CMD SRF [service facility] Frank von Delft (Diamond) Alpha Lee (PostEra) Annette von Delft (Medchemica)
Ed Griffen (Medchemica) John Chodera (MSKCC) %
y Nir Lc?ndon (Weizmann) MedChemica DN DZ
dlamond Karla Kirkegaard (Stanford) FEATNG A SEF CHANGE N HEDKIAL CHEMSTR
Martin Walsh (Diamond)
PostEra
D S B A
ADMINISTRATIVE
CORE
John Chodera (MSKCC) Alpha Lee (PostEra) Frank von Delft (Diamond Light Source) Nir London (Weizmann) Kris White (Mount Sinai)
Ben Perry (DNDi) Pls Matthew Robinson (PostEra) Daren Fearon (Diamond Light Source) Haim Barr (Weizmann) Adolfo Garcia-Sastre (Mount Sinai)
Alpha Lee (PostEra) Frank von Delft (Diamond) Martin Walsh (Diamond Light Source) Randy Albrecht (Mount Sinai)
Administrative Director John Chodera (MSKCC) Johan Neyts (Leuven) [service facility]

http://asapdiscovery.org
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ASAP WILL ENABLE IS TO REFINE OUR METHODS WITH AN
UNPRECEDENTED DEGREE OF PROSPECTIVE EXPERIMENTAL DATA

SYNTHESIS -\ We will spend over $12M on chemistry on

RS A PMET compound designs our methods select

This provides an unprecedented opportunity to
build better predictive models while producing

=Y ANTIVIRAL useful antivirals against future pandemics
POTENCY &
RESISTANCE
(SCREENING)
The infrastructure we build for accelerated
- discovery can be directly applied to cancer

First S68M awarded for first 3 years / up to $S110M over 5 years http://asapdiscovery.org
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WE ARE DRIVING THE DEVELOPMENT OF A NEW GENERATION OF
HYBRID PHYSICAL 7/ MACHINE LEARNING MODELS

» Fast, structure-based machine learning surrogates assess designs over

vast synthetic chemical spaces prioritize useful calculations

» Adaptive allocation of effort to alchemical free energy calculations

guided by machine learning cost predictions

» Machine learned optimal alchemical transformations produce faster

estimates of free energy differences more cheaply

» Learnable machine learning potentials fit to experimental free energy

and quantum chemical data produce higher accuracy predictions

Chemical Science 2022 https://doi.org/10.1039/D25C02739A
bioRxiv https://www.biorxiv.org/content/10.1101/2021.08.24.457513v2



https://doi.org/10.1039/D2SC02739A
https://www.biorxiv.org/content/10.1101/2021.08.24.457513v2

FORCE FIELDS HAVE TRADITIONALLY BEEN
HEROIC PRODUCTS OF HUMAN EFFORT

experimental data
quantum chemistry
keen chemical intuition

lp
\ heroic effort by graduate
. students and postdocs

a parameter set we
desperately hope someone
actually uses



FORCE FIELDS HAVE TRADITIONALLY BEEN
HEROIC PRODUCTS OF HUMAN EFFORT

proteins
post-translational modifications

water
ions

small molecules

nucleic acids

carbohydrates

Amber20 recommendations
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Lennard-Jones Parameters for +2 Metal Cations in Explicit Solvent. J. Chem. Theory Comput., 2013, 9,
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FORCE FIELDS HAVE TRADITIONALLY BEEN
HEROIC PRODUCTS OF HUMAN EFFORT

Amber20 recommendations

proteins

Quickly adds up to >100 human-years ==

., 2004, /120,

; Intended to/be compatible, but not co-parameterized pis

Significant effort is required to extend to new areas ., 2013,
(e.g. covalent inhibitors, bio-inspired polymers, etc.)
<. Cheatham.

Nobody is going to want to refit this based on some new data e, 214,

sment of the

'rs. Biophys.

iement of the
;é‘" H b ° h ° b I ° h d 7 f Glycosidic
ow can we bring this problem into the modern era:
i:; I simulations
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Woods. GLYCAMO6: A generalizable biomolecular force field. Carbohydrates. J. Comput. Chem., 2008,
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HYBRID PHYSICAL / MACHINE LEARNING MODELS ARE DATA-
EFFICIENT AND CAN GENERALIZE BROADLY

Stage 1: graph net continuous atom embedding

use of only chemical graph i / <Z!» g 5 1 A
means that model can generate — S : abstractioﬁ;\;’/:\"“F’;“"ﬁ,\TSGN(‘;fDNr\) \‘l", \l‘ N
parameters for small molecules, /l\ | N/> - /\ Y O . Ny
proteins, nucleic acids, covalent i T L. | 1
ligands, carbohydrates, etc. b =

chemical graph topology graph atom embeddings
Stage 2: symmetry-preserving pooling ey | pooling

/" //
I ——

PR L
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@ e L . | % S
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torsion embeddings  angle embeddings bond embeddings

Stage 3: neural parametrization

/\“ {Kn, n=1,2,...} {Ke, Bo} {K+, ro} {0, €}
Xyz \ torsion parameters angle parameters bond parameters atom parameters
N - b ' =

OFr

\’

geometry > energy — forces, trajectories, physical properties, ...

YUANQING
JOSHFASS  WANG

@\

X 1 c _ preprint: https://arxiv.org/abs/2010.01196
(™ M A code: https://github.com/choderalab/espaloma



https://arxiv.org/abs/2010.01196
https://github.com/choderalab/espaloma

ESPALOMA MAKES LEARNING NEW PHYSICAL MODELS EASY

espaloma architecture

Stage 1: graph net continuous atom embedding

()
/
\» N - < U
I » \.abstraction
' I 7=
O— N . i:vl

chemical graph

Stage 2: symmetry-preserving pooling
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torsion embeddings

Stage 3: neural parametrization
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angle embeddings bond embeddings
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> energy — forces, trajectories, physical properties, ...

(implemented in pytorch)

http://github.com/choderalab/espaloma

YUANQING WANG

building a new force field

import torch, dgl, espaloma as esp

# retrieve OpenFF Gen2 Optimization Dataset
dataset = esp.data.dataset.GraphDataset.load("gen2") .view(batch_size=128)

# define Espaloma stage I: graph -> atom latent representation

representation = esp.nn.Sequential (
layer=esp.nn.layers.dgl_legacy.gn("SAGEConv"), # use SAGEConv implementation in DGL
config=[128, "relu", 128, "relu", 128, "relu"], # 3 layers, 128 units, ReLU activation

# define Espaloma stage II and III:
# atom latent representation -> bond, angle, and torsion representation and parameters
readout = esp.nn.readout. janossy.JanossyPooling (

in_features=128, config=[128, "relu", 128, "relu", 128, "relu"],

out_features={ # define modular MM parameters Espaloma will assign

1: {"e": 1, "s": 1}, # atom hardness and electronegativity

2: {"coefficients": 2}, # bond linear combination

3: {"coefficients": 3}, # angle linear combination

4: {"k": 6}, # torsion barrier heights (can be positive or negative)

b

# compose all three Espaloma stages into an end-to-end model

espaloma_model = torch.nn.Sequential (
representation, readout,
esp.mm.geometry.GeometryInGraph (), esp.mm.energy.EnergyInGraph(),
esp.nn.readout.charge_equilibrium.ChargeEquilibrium(),

# define training metric
metrics = [
esp.metrics.GraphMetric (
base_metric=torch.nn.MSELoss (), # use mean-squared error loss
between=["u’, "u_ref"], # between predicted and QM energies
level="g", # compare on graph level
)
esp.metrics.GraphMetric (
base_metric=torch.nn.MSELoss (), # use mean-squared error loss
between=['q’, "g_hat"], # between predicted and reference charges
level="nl", # compare on node level

# fit Espaloma model to training data
results = esp.Train(
ds_tr=dataset, net=espaloma_model, metrics=metrics,
device=torch.device(’cuda:0’), n_epochs=5000,
optimizer=lambda net: torch.optim.Adam(net.parameters(), le-3), # use Adam optimizer

) .run{()

torch.save (espaloma_model, "espaloma_model.pt") # save model

Listing 1. Defining and training a modular Espaloma model.


http://github.com/choderalab/espaloma

ESPALOMA SMALL MOLECULE PARAMETERS PERFORM AS WELL OR
BETTER THAN MODERN BIOMOLECULAR FORCE FIELDS

AGexp/ kcal mol™

1

Tyk2
PDBID: 4GIH 8

preprint: https://arxiv.org/abs/2010.01196
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-10.94
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code: http://github.com/choderalab/espaloma
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AGexp/ kcal mol™
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free energy calculations with http://github.com/choderalab/perses

Calculated A G / kcalmol~?

Amber ff14SB protein
TIP3P water
Absolute binding energies - tyk2
tyk2 (N = 16)
RMSE : ©.91 [95%: 0.66, 1.17]
MUE : 0.72 [95%: 0.47, 1.03]
R2: ©0.48 [95%: 0.09, 0.78]
rho: 0.69 [95%: 0.28, 06.89]
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OpenFF 1.2.0 small molecule

Experimental A G / kcal mol™?!

~1year of effort

espaloma “joint” 0.2.2 small molecule

Amber ff14SB protein
TIP3P water
Absolute binding energies - tyk2
tyk2 (N = 16)
RMSE : 0.47 [95%: 0.30, 0.70]
MUE: 0.31 [95%: 0.22, 0.56]
R2: ©.87 [95%: 0.62, 0.96]
rho: 0.93 [95%: 0.80, 06.98]
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Experimental A G / kcal mol™?!

~1 day of effort
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WE’RE BUILDING NEW HYBRID MACHINE LEARNING /7 PHYSICAL MODELS TO DRIVE THE
DISCOVERY OF MUTANT-SELECTIVE KINASE INHIBITORS FOR CANCER THERAPY

OpenFold-like modeling distinct conformations of apo kinase
of mutant conformations |

L\’;? .:.efuz:'. ‘,‘ | # &‘:.:"- | - Ztr‘
C) [ »

o= i et 7 =iy
PROTEIN DATA BANK

hybrid docking
shape overlay and
physical docking

prioritize conformations,
poses for detailed alchemical
free energy calculations

featurize
chemical/structural features

Integrated infrastructure can
oredict affinity, selectivity,
and impact of mutations

structure-based

deep learning ML t
surrogates

to predict conformation/
pose specific affinity
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OUR ULTIMATE GOAL IS TO DEVELOP TOOLS TO £
ENABLE FULLY AUTONOMOUS DRUG DISCOVERY

MICHAEL
RETCHIN
CBM student
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synthesis predictive moager validation process chemistry functional
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molecules
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understanding modeling information

By moving humans out of the DMTA loop, humans can focus on objectives and strategies
across many targets, rather than just which molecules to make
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goal definition
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Diagram from https://coley.mit.edu/research/
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WHAT MAKES US THINK WE CAN AUTOMATE
DECISIONMAKING IN DRUG DISCOVERY?

RObOtS fail tO Complete Grand | GM Cruise takes first fares for paid driverless taxi in

San Francisco

Challenge

$1 million prize goes unclaimed

By Marsha Walton
CNN
Thursday, May 6, 2004 Posted: 10:44 AM EDT (1444 GMT)

BARSTOW, California (CNN) --

Nobody won. Nobody even came close. Contextual Link #1

Lorem ipsum dolor sit amet consectateur
nonummy lorenzino. Interdum volgus videt,
est ubi peccat...

But that didn't stop organizers of the

DARPA Grand Challenge from www.contextual 1.com
declaring an unusual race across the
Mojave Desert a spirited success. Contextual Link #2

Lorem ipsum dolor sit amet consectateur

https //lwww.cnn.com/2004/TEC H/p’[e_c h/03/1 4/darpa_ race/ https://electrek.co/2022/06/23/gm-cruise-takes-first-fares-for-paid-driverless-taxi-in-san-francisco/
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