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Overview

» Created the first-ever blueprint of how SARS-2 hijacks
human cells using all 30 viral proteins

* Using this map, uncovered key drug classes with high
potential to fight COVID-19

* |dentified an over-the-counter medicine that appears to
promote infection
* Spurring the initiation of several clinical trials

losciences



Emergence of Highly Pathogenic Human
Coronaviruses: Enveloped, positive-sense single-
stranded RNA genome

2002 2012 2019
SARS-CoV MERS-CoV SARS-CoV-2
8000 Cases Worldwide 2500 Cases Worldwide 3,190,743 Cases Worldwide

10% Death Rate 36% Death Rate 227 368 Deaths

4/29/20
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Breakthrough Approach Enables Rapid and Focused Identification
of Agents Directed at Proteins Critical for Disease Progression

Homes In on most relevant therapeutics; enables prediction of other related but seemingly different types of drugs
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Previous Host-Pathogen Protein-Protein Interaction Networks
Time to completion: 2-3 years/map

] , Enteroviruses:
HIV-1 HPV Kaposi Sarcoma’s Herpes Tuberculosis Polio vs Cox-B vs EV-71

CVB: Diep et al., Nature Microbiology, 2019

Jager et al, Nature, 2012 Eckhardt et al., Cancer Discovery, 2018 Davis et al., Molecular Cell, 2015 Penn et al., Molecular Cell, 2018
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12/31/19 Cluster of 41
Patients Reported to

WHO

SARS-CoV-2 Pandemic Project Timeline

1/24/20 Cloning
of 26/29 ORFs
and start of

3/17/20 SF
Shelter in Place
Order—Lab

shutdown except
SARS-CoV-2

3/6/20 Draft Related Research

Host Map

Projects

1/7/20 Virus
|dentified

2/6/20 First
Death in US

3/12/20 First

Drug 3(22/2.0

Candidates DIORXIV

Sent to NY/ Expression

Paris | constructs sent
| to 300

laboratories In
35 countries.
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Targeting host factors a therapeutic strategy

Virus-host o
interaction I,
Protein- network Biochemistry &
protein structural
SARS-CoV-2 interaction analysis
BA analysis | _
vt ﬁ Chemical Infection
W 2% biology experiments

Bioinformatics




Cloning and expression of SARS-CoV-2 proteins

27 baits (26 proteins, 1 mutant)
2xStrep-tagged

SARS-CoV-2 Genome ¢
- Expression in HEK293T cells
Genome position (bp) 5,000 10,000 15,000 20,000 25,000 in biological triplicate
- s Structural proteins [n=4] f —
5 S E M N )
Non-structural proteins [n=16] I I
: Nsp8 ¢
5 Nsp2 Nsp4 Nsp6 | Nsp10 Accessory factors [n=9] o o
I T [T 1T 5 8 oc Affinity purification
Nt Nsp3 Nsp5 N| |;18p|3| N 3a 7alob| 10 2oy S
SPrTER Nsp13  Nspi5 B [EEED | @=>sStrep
[ 7 17T | I ( Bait
Nsp12 Nsp14  Nspi16 3b 70 ®)
16 genes 4 genes 9 genes ¢

Mass spectrometry analysis

v

Total: 29 genes PPI scoring

v

SARS-CoV-2 - Human PPl map



Nation

Shipments

Argentina

Australia
Austria
Brazil
Canada
Chile
China
Ecuador
Finland
France
Germany
Ghana
India
Iraq
Israel
Italy
Japan
Lebanon
Malaysia
Mexico

New Zealand

Norway
Pakistan
Palestine
Peru
Poland
Russia

Saudi Arabia

Serbia
Slovenia
Spain
Sweden

Switzerland

Thailand

1

The Netherlands 5

Turkey
UK
US

10
19
155

total

318

Plasmids to 314 Labs in 38 Countries
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332 SARS-CoV-2-human PPIs include 69 druggable host factors
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The Host Factor List From HEK293T Cells
Show Bias for Lung Expression

d
Gene Ontology and Pfam
26 SARS'_COV'Z enrlchments
proteins o
/‘ ,. Tissue expression
(Protein & mRNA)
/’
Response to r /
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e
332 human
proteins Comparative 9 IS
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Lung

Testis
Fallopian tube
Adrenal gland
Thyroid

Tonsil
Placenta
Duodenum
Salivary gland
Small intestine
Endometrium
Brain

Heart
Prostate
Pancreas
Liver
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Novel aspects of SARS-CoV-2 biology

Orf10 - CUL22YG11B E3 ligase

() Cul2 Complex (ii) SARS-CoV-2 Orf10
PPT1 MGYINVFAFPFTIYSLLLCRMNSRNYIAQVDVVNENLT
ZYG11B
O1vvsB o—helix
(|||) CUL22YG11B Complex
CUL2 Orf10 Qs e b ZVG1B

S potential binding sites

THTPA
®\vaP7D1

.‘2
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Davide Ruggero, Stephen Floor, John Gross, Tanja Kortemme, Andrej Sali, James Fraser



Drug discovery

 Nature and mechanism of drugs

e (osts and success-rate of drug development
 Drug side ettects

e (lassic drug discovery for antiviral declatasvir

 Turning the tables on SARS-Cov-2

— Repurposing drugs tor the human proteins that the virus
subverts



A drug is a chemical or protein that changes the function of a cell (human or
infectious)
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Drugs modulate “‘receptors’ in tissues

10-2 meter
101% drug molecules/pill




The rheostats are receptors on cells, in doxylamines case, neurons

AXON

=\

Cell Body ' '
| =

Myelin S
Sheath 5

Dendrites
10-° meter

1019 molecules/pill
Axon Terminals / ¢ 1011 neurons/brain

N
/ | = Receptor Site



doxylamine blocks the histamine H, receptor

dextromethorphan activates the Sigma, receptor




Side effects & alternative targets
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HERG: weak HERG: strong ()
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The drug discovery pipeline

Clinical development phase Approval phase
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Fia IND Submit NDA NDA approval

Bolten & DeGregorio,
NRDD 1, 335-336 (2002)

~ 1-2 years ~ 1-2 years ~ 2-3 years ~ 1-2 years
b 100

phase 1 to new drug,
3% success rate
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Antl HCV Daclatasvir: 2003 to 2015

> 106 molecules

Declatasvir
12 years

4

chemistry
in vitro biology

s chemistry
IND application pharm tox

Phase 1 (2007/8) 4 Animal efficacy
|

Phase 2

Phase 3 )\E E\
“B-o-o&”



Statistics Based Chemoinformatics
Ligand Similarity Ensemble Approach (SEA)

. Sedalande

Dimetholizine

Doralese . \ [Seroton-

Key | Dopaminergics \
Predicting new molecular targets for e, . . ® G
O et . Motlhum 7
Xenazi‘ne ' e , \ ¢ ; . .

kl'lOWI'I dl’ugS OOId target
© DMT

Michael J. Keiser"**, Vincent Setola’*, John J. Irwin', Christian Laggner', Atheir |. Abbas®, Sandra J. Hufeisen’, Drug
Niels H. Jensen®, Michael B. Kuijer’, Roberto C. Matos’, Thuy B. Tran’, Ryan Whaley?, Richard A. Glennon®,
Jérome Hert', Kelan L. H. Thomas"’, Douglas D. Edwards’, Brian K. Shoichet' & Bryan L. Roth™”
° —— G < “ ' | Seroton\\
YA & erglcs é@
[N malls
~ 2,000 FDA Approved Drugs /
o P= ; " Vadilex @ 7
~ 10,000 Clinical Stage Drugs a4,
| | | /
>>>> Pre-clinical Drug Candidates gl

Prantal

\ Trans- Fabahlstln
porters

o

®

® @ |
Prozac

. Histaminergic;\ ‘

Paxil »

Rescriptor

"\ Kalgut

Muscarinics B adrenergics

Keiser, M. J., et al. (2009)



69 Candidates Identified
Approved Drugs + + Preclinical Compounds

d HDACZ D
oM lon Transport @ atesua Nuclear Pore o
GIGYF2
/\i/\ HDAC2 ATP ATPBAP1 NUP62 o D o
EIF4E2 Valproic Acid ases ATP13A3 v N
H
+ Apicidin NUP214 e N NYH/
o X o AN o
| | u o
HO
SIGMAR1
Nup210® Sanglifehrin A = “
WASHC4
FKBP15 NUP210 Mitochondrial SIGMART1 - ;
Elect 0 Ribosome Nuclear Pore / ) \
ectron P MRPS5 ~ o
Transport _ NDUFAF2 Oy MAPeE N oo A ° N oH CBS
. {7 MRPS25 Chloroquine ) NQL N’@ N d & Domain
CYB5B CYB5R3 MRPS2 + Clemastine ol A . N Mycophenolic acid )
+ Dextromethorphan @[5\5 |\¢ P! FiC ~~ d “
+ ¥ ) Cyclophilin A
NDUFAF2 e N RS Be y
< P +RS-PPCC Debrafenib Verdinexor ( oo P \
e o) — IMPDH2
Metformin HO w0 N#NHz
. . L o q
Mitochondrial - Active
Ribosome Centrosome L Site
o CEPSS Protein Kinase A
a ):::Q/NLO' CNTRL @a—77 Signaling guanine nucleotide viral capsid
PTGES2 \C,Hk” T, I aANy de novo synthesis packaging
.COMT Chloramphenicol N Val BRKARZA
+ Tigecycline \‘_“¢’(I
GLA Migalastat + Linezolid \N&A L XN PRKAR2B c
\’4\\\
Protein . NI =N
Kinase A o : ' L % ,
RIPK] Signaling !

IMPDH2

Ponatinib

IMPDH2

ko8
e uJ\uO\/ nﬁr"”"Qo

o
Merimepodib

RIPK1

l + Ribavirin
+ Mycophenolic acid

) : “'OH \ ol |
Rapamycin \L FK506 /
o ’ - S—
I Sy N\)

WDB002

+ Sanglifehrin A W~ { N/)\N NH NH
BRD2/4 SR aanl Sy mTORC1
RNA ZINC95559591 |
Processing Metformin

CHy

RNA Processing

TBK1 T
TBKBP1
dBET6 Respiratory
Electron -
® ®

PABPC4 LARP1 )
PABPC1 )k() - \
Rz 17! RRP9 MOV10 g ranspor ®
BRD4 UPF1 @ RPL36 \Fapamycin y Electron
8 Transport
* NDUFAF1
DDX21 AR

NH  NH,

Respiratory 4EBP S6K LARP1 FKBP7

\TJ\NJ\NHZ Complex |
Metformin
ECSIT @ Respiratory ) } ER Protein
Wi I I beco m e ABCC1 e ® Acapo Electron Transport Host Translation RNA Processing Quality Control
e NDUFB9
Stress GrNanuIes “ o o ,O SIGMAR2
™ <
standard of care Noedel - TMPRSS ACE ~ CyclophiinAs, —~ PHIKIIB —~
CSNK2A2 G3BP1 ™ Silmitasertib Daunorubucin O/ - S -
G3BP2 +TMCB Verdinexor + Verapamil ABCC1® 7 o™ o E:o
1 X o Hr‘:
Stress Granule Regulation o IS E o .
b a Sed O n g o ©sIGMAR2 (T Y kﬁ oi/NJ\\N\ \@w
ER. Protein Nuclear Camostat Captoril
N IAI D S O n s o red ER Protein Quallty ContrOI Pore DCTPP1 + Nafamostat + Lisinopril Compound 2 Compound 10 )
p Quality Control NUP98 i ’
EDEMS3 f RAE1 s Host Translation ~N
HO, NN N .
COVID trial results e ST G R 0
 dnuze i3 MR Rte RIS
ERO1B Azacitidine ZINC1775962367 +AZ3451 omp EHX @ ~N/Loo T m® r (&o ° \NIO
re l ea Sed este rd a oL GRS Cul2 Complex Lo s s Segsuely S~ o)
+ZINC4511851 )§€\~ oLy A 7 N T vy
HYOU1 DNMT1 MARK" _ T @ N s . (o T, b . \
NGLY1 (e PN 9/ OWOH = N
TORIA & NR‘CN 2 4E2RCat a + Silvestrol PS3061 Ternatin 4
FOXRED2 LOX (et \ i J

Ruxolitinib

b FKBP7/10
SDF2 CHs OCHs OCHy

ELOC ZYG11B B
@ berpp ELOB
RBXA
. cuL2
MARK Kinases

MARK2 MARK3 .
MARK MARK1 op EIR °NH SARS-CoV-2 @ Human Protein (332) :,:= MIST Score Protein Complex
)| Kinase /N‘.-‘Q:N @ Viral Protein (26) @ Drug Target (62/332) 51
FKBP10 FKBP7 Signaling D — Human-Human Protein-Protein Interaction 2 Spectral Count Biological Process

Midostaurin
+ Rapamycin + ZINC95559591



69 Existing drugs targeting SARS-CoV-2
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SARS-CoV-2 Replication Assays
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The SARS-CoV-2 Infectible Vero E6 Cell line characteristics

Cell line model of choice for culture of emerging pathogens.
‘Female African Green Monkey Bladder Cells primary culture started
1962 (Chiba Japan)

‘Found to be highly susceptible to various viruses (SV-40, measles,
rubella, arbo-, adenoviruses)

‘Express Receptor for SARS-CoV-2 Ace?

‘Pseudo-diploid. —immortalized but not transformed it kept at low
passage

-Contains a homozygous deletion in Chromosome 12: loss of alpha-
and beta-1 Interferon genes, and CDKN2A/CDKN2B (tumor
suppressor locus for inhibitor of CDK4 and activator of p53)



Antiviral activity of host-directed drugs and compounds
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Ten Agents Showed Efficacy in Killing Virus

Results Consistent in Different Assays Across Two Labs and Continents

Protein Translation/Biogenesis Inhibitors:
e Zotatifin

* Ternatin-4/plitidepsin

SigmaR1 and SigmaR2 Modulators:

e Antihistamines  Antimalarials e Antianxiety
* Cloperastine * Hydroxychloroquine * Siramesine
 Clemastine e Hormone e Preclinical

e Antipsychotics  Progesterone « PB28 and PD-144418

* Haloperidol
 Melperone

Quantitative
Biosciences
Institute

UCsr



Direct Acting and Host Factor Targeting Agents
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Protein Biogenesis as a Selectively Targetable Vulnerability
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332 SARS-CoV-2-human PPls include 69 druggable host factors
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332 SARS-CoV-2-human PPls include 69 druggable host factors
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Hydroxychloroquine and Sigma R1 & Sigma R2 Receptors
Are Very Attractive Host Factor Targets
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Drugs/Compounds that Bind SigmaR1/R2
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Homing in on Sigma R1/R2 and Avoiding the known
Toxicity of the HERG Channel (Causes sudden cardiac death)

SigmaR1 binding
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Time to treatment test of mechanism
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Additional Observations

* Molecules that target the Sigma1 and Sigma2
receptors perturb the virus through different
mechanisms than the translation inhibitors, potentially
Including through cell stress response

* |t may be that a combination approach is warranted,
iIncluding combination with antivirals (remdesivir)




Dextromethorphan Appears to be Pro-Viral

5 Dextromethorphan 150
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What's Next?

* Data shared with drug makers, government authorities and public
health officials

* Several companies are taking agents into clinical trials to evaluate their
anti-viral effectiveness and therapeutic index

* Continuing our research on COVID-19
 Unique and groundbreaking approach has pan-pathogenic applications

* Following COVID-19 response, research will resume in a number of
disease areas

* [ndependent from institutional/corporate affiliations or barriers;
breaking scientific silos and accelerating data results
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Map Initiative
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What 1f?

 What if in the same way we map the cells, we started mapping the world
with collaborative interactions?

* Cell mapping = World mapping

* Protein Protein Interactions = People People Interactions



Host-Pathogen P

HIV-1

Jager et al, Nature, 2012

HPV

Eckhardt et al., Cancer Discovery, 2018
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Davis et al., Molecular Cell, 2015
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Penn et al., Molecular Cell, 2018
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QBI International Collaborations
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QBI International Collaborations
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QBI Collaborative Network
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QBI Center Grants - $85M

Collaborative science at UCSF and beyond
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Collaborative Meetings and MOUSs
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QBI International Collaborations

Breaking-down silos
Freie Universitat Berlin, Germany
Integrative Structural Biology

Quantitative Biology and Cancer

Quantitative Biosciences

Hemorrhagic Fevers and viruses

Structural Biology and Exchanges

Bioinformatics and Drug Discovery
Crick Institute, UK
Cell Mapping

Infectious Diseases




The formation of QCRG

Understanding the context of a coming pandemic and taking action



QCRG - The Beginning

Late Friday night, early March

=

Mad rush to finish all

mass spec experiments
to create the map before =
the campus shutdown

T e :

Running MS samples




Suddenly everyone working
from home

COVID-19, Quarantine 2020




Extensive Teamwork - Science on Zoom

Science communication
lends itself well to Zoom:
people used to
presentation and Q & A
format.
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Tools for the team
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Map to Drug ldentification to Virus Testing
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The prerequisite for QCRG to work
was for everybody to stop what they
were doing to work on a common
problem, which is not very typical. This
iIs @ remarkable scientific experiment
and example of what is possible when
people come together. | hope that
everyone will emerge from this crisis
much smarter than we entered and |
believe that it will have a longterm
Impact on how we do science.

NATALIA JURA, PHD
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the coronavirus pandemic
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Featured by @aljazeeraenglish Rob
Reynolds: Scientists at the Quantitative
Biosciences Institute at @ucsf have
been working to identify existing
medications that make human cells
resistant to attack by the novel
coronavirus.

Government agencies, NIH, DARPA, etc.
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@ Liked by poleary87 and 29 others
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qbi_ucsf Natalia Jura, member of the
QBI Coronavirus Research Group
#QCRG is focused on testing how viral
proteins in #SARSCoV2 are associated
with mitochondria,
#WomenInScienceWednesday
2QBIWomeninScience

firstchoicebio Amazing research
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jaoidradi | have a possible
treatment for Corona virus

Reply

Add a comment

qbi_ucsf Featured on @nytimes today:
22 leading laboratories, involving
hundreds of scientists within QBI
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@ qbi_ucsf

qbi_ucsf After weeks of hard work, the
QBI Coronavirus Research Group
#QCRG has generated a sars2-human
protein protein interaction map and
have made drug predictions from the
data that will be tested against SARS-
COV2— a initiative that normally takes
years to accomplish. “It was a honor to
work with so many fantastic scientists
around the world," says QBI Director,
Nevan Krogan.

See gbi.ucsf.edu/COVID-19 for access
to the full paper on bioRxiv!
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QBI investigators join forces to beat #COVID19
#pandemic: gbi.ucsf.edu/COVID-19 @fraser_lab,
@FujimoriLabUCSF @GestwickiLab, @JohnGrossSF,
@JuraLab_UCSF, @kortemmelab, @KroganLab,
@Mukherjee_Lab, @TheOttLab,@RuggeroDavide
@kevansf, @realJimWells #QCRG

QBI
@QBI_UCSF

nytimes.com/2020/03/22/sci...

Nearly 70 drugs and experimental compounds may be
effective in treating the #coronavirus, the #QCRG team
reported tonight. Two dozen of the medicines are already
under investigation.

Scientists Identify 69 Drugs to Test Against the Coronavirus

Two dozen of the medicines are already under investigation. Also on the list:
chloroquine, a drug used to treat malaria.

& nytimes.com
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9:05 PM - Mar 22, 2020 - Twitter Web App

v
-C¢ ||| View Tweet activity
res
ve ¢ nave
liv.a 15 Retweets 37 Likes stion map

showing hundreds of the proteins in human cells that the
coronavirus uses to grow. Hear more from QBI Director,
Nevan Krogan on @KCBSRadio

m San Francisco, CA -

@ KCBS 106.9 FM/740 AM & @KCBSRadio - Mar 20

EXCLUSIVE: A team of researchers at UCSF has finished mapping the
coronavirus and identified existing drugs that could potentially protect against
COVID-19, @sovernation reports . bit.ly/2Um1WFe
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a PhD in physics or compu- THU APR 30, 2020

COVID-19 treatment ght already exist in
old drugs - we’'re using pieces of the
coronavirus itself to find them ., ™

This post was contributed by Manon Eckhardt and Melanie Brewer from the QBI Coronavirus Research Group
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P e & & 7 ‘x " Search this blog tational biology or virology.
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We are just at the beginning of understanding how SARS-CoV-2 interacts with human proteins. For example,
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In theory, any intersection on the map between viral and human proteins is a phoisdubticaskbarsiod

we used HEK293T cells in our first study, but we're planning to soon expand to other cell types, including more Recent Posts place where drugs could fight the coronavirus. But instead of trying to develop
physiologically-relevant systems, to catch all the important interactions. It's also important to determine if the new drugs to work on these points of interaction, we turned to the more than N
2,000 unique drugs already approved by the FDA for human use. We believed
that somewhere on this long list would be a few drugs or compounds that
interact with the very same human proteins as the coronavirus.
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of them in vitro.
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Because things are changing all the time!
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