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Goal: Leverage the world-leading capabilities of the 
Department of Energy National Labs...

High 
performance 
computing

Light and 
neutron 
sources

Chemical, 
biological, and 
analytical sciences
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... to identify experimentally validated leads 
for targets across the entire coronavirus life cycle
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Computational and experimental design platforms

Starting points
• Crystal structures 

and structural models
• Multiple antibody templates
• Databases of purchasable 

small molecules
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Outputs
Designs with probability of:
• Desired activity
• Desired biological effect
• Good physical 

and safety parameters
Platform capability build funded over time through 

DOE, LDRD, DARPA, DoD, and other funding sources

Structure 
and affinity

Physical, 
chemical 
properties

Safety and
PK

Physics-based and AI/ML models 
to assess design fitness

Structure- and sequence-driven 
generative models for iterative design
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Computational Design of Therapeutic Antibodies

Antibody
M396

Spike receptor 
binding 
domain

Modifying 31 m396 locations to 
identify SARS-CoV-2 binder –
1040 potential combinations!

Design starting point
• m396, a neutralizing 

antibody against the spike 
protein of SARS-CoV-1 
that does not bind spike 
from SARS-CoV-2

Design output
Experimentally validated 
designed antibody:
• Binds to spike protein
• Neutralizes VSV-SARS-

CoV-2 pseudovirusFunded by NVBL and DARPA

Structure 
and affinity

Physical, 
chemical 
properties

Safety and
PK

Physics-based and AI/ML models 
to assess design fitness

Structure- and sequence-driven 
generative models for iterative design
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Computational Docking for SARS-CoV-2 Proteins
Nsp1 91.1% Supresses host antiviral response

Nsp2 82.9%

Nsp3 86.5% Nsp3-Nsp4-Nsp6 complex involved in 
viral replication

Nsp4 90.8% Nsp3-Nsp4-Nsp6 complex involved in 
viral replication

Nsp5 98.7% Main protease (3C-like)

Nsp6 94.8% Nsp3-Nsp4-Nsp6 complex involved in 
viral replication

Nsp7 100.% Nsp7-Nsp8 complex is part of RNA 
polymerase

Nsp8 99.0% Nsp7-Nsp8 complex is part of RNA 
polymerase

Nsp9 98.2% ssRNA binding

Nsp10 99.3% Essential for Nso16 
methyltransferase activity

Nsp11 92.3% Short peptide

Nsp12 98.3% RNA polymerase

Nsp13 100.% Helicase/triphosphatase

Nsp14 98.7% 3’-5 exonuclease

Nsp15 95.7% Uridine-specific endoribonuclease

Nsp16 98.0% RNA-cap methyltransferase

S 87.0% Spike protein, mediates binding to 
ACE2

Orf3a 85.1% Activates the NLRP3 inflammasome

Orf3b 95.0%

E 96.1% Envelope protein, involved in virus 
morphogenesis and assembly

M 96.4% Membrane glycoprotein, 
predominant component of the 
envelope

Orf6 85.7% Type I IFN antagonist

Orf7a 90.2% Virus-induced apoptosis

Orf7b 84.1%

Orf8 45.3%

N 94.3% Nucleocapsid phophoprotein, binds 
to RNA genome

Orf9b 84.7% Type ! IFN antagonist

Orf9c 78.1%

Orf10 --

Cytotoxic Inactive Active

CBZ-RLRGG-AMC

[5-FAM]-AVLQSGFR-[K(eDABCYL)]-K-amide

DNP-RLRGG-AMC
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Computational Docking for SARS-CoV-2 Proteins
Plate-Well Mcule ID Target-Receptor-Model Gauss4 Score 50uM Absorb 5uM Absorb
4C02 MCULE-5145994619 3CLPro_7BQY_A_1_F -12.597887 -0.375464 0.422249
8F11 MCULE-3102049132 3CLPro_7BQY_A_1_F -13.140451 0.591396 0.503626
4C05 MCULE-8049855644 ADRP_6W02_A_1_H -11.949552 0.35984 0.451137
4E11 MCULE-4694698863 ADRP_6W02_A_1_H -11.930263 0.420304 0.42901
4F10 MCULE-3223808867 NPRBD_6VYO_A_1_F -10.202324 0.473692 0.394899
5C10 MCULE-7942666920 NPRBD_6VYO_A_1_F -10.702177 0.440552 0.415489
6C04 MCULE-4880222192 NPRBD_6VYO_A_1_F -10.206728 0.529111 0.320037
6C04 MCULE-4880222192 NPRBD_6VYO_A_1_F -10.305868 0.529111 0.320037
8D10 MCULE-3860230645 NPRBD_6VYO_A_1_F -10.643129 0.269039 0.429441
4C03 MCULE-1568966927 NPRBD_6VYO_AB_1_F -15.143162 0.565053 0.479656
4E01 MCULE-9412733391 NPRBD_6VYO_AB_1_F -14.841664 0.521054 0.317947
4E10 MCULE-6149122392 NPRBD_6VYO_AB_1_F -14.572872 0.60716 0.44536
4F09 MCULE-9002495472 NPRBD_6VYO_AB_1_F -14.392294 0.355076 0.411002
5C11 MCULE-1290660435 NPRBD_6VYO_BC_1_F -13.960594 0.477055 0.303012
4C03 MCULE-1568966927 NPRBD_6VYO_CD_1_F -14.896547 0.565053 0.479656
4C11 MCULE-3710944915 NPRBD_6VYO_CD_1_F -14.993756 0.335669 0.398648
4E01 MCULE-9412733391 NPRBD_6VYO_CD_1_F -15.21012 0.521054 0.317947
4F06 MCULE-8960394910 NPRBD_6VYO_CD_1_F -15.157504 0.351643 0.407683
5C11 MCULE-1290660435 NPRBD_6VYO_DA_1_F -13.745916 0.477055 0.303012
4F07 MCULE-8634384439 NSP10_6W61_B_1_F -11.258765 0.454635 0.387462
5B02 MCULE-8224658878 NSP10_6W61_B_1_F -10.87556 0.475934 0.286847
5B02 MCULE-8224658878 NSP10_6W61_B_1_F -10.761122 0.475934 0.286847
5C09 MCULE-8066524511 NSP10_6W61_B_1_F -11.364266 0.461361 0.394345
5D10 MCULE-3838125931 NSP10_6W61_B_1_F -11.405215 0.313879 0.397234
8F06 MCULE-9042011295 NSP10_6W61_B_1_F -11.728199 0.454284 0.275538
6H02 MCULE-9260424277 NSP13_HELICASE_5WWP_0_A_A__DU__apo_PHE_A-145 -14.492989 0.477685 0.0849416
6H02 MCULE-9260424277 NSP13_HELICASE_6JYT_1_A_A__DU__apo_PRO_A-408 -12.696466 0.477685 0.0849416
6H02 MCULE-9260424277 NSP13_HELICASE_6JYT_2_A_A__DU__apo_LEU_A-227 -12.177904 0.477685 0.0849416
8C03 MCULE-4159472860 NSP15_6VWW_A_1_F -16.779551 0.476704 0.252674
6H04 MCULE-7314900438 NSP15_6VWW_A_2_F -11.38386 0.484691 0.136509
8E11 MCULE-5098487514 NSP15_6VWW_A_2_F -11.879261 0.1231 0.49539
4F11 MCULE-9486148975 NSP15_6VWW_AB_1_F -11.765089 0.427941 0.492747
9C04 MCULE-1569445415 NSP15_6W01_A_1_F -16.379025 0.571008 0.419115
9D02 MCULE-6069800422 NSP15_6W01_A_1_F -15.938501 0.0473622 0.399508
6H04 MCULE-7314900438 NSP15_6W01_A_2_F -11.746808 0.484691 0.136509
6H04 MCULE-7314900438 NSP15_6W01_AB_1_F -11.223324 0.484691 0.136509
6C09 MCULE-3504929830 NSP16_6W61_A_1_H -13.85869 0.774189 0.127843
7G06 MCULE-6326545456 NSP16_6W61_A_1_H -13.001528 0.638618 -0.0482483
6B03 MCULE-7544649158 RDRP_6M71_A_3_F -16.152515 0.455545 0.242225
4C04 MCULE-4940228361 RDRP_7BV1_A_1_F -14.089733 0.473902 0.412477
4C07 MCULE-4812175598 RDRP_7BV1_A_1_F -13.513567 0.0905906 0.480701
4G11 MCULE-4753354751 RDRP_7BV1_A_1_F -14.563145 0.408464 0.41217
4G10 MCULE-5762342403 RDRP_7BV2_A_1_F -13.123635 0.477895 0.319053
9C02 MCULE-4795289353 RDRP_7BV2_A_1_F -13.46648 0.162054 0.427044
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Nsp1 91.1% Supresses host antiviral response

Nsp2 82.9%

Nsp3 86.5% Nsp3-Nsp4-Nsp6 complex involved in 
viral replication

Nsp4 90.8% Nsp3-Nsp4-Nsp6 complex involved in 
viral replication

Nsp5 98.7% Main protease (3C-like)

Nsp6 94.8% Nsp3-Nsp4-Nsp6 complex involved in 
viral replication

Nsp7 100.% Nsp7-Nsp8 complex is part of RNA 
polymerase

Nsp8 99.0% Nsp7-Nsp8 complex is part of RNA 
polymerase

Nsp9 98.2% ssRNA binding

Nsp10 99.3% Essential for Nso16 
methyltransferase activity

Nsp11 92.3% Short peptide

Nsp12 98.3% RNA polymerase

Nsp13 100.% Helicase/triphosphatase

Nsp14 98.7% 3’-5 exonuclease

Nsp15 95.7% Uridine-specific endoribonuclease

Nsp16 98.0% RNA-cap methyltransferase

S 87.0% Spike protein, mediates binding to 
ACE2

Orf3a 85.1% Activates the NLRP3 inflammasome

Orf3b 95.0%

E 96.1% Envelope protein, involved in virus 
morphogenesis and assembly

M 96.4% Membrane glycoprotein, 
predominant component of the 
envelope

Orf6 85.7% Type I IFN antagonist

Orf7a 90.2% Virus-induced apoptosis

Orf7b 84.1%

Orf8 45.3%

N 94.3% Nucleocapsid phophoprotein, binds 
to RNA genome

Orf9b 84.7% Type ! IFN antagonist

Orf9c 78.1%

Orf10 --
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SARS-CoV-2 Proteases Require a Special Workflow

Prepare Ligands
•Add 3-point fragment 
•Select reaction
•Create covalent complex

AutoDockFR
•Flexible side-chain docking
•Ensemble parallel

Extract non-
covalent score

Calculate DG0

Predict Ki valuesMaxwell-Boltzmann
Statistics

QM frequencies
•Node-parallel

QM reoptimization
•Node-parallel

QM Methods: FMO-DFTB3-D3H4 & MOZYME PM6-D3H4

Cytotoxic Inactive Active
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Cytotoxic Inactive Active

CBZ-RLRGG-AMC

[5-FAM]-AVLQSGFR-[K(eDABCYL)]-K-amide

DNP-RLRGG-AMC

Nsp1 91.1% Supresses host antiviral response

Nsp2 82.9%

Nsp3 86.5% Nsp3-Nsp4-Nsp6 complex involved in 
viral replication

Nsp4 90.8% Nsp3-Nsp4-Nsp6 complex involved in 
viral replication

Nsp5 98.7% Main protease (3C-like)

Nsp6 94.8% Nsp3-Nsp4-Nsp6 complex involved in 
viral replication

Nsp7 100.% Nsp7-Nsp8 complex is part of RNA 
polymerase

Nsp8 99.0% Nsp7-Nsp8 complex is part of RNA 
polymerase

Nsp9 98.2% ssRNA binding

Nsp10 99.3% Essential for Nso16 
methyltransferase activity

Nsp11 92.3% Short peptide

Nsp12 98.3% RNA polymerase

Nsp13 100.% Helicase/triphosphatase

Nsp14 98.7% 3’-5 exonuclease

Nsp15 95.7% Uridine-specific endoribonuclease

Nsp16 98.0% RNA-cap methyltransferase

S 87.0% Spike protein, mediates binding to 
ACE2

Orf3a 85.1% Activates the NLRP3 inflammasome

Orf3b 95.0%

E 96.1% Envelope protein, involved in virus 
morphogenesis and assembly

M 96.4% Membrane glycoprotein, 
predominant component of the 
envelope

Orf6 85.7% Type I IFN antagonist

Orf7a 90.2% Virus-induced apoptosis

Orf7b 84.1%

Orf8 45.3%

N 94.3% Nucleocapsid phophoprotein, binds 
to RNA genome

Orf9b 84.7% Type ! IFN antagonist

Orf9c 78.1%

Orf10 --
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NVBL Molecular Therapeutics Team
Ai Kagawa Cornelius Gati Jerry Parks Marti Head Sergio Wong
Aidan Epstein Dan Jacobson Jha Shantenu Matt Coleman Simone Raugei
Alexander Partin Dan Faissol Jim Brase Michael Kent Sindhu Bhowmik
Alexander Batyuk Derek Jones Joe Schoeniger Mitch Doktycz Soichi Wakatsuki
Andria Rodrigues Ed Lau Jonathan Allen Naoki  Horikoshi Srinivas Iyer
Andy DeGiovanni Elijah Hoffman Joshua Ladau Neeraj  Kumar Stephan Irle
Arvind Ramanathan Emily Dietrich Jurgen Schmidt Nick Fischer Stephanie Galanie
Austin Clyde Fangqiang Zhu Justin Reese Oscar Negrete Stewart He
Babak Andi Felice Lightstone Katrina Waters Paul Adams Tom Brettin
Ben Brown Garry Buchko Kelly Williams Quan Van Vuong Tom Desautels
Bobbie-Jo Webb-Robertson Gyorgy Babnigg Kenneth Sale Richard Keith Tony Ferreira
Brooke Harmon Henrique Pereira Kerstin Kleese Van Dam Rick Stevens Uma Ganapathy
Carlos Gamboa Hubertus Van Dam Kevin Mcloughlin Robert Netzor Vilmos Kertesz
Carlos Simmerling Hugh O'Neill Kris Kulp Ryan Chard Yihui (Ray) Ren
Chris Mungall Hyunseung Yoo Li Tan Ryszard Michalczyk Yue Yang
Chris Ellis Ian Foster Magda Franco Sam Chen
Chris Stanley Irimpan Mathews Marisa Torres Sean McCorkle
Connor Cooper Jason Mcdermott Mark Steven Hunter Sean McSweeney
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Impacts of the Molecular Design Team

• The team formed quickly and applied their broad expertise to:
– Solve new structures of viral proteins
– Build multiple computational models
– Use massive supercomputing resources to identify and design potential hits
– Develop biochemical assays and use them to

• Validate computational predictions
• Experimentally characterize active hits
• And feed data back into improving computational models

– Obtain experimentally validated antibody and small-molecule hits
– All in six months time!

• The team continues to refine experimental hits into therapeutic leads

• The DOE labs worked together to do things no single lab could do alone


