


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
* 1in 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 3



Modeling of the full-length, glycosylated SARS-CoV-2 spike

» Starting from available cryo-EM data, we modeled the Full-length
full-length spike, including missing parts.
» \We then modeled glycans according to glycomics data
(total of 70 glycans, including N-linked and O-linked)
Watanabe et al. Science 2020
Shajahan et al. Glycobiology 2020
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The look of the glycan shield: The furry spike
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A spike protein, at left, and a protective
coating of sugars, at right.
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Beyond Shielding: The Roles of Glycans in the SARS-CoV-2 Spike
Protein

Lorenzo Casalino,” Zied Gaieb,” Jory A. Goldsmith, Christy K. Hjorth, Abigail C. Dommer,
Aoife M. Harbison, Carl A. Fogarty, Emilia P. Barros, Bryn C. Taylor, Jason S. McLellan, Elisa Fadda,
and Rommie E. Amaro*




Next scale: SARS-CoV-2 virion morphology
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Cryo-electron tomography of SARS-CoV-2 virions.
Turonova, Sikora, and Schiirmann, et al. Science,
370, 6513, 203-208 (2020)

Scanning TEM images of SARS-CoV-2. NIAID
Rocky Mountain Labs, February 13, 2020
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Fig. 2: Structural analysis of SARS-CoV-2 S trimers on intact virions.
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First SARS-CoV-2 full virion model
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Delta SARS-CoV-2



Building the SARS-CoV-2 Delta Variant virion

20 closed, 9 open

Spike Trimer x 29

No known delta-specific
mutations

E Pentamer x4

M Dimer x 360

1 point mutation
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COVID-19 is an airborne threat

Int. J. Biol. Sci. 2020, Vol. 16 1678
IVYSPRING o o
‘ys/ International Journal of Biological Sciences

2020; 16(10): 1678-1685. doi: 10.7150/ ijbs. 45053

Review

SARS-CoV-2: an Emerging Coronavirus that Causes a
Global Threat

Jun Zheng!2

The coronavirus is an airborne
threat, the CDC acknowledges.
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SARS-CoV-2 airborne viability is tricky to study

“U” shaped virus viability
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Modeling sea spray aerosols
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Bubble Bursting through Surfactant

Ocean Surfactant

lipids & protein sugars

Sea Spray Aerosol

Lung Surfactant

I|p|ds proteln sugar
#&: Abby Dommer, PhD Patterson, J. P. et al. ACS Cent. Sci. 2016, 2, 40-47'>




Mucins line our oirwoxs and are our first defensive barriers

Human Lungs ,— Bronchial Epithelium

Airway Lumen

Periciliary

Pl SR e
&y 3d C.ﬁ"",.' e T AL
Frey, A., Gi t al. (1996). J I of — —————
rey, A., Giannasca, et al. . Journal o :
Experimental Medicine, 184(3), 1045-1059. Sg?g)angg’g_%;g N. (2015). Journal of Anesthesia, 14




What is a mucin?

MUCSAC

PTS DomaiNs

vWD-like Domains

Galactose

GIcNAc

Fucose «¢-- Neutral Charged Sialic acid
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SARS-2 in its two environments: aerosolized & oir-lung interface

Mucin interactions with spike
are expected to differ based

on their environment: —
~al |
Aerosol vs. air-lung interface .
— S .
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Everything in a Respiratory Aerosol

DPPG

ﬁ— Cholesterol
Pulmonary mucins

/ MUCSAC)IM UC5B

SARS-CoV-2
Delta Virion

Albumin

Deep lung S o D
fluid urrogate Deep Lung

Respiratory Aerosol

17



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?

* lon gradients throughout the aerosol?

@ vucns @ Lipids @ Abumin 18
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Benchmarks in 2018
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Benchmarks on Current Machines

Frontera / Summit Performance
Benchmarks

DPPG
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Pulmonary mucins
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« 1.04 billion atoms Surrogate Deep Lung
. Boxsize: 284 x 284 x 284 nm Respiratory Aerosol

 Great Scaling up to 1024 nodes on Summit

« NAMDZ2.15 (CUDA memory optimized) + CHARMMS36 ff; 4 fs timestep 21



It takes a village to raise an aerosol

Develop workflows for
generating non-standard system
set ups

Construct aerosol model based
o & .

" Olgypotheses and questions

| &0 experimental results

Generate data and develop
hypotheses and mechanisms
experimentalists to test/valic

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

' Consult with NAMD and VMD

developers to optimize the MD
engine

Work with supercomputer ; :
centers to further optimize ' -
simulation parameters (Summit

& Frontera) >




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 ps of sampling

* 360 M dimers for 134 ps sampling

* ~100 ps sampling for mucins and albumin

Key Areas of Interest
* Spike-Mucin interactions (lon mediated?)
* Aerosol surface properties (gas transport, lipid arrangements)

* SARS-CoV-2 Delta simulation data (Spike, membrane protein interactions, protein lipid

interactions)
23
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