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Molecular Dynamics simulation as a Computational Microscope
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SARS-CoV-2 has had dreadful consequences

Impacts of COVID
• 6,881,955 deaths globally
• 676,609,955 of cases worldwide
• -3.4% change in  world GDP in 2020

Long COVID
• Unknown long-term impacts
• 1 in 5 people who have had COVID

Understanding transmission mechanisms is crucial limiting impacts
• Applicable to future diseases and potential pandemics

Sources: CDC & John Hopkins University
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Modeling of the full-length, glycosylated SARS-CoV-2 spike

• We then modeled glycans according to glycomics data 
(total of 70 glycans, including N-linked and O-linked)

GlcNAc

GalNAc

Galactose

Fucose

Mannose

Sialic acid

+ +

Head Stalk

CT

• Starting from available cryo-EM data, we modeled the 
full-length spike, including missing parts.

Full-length

Watanabe et al. Science 2020

PDB ID: 6VSB

Shajahan et al. Glycobiology 2020

Wrapp et al. Science 2020
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GLYCANS

The look of the glycan shield: The furry spike
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Next scale: SARS-CoV-2 virion morphology
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First SARS-CoV-2 full virion model

2020 
Gordon Bell 

Special 
Prize
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COVID-19 is an airborne threat

Wang, C. C., Prather, K. A. et al Science 373, 981 (2021)
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SARS-CoV-2 airborne viability is tricky to study

Lin, K., Marr, L. C., 2020 Environ. Sci. Technol. 54, 1024-1032
Huynh, E., et al, 2022 PNAS 119, 4

“U” shaped virus viability
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Modeling sea spray aerosols

Composition can have profound 
impacts on particle properties
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Bubble Bursting through Surfactant

Ocean Surfactant

Lung Surfactant

lipids
Patterson, J. P. et al. ACS Cent. Sci. 2016, 2, 40-47.

Sea Spray Aerosol

Respiratory Aerosol

sugars

protein

lipids

sugar

protein

📷:  Abby Dommer, PhD
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Mucins line our airways and are our first defensive barriers

Selo, M. A., Sake, J. A., et al (2021). Advanced Drug Delivery Reviews, 177, 113862.

Frey, A., Giannasca, et al. (1996). Journal of 
Experimental Medicine, 184(3), 1045–1059. Bashandy, G. M. N. (2015). Journal of Anesthesia, 

29(2), 269–278.
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What is a mucin?

1000nm
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SARS-2 in its two environments: aerosolized & air-lung interface

Mucin interactions with spike 
are expected to differ based 
on their environment:

Aerosol vs. air-lung interface

📷:  Abby Dommer, PhD
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Everything in a Respiratory Aerosol

Mucins

Albumin

Deep lung 
fluid

SARS-CoV-2 
Delta Virion
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The messy environment of an aerosol

Early observations:

• Lipids organize at the surface and into micelles

• Mucins, albumin, and lipids form a matrix-like structure

Impacts to look further into:

• Local diffusion around the virus?

• Component’s impact on viscosity of the full aerosol?

• Spike and membrane changes due to components?

• Lipid and mucin impacts on hygroscopicity?

• Ion gradients throughout the aerosol?

Mucins AlbuminLipids
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Legend:    Oranges: Lipids     Green: Albumin     Red: LPS     Blue: Spike

Lipids bind to spike

Mucin binds to spike

Albumin binds to spike
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Benchmarks in 2018
TITAN (OAK RIDGE) BLUE WATERS

15.83 ns/day on 4096 nodes14.83 ns/day on 4096 nodes

• 161 million atoms

• Box size: 115 x 120 x 116 nm

• NAMD2.13 (CUDAmemory optimized) + CHARMM36 ff; 2 fs timestep

Casalino et al. ACS Cent. Sci. 2022, 8, 12, 1646–1663
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Benchmarks on Current Machines

34.2 ns/day on 4096 nodes

• 1.04 billion atoms

• Box size: 284 x 284 x 284 nm

• NAMD2.15 (CUDAmemory optimized) + CHARMM36 ff; 4 fs timestep

• Great Scaling up to 1024 nodes on Summit
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It takes a village to raise an aerosol
Experimental structures, 
compositional data

Construct aerosol model based 
on hypotheses and questions 
from experimental results

Consult with NAMD and VMD 
developers to optimize the MD 
engine

Work with supercomputer 
centers to further optimize 
simulation parameters (Summit 
& Frontera)

Find bugs

Repeat n number 
of times

Generate data and develop 
hypotheses and mechanisms for 
experimentalists to test/validate

Develop workflows for 
generating non-standard system 
set ups

Provide test systems to aid the 
construction and development of 
future leadership class facilities 
(TACC CSA)



23

Summary and Conclusions

Innovations
• First physically relevant all-atom MD simulation of this scale (1+ Billion Atoms)
• First molecular model of mucins (applications to other computational glycobiology systems)
• Pioneering the use of MD in airborne pathogen research

Dynamics on the Respiratory Aerosol
• 374ns of simulation time done so far
• 29 spikes for 10.8 µs of sampling
• 360 M dimers for 134 µs sampling
• ~100 µs sampling for mucins and albumin

Key Areas of Interest
• Spike-Mucin interactions (Ion mediated?)
• Aerosol surface properties (gas transport, lipid arrangements)
• SARS-CoV-2 Delta simulation data (Spike, membrane protein interactions, protein lipid 

interactions)
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