PRACE

DIGEST

2020

HPC
Vs

VIRUS

PRACE AGAINST COVID-19
Fighting the pandemic with HPC

PRACE Digest 2020

Neither the Partnership for Advanced Computing in Europe (PRACE) nor any person acting on its behalf is responsible for
the use which might be made of the information contained in the present publication. PRACE is not responsible for the
external web sites referred to in the publication. The views expressed in this publication are those of the authors and do
not necessarily reflect the official PRACE view on the subject.
© PRACE, 2020
Reproduction is authorised provided the source is acknowledged.
The copyrights of the content and images contained within this report remain with their original owner(s).
The PRACE name and the PRACE logo are © PRACE.
Cover design © Adobe Stock.

PRACE Digest 2020
www.prace-ri.eu
Editor-in-Chief
Marjolein Oorsprong – PRACE Communications Officer
Editors
Audrey Gerber, IUCC
Silke Lang, PRACE
Article Editor
Harry O’Neill, Insight Media Group
Communications Manager
Sam Davis, Insight Media Group
Graphic Design
William Davis, Insight Media Group

Published by Insight Media Group, Bristol, UK
The Partnership for Advanced Computing in Europe (PRACE) is an international non-profit association with its seat in
Brussels. The PRACE Research Infrastructure provides a persistent world-class high-performance computing service for
scientists and researchers from academia and industry in Europe. The computer systems and their operations accessible
through PRACE are provided by 5 PRACE members (BSC representing Spain, CINECA representing Italy, CSCS representing
Switzerland, GCS representing Germany and GENCI representing France). The Implementation Phase of PRACE receives
funding from the EU’s Horizon 2020 Research and Innovation Programme (2014-2020) under grant agreement 823767.
Published: November 2020
ISBN: 9789082942262
2

PRACE Digest 2020

Foreword
Fighting the pandemic with HPC
This edition of the PRACE Digest focusses entirely on projects awarded under the
PRACE Fast Track Call for Proposals to mitigate the impact of the COVID-19 pandemic.
PRACE opened this Call for Proposals in early spring as an urgent computing answer
to the need for fast scientific discovery to find ways to stop the spread of SARSCoV-2, reduce its impact on our health and economy, and find treatments for people
affected by the disease.
A Scientific Committee of five high-level researchers has been leading the review
process and evaluating proposals within one week. Selected projects are given
access to the Europe’s most powerful supercomputers. Those projects can also
receive data storage and sharing solutions, e.g. from FENIX and ICEI, in line with the
open data policy applicable to the Call.
Over 80 project applications have been received and, with an acceptance rate of less
than 50%, just over 30 projects have been awarded time on one of PRACE’s worldclass systems. In total, half a billion computational hours have been awarded over a
period of six months.
The pandemic has brought researchers together like never before, encouraging
collaboration across all disciplines in order to find answers in a time when we
need them most. Projects awarded under the Fast Track Call come from fields such
as biomolecular simulations, bioinformatics, epidemiology, computational fluid
dynamics, screening and docking, among others. Furthermore, monthly webinars
have been organised with our colleagues in the USA, where project leaders from
around the world have presented their work and exchanged on solutions and
collaborations concerning the pandemic research.
I highly encourage you take inspiration from the articles in this edition of the PRACE
Digest to develop further innovations to tackle the coronavirus pandemic.
Please also save the dates of the next edition of the EuroHPC Summit Week, which
will be held digitally from 22 to 26 March 2021, and which will include an entire day of
talks and presentations of COVID-19 related research.

Matej Praprotnik
Head of the Laboratory for Molecular Modeling at the
National Institute of Chemistry, Ljubljana, Slovenia
Professor of Physics at the University of Ljubljana, Slovenia
Chair of the PRACE Scientific Steering Committee
Member of the Scientific Committee for the PRACE Fast Track Call
for Proposals to mitigate the impact of the COVID-19 pandemic
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Gaetano Sardina: Investigating the lifetime of expiratory
droplets released by individuals infected with SARS-CoV-2
Kresten Lindorff-Larsen: Predicting the structure and dynamics of
non-coding regions of SARS-CoV-2 RNA to enable drug development
Florent Duchaine: Using fluid dynamics tools usually reserved for
aeronautical engines to identify how the virus spreads in enclosed environments
Rafael Villanueva: Improving network models of the spread of COVID-19 to
provide advice on future vaccination strategies
Vangelis Daskalakis: Identifying weaknesses in the SARS-CoV-2 virus that can be
exploited and targeted through drugs and vaccines.
Alejandro Marti: Aggregating agent-based models to improve
early-warning systems for infectious disease epidemics
Hansel Gómez Martínez: Harnessing the power of AI to
discover peptides that mitigate the disease’s progression.
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Modesto Orozco: Tracking the path of the virus
from bats to humans and the impact of viral mutations
Elisa Fadda: Investigating the role glycan shields
play in infectivity and hiding from the immune system
Gerhard Hummer: Building a 3D model of the spike protein
to enable further research into the SARS-CoV-2 virus
Vittorio Limongelli: Applying world-leading computational methodologies to identify
approved drugs that can be used in the fight against COVID-19
Rebecca Wade: Investigating the potential antiviral properties

of heparin, a drug first discovered over 100 years ago.
Francesco Gervasio: Using a many-pronged
approach to find therapeutics to help fight the virus
Jean-Philip Piquemal: Adopting newly-developed codes to explore the
conformational spaces of two of the main drug targets on the virus

5

PRACE Digest 2020

The COVID-DROPLETS project

Evaluating the lifetime of
expiratory COVID droplets
The COVID-DROPLETS project, led by Dr Gaetano Sardina from Chalmers University of Technology,
Sweden, in collaboration with Dr Francesco Picano from University of Padua in Italy, is investigating
the lifetime of expiratory droplets released by individuals infected with SARS-CoV-2 (the coronavirus
strain causing COVID-19). Surprisingly, the current recommendations to hinder the transmission of
respiratory infectious diseases are based on a simple model developed 90 years ago.

T

he widely adopted two-metre social
distancing rule assumes that the dominant
routes of transmission of SARS-CoV-2 are via
large respiratory droplets (>10 μm) falling
on others or surfaces. However, this one-size-fits-all
rule is not consistent with the underlying science
of exhalations and indoor air. Such rules are based
on an over-simplistic picture of viral transfer, which
assume a clear dichotomy between large droplets
and small airborne droplets emitted in isolation
without accounting for the exhaled air. The reality
probably involves a continuum of droplet sizes and an
important role of the exhaled air that carries them.

hours on Joliot-Curie Rome, hosted by GENCI at CEA,
France.

Dr. Gaetano Sardina

Research has shown that smaller airborne droplets
laden with SARS-CoV-2 may spread up to eight metres
concentrated in exhaled air from infected individuals,
even without background ventilation or airflow. Whilst
there is limited direct evidence that live SARS-CoV-2
is significantly spread via this route, there is no direct
evidence that it is not spread this way.
Consequently, Sardina’s research assumes that the
scenario is more complicated than has previously
been assumed, and so he and his colleagues are
modelling sneezes and coughs as turbulent jets using
high-performance computers. Additionally, they are
modelling speaking and breathing via homogeneous
isotropic turbulence. They will simulate different
levels of atmospheric temperature and humidity to
work out what weather conditions can enhance or
hinder evaporation and transmission of the disease.
PRACE awarded the project with 20 000 000 core
6

More information

https://www.chalmers.se/
en/staff/Pages/sardina.
aspx

HPC Resources
awarded by PRACE

This project was
awarded 20 million core
hours on Joliot-Curie
Rome hosted by GENCI
at CEA in France.

Investigating sneezes is somewhat of a departure
from Gaetano’s normal line of work. “My research
normally involves investigating droplet evaporation
in clouds,” he says. “What we are doing here is using
the same equations to look at sneezes and coughs.
Before the project, I had no experience at all of
investigating respiratory droplets, but in the end the
physics is very similar. All we had to do was make a
few small modifications to our code and then change
the parameters.”
With each simulated sneeze, the lifetime of every
droplet is calculated from the moment of emission
to the point that they have completely evaporated.
“Our numerical simulations provide a more accurate
estimation of what happens when someone sneezes
than the classical model,” says Sardina. “Evaporation
time of a specific droplet depends on many
parameters such as temperature, relative humidity,
and even the presence of other droplets around, and
so we can see that the lifetime of droplets in a sneeze
are much longer compared to isolated droplets in the
same environment.”
Underlying turbulence in a room may also play a
factor in transmission. Large particles of the order
of 50-100μm, which usually land quickly on the floor
due to gravity, can remain suspended for much longer
and increase risk of viral infection if there is a certain
level of turbulence in a room. These size droplets can

PRACE Digest 2020

be filtered out by face masks of almost any
quality, such as those made of cloth, and the
results of the simulations show that stopping
these could well be helpful for reducing
potential infections.

Visualization of the
instantaneous relative
humidity field with droplet
positions after 0.04 seconds
of a sneeze event. The
ejection velocity of the sneeze
is 20 m/s while the relative
humidity and temperature of
the environment are 50% and
5°C. Droplet diameters are
proportional to their sizes (not
in scale) while their contours
correspond to their velocities.

The researchers also want to test whether
there is a link between air pollution and
the spread of the virus. To this end, the
scientists will check different levels of PM
concentration and calculate the collisions
with the pathogenic droplets to assess the
hypothesis of a potential connection with the
growth of COVID-19 transmission.

Visualization of the
instantaneous relative
humidity field with droplet
positions after 0.08 seconds
of a sneeze event. The
ejection velocity of the sneeze
is 20 m/s while the relative
humidity and temperature of
the environment are 50% and
5°C. Droplet diameters are
proportional to their sizes (not
in scale) while their contours
correspond to their velocities.

The final goal of the project is to provide
guidelines for policymakers to slow down the
spread of the pandemic. These guidelines
will help them to set a more realistic safe
distance between individuals, regulate
temperature and humidity of internal public
environments to accelerate the evaporation
of pathogen-bearing droplets, and order
targeted lockdowns when particular weather
or high-pollution events occur.
However, turning the results of this work into
concrete recommendations for policymakers
to follow is not straightforward. There is an
ongoing debate in the epidemiological field
about which of two types of transmission is
the most significant. The first of these is via
direct host-to-host transmission, which relies
on large droplets from coughs or sneezes
entering the body of another. The second
type of transmission, however, involves
smaller droplets that haven’t evaporated
completely that remain suspended in air and
can travel much further distances.
Sardina and his colleagues are not directly
contributing to this debate through their
research, but viewing the results of their
work through the lenses of the two different
types of transmission gives two different
pictures and can lead to two different sets
of recommendations. “For example, in
our simulations we see that host-to-host
transmission via large droplets is increased
at higher humidity levels, with droplet

Our numerical
simulations provide a
more accurate estimation
of what happens when
someone sneezes than the
classical model . . . we
can see that the lifetime
of droplets in a sneeze are
much longer compared
to isolated droplets in the
same environment.

lifetimes sometimes being 200 times longer.
However, we also see that transmission via
the smaller airborne droplets is increased
in very dry environments. As you can
imagine, these results make it difficult for
us to provide guidelines for environmental
conditions unless we know the dominant
form of transmission.”
Sardina believes that the most important
in the coming months is that people from
different fields of research strike up strong
dialogues with each other. “With the
pandemic, we are not going to be able to
solve problems if we remain within our areas
of knowledge and don’t communicate with
each other,” he says. “For instance, there is a
lot of contradictory data about initial droplet
distribution in a sneeze. This provides the
starting point for our simulations and plays
a large part in what happens in them, and so
we are working closely with people working
on that problem so that we can answer the
larger questions about how to proceed as a
society together.”
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COVID-RNA

Predicting structural elements
in the SARS-CoV-2 RNA genome
The non-coding regions of SARS-CoV-2 RNA play a decisive role in viral replication. Kresten LindorffLarsen and Sandro Bottaro of the University of Copenhagen have been using molecular dynamics
simulations to predict the structure and dynamics of these regions in the hope that this will enable the
development of drugs that target them.

K

resten Lindorff-Larsen and his colleague
Sandro Bottaro are experts in biomolecular
modelling, with the former specialising
in proteins and the latter in nucleic acids.
Both researchers have spent many years working
at the interface between computational modelling
and biophysical experimental work. After making
contact with a newly-established consortium of
experimentalists known as “COVID-19 NMR” that
was setting up a large-scale effort to characterise
SARS-CoV-2 proteins and its RNA genome, the
two researchers saw an opportunity to offer their
expertise within a framework which might help
contribute towards the development of drugs for
COVID-19.

CEA, France, and 352 000 core hours on Marconi100
hosted by CINECA, Italy.

Kresten Lindorff-Larsen

“We were initially hesitant about applying to do a
Sandro Bottaro
project based on COVID-19 as we knew a lot of people
who were better placed to do work that had a high
chance of having a real impact on people’s lives,”
says Lindorff-Larsen. “Instead, we spent some time
thinking about what work we could do that would
have the potential to help the situation surrounding
the pandemic but also, if nothing were to come out
of it in that respect, would still yield some interesting More information
https://covid19-nmr.de/
scientific findings.”
HPC Resources
In the COVID-19 NMR group, the two researchers saw awarded by PRACE
an opportunity to use their computational modelling
expertise and their experience of working with NMR
data to shed some light on the atomic structure of
RNA in the SARS-CoV-2 virus. As part of PRACE’s fasttrack call to support projects that mitigate the impact
of the pandemic, they were awarded 20 000 000
core hours on Joliot-Curie Rome hosted by GENCI at
8

This project was
awarded 20 million core
hours on Joliot-Curie
Rome hosted by GENCI
at CEA, France, and 352
000 cumulative core
hours (i.e., 1000 node
hours) on Marconi100
hosted by CINECA, Italy.

Very little work has been done worldwide to study
the RNA structure within the SARS-CoV-2 virus, with
most efforts focusing on the protein molecules. RNA
molecules are known to be very flexible, meaning
that traditional experimental techniques are unable
to accurately pin down their structure. Computational
work is needed in tandem with experimental work
in order to ascertain the detailed structure of RNA
molecules.
Standard illustrations of the RNA genome within the
SARS-CoV-2 virus show it as a neatly ordered coil, but
in reality little is known about its three-dimensional
structure. “What we do know is that the RNA interacts
with other proteins and that it is flexible,” says
Bottaro. “People have also examined the sequence
of the RNA in detail. It is 30 000 bases long, most
of which codes for proteins. However, two special
regions at the very beginning and end, known as the
5’ UTR and 3’ UTR [UTR standing for untranslated
regions] do not encode for proteins but are crucial
for viral replication, transcription and packaging.
Experimentally, it has been shown that mutations
that disrupt the stability of these regions affect viral
replication, so they are of great interest to COVID-19
research.”
Despite the functional relevance of these
untranslated regions detailed information on them
is scarce. It is known that they have conserved
structural motifs within their inner structure, and so
Bottaro and Lindorff-Larsen have been carrying out
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molecular dynamic simulations using the GROMACS and PLUMED
software packages to predict the structure and dynamics of
selected structural elements in these non-coding regions.
“The nice thing about these simulations is that you obtain
an atomic detail prediction not just of a single structure but
of many structures,” says Bottaro. “We can then look at the
atomic details of what happens with different structures, so we
are really using these simulations as a kind of microscope to
examine the RNA in more detail. Then, our colleagues carrying
out the biophysical experiments can examine our hypotheses
about what is happening, with the long-term goal of providing
a structural basis for understanding how the viral replication
works and for rational drug design that targets specific elements
of these structures.”
From a technical side, these systems are
small in terms of the number of particles
being simulated. Traditionally, this
means that they are difficult to scale
well, and so the researchers have had to
use a number of tricks and techniques to
scale to the larger numbers of cores being
used. “We have done multiple replica
simulations where we have multiple
copies of the same molecule that we
can simulate in parallel, and we can
then have them speak to one another
in ways that allow us to use the
parallel infrastructure effectively,”
says Lindorff-Larsen. “Sandro has
had to develop a new protocol
to efficiently find some starting
points for our simulations, and
this will be useful going forwards
outside the boundaries of this
project.”
There are two main steps to the protocol being used in the
project. The first step, which is relatively computationally cheap,
provides a rough approximation of the structure of the molecule,
and this step is carried out many times. These structures
are then sifted through based on some generic criteria and
understanding of the molecule, after which a more detailed
exploration of the structures is carried out based on quantitative
mapping using force field energy functions. “Our allocation for
PRACE was very important for the first part as it allowed us to
carry out a huge number of pilot runs very quickly to tune our
parameters,” says Bottaro. “On our in-house cluster, this would

Right, Secondary structure
prediction of the 5’ end untranslated
region of SARS-CoV-2 RNA genome
Below, the predicted threedimensional structure of stem-loop
5a (SL5a) in the 5’ end untranslated
region of SARS-CoV-2 RNA genome.

have taken a year or more, but we have done it in a
matter of months.”
Although the COVID-RNA project aims to
exploit the synergy between computational
work and experimental findings, the
researchers have planned out their work so
that the two sides can be done independently
without having to wait for results from the other
side. This allows the computational modellers
to plough ahead with their simulations very
quickly and then merge their results with those
of the experimentalists after the allocation is
finished. “When you are doing work on a subject
such as COVID-19 where time is of the essence, it
is really important that you are able to parallelise the
science in this way and then make ends meet afterwards,”
says Lindorff-Larsen.
With the PRACE project around halfway through now, much
of the analysis of the simulations still needs to be carried out
and so it is difficult for the researchers to make any concrete
statements about the findings of their work. “It has been
an unusual situation for us to have such a large amount of
resources on a project that we have only just started, and we’ve
made a lot more progress than we would normally because we
have been able to explore ideas very quickly,” says Bottaro. “We
believe we’ve done some interesting science that stands by itself
independently of the pandemic, but at the same time we are very
pleased to have been working on the structure of molecules that
may enable better drug design for COVID-19.”
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The virus inside

Investigating viral
dispersion in enclosed spaces
The pandemic has caused us to re-examine many aspects of our lives this year. The CFDforCOVID
project, led by Florent Duchaine of CERFACS, has been using fluid dynamics tools usually reserved for
aeronautical engines to look at how the virus can spread in enclosed environments such as buildings
and vehicles, with the aim of helping to turn them into safer spaces that reduce viral transmission.

I

nvestigating the dispersion of infectious
diseases is somewhat of a new endeavour
for Florent Duchaine’s team at CERFACS, who
usually use their fluid dynamics simulations to
look at the function of aeronautical engines (aircraft
and helicopters). As it turns out, however, the tools
they have developed for looking at fuel injection in
these engines can easily be applied to looking at
COVID-19 propagation in air.

Florent Duchaine

The CFDforCOVID project, awarded 10 million core
hours on Joliot-Curie Rome, hosted by GENCI at CEA,
France, aims to create an HPC tool based on recently
developed aerospace computational fluid dynamics
solvers to simulate the dispersion, evaporation,
and contagion risks of droplets emitted by an
infected person, especially in enclosed spaces such
as aircraft cabins or buildings. “If we are provided
with the ventilation conditions and the shape of
the space, we can resolve the flow inside that
system,” says Duchaine. “We are then able to inject
particles at certain points and follow their path
around that system, allowing us to see how a virus
from an infected individual might travel around that
environment and infect other people.”
One part of the project has involved modelling what
happens when someone sneezes or coughs in front
of another person. “One thing we can say fairly
certainly is that if someone who is sick sneezes or
coughs in your face, you are in big trouble,” says
Duchaine. “This is only part of the story, however.
There are many people around who are carrying
the virus but who are not sneezing or coughing and
have no symptoms.”
10

More information
http://www.cerfacs.
fr/~duchaine

HPC Resources
awarded by PRACE
This project was
awarded 10 million
core hours on JoliotCurie Rome (French
national resources)

Although a lot of focus is placed on the spread of
infection through individuals coughing or sneezing,
more and more studies have pointed towards the
fact that respiratory droplets that are released just
from talking and breathing can travel considerable
distances. These droplets can easily flow around
enclosed spaces due to convection currents created
by ventilation systems. As such, another aspect of
the project involves using the team’s solver to resolve
these flows in the complex geometries of buildings
and vehicles.
The issue of symptomless carriers of the virus and
lack of data about how much of the virus is expelled
from each person means that examining the spread
of the virus is to some extent a probabilistic problem.
“We are using our PRACE allocation to perform
deterministic simulations,” explain Duchaine. “After
that, we then have to look at probabilities provided
by our biologist and virologist colleagues about the
likelihood of viruses being in droplets and whether
those viruses are active. All of these different factors
allow us to determine probabilities of infection
in given environments, and can provide crucial
information for transport and construction companies
about how to modify rooms or vehicles and change
ventilation methods to create less infectious
environments.”
Although some companies already use lower order
fluid dynamics models to examine air circulation
within their enclosed environments, they do not
come close to the accuracy provided by the high
fidelity large-eddy simulations used by Duchaine
and his colleagues. As part of the project, they have
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Simulation of a person coughing
at a 1m distance from another
person. Distribution of the
droplets in the turbulent plume
emitted by the coughing person.

been working with French construction company
GA in order to provide them with a better view of
thermal and infectious flow within one of their office
rooms. They have examined two different ventilation
operating conditions within that office to examine
the impact of droplet dispersion. The company will
be able to use this data in the future to design better
environments that are less likely to help the spread of
infectious diseases.
As well as this, the team have performed simulations
of a bus with three different types of operating
conditions and with various configurations of people
within the bus. “Overall, since we began this PRACE
project around six months ago, we have been able to
carry out five large simulations, so it has been very
productive for us in that sense,” says Duchaine.
Although these simulations provide an excellent
overview of droplet dispersion in these given
environments, the data cannot be easily extrapolated
to other environments. With every new building or
vehicle, a separate simulation would be needed to
look at the flow within that space. Due to the huge
computational expense of these simulations, one of
the longer-term goals of the team is to be able reduce
the model so that other companies can also gain an
idea about how infections might move around in their
environments.
The computational time provided by PRACE to the
researchers has allowed them to carry out these
simulations extremely quickly, and has helped them
to progress their objectives moving forwards. “We

Airborne droplet dispersion emitted by a person breathing during several minutes
in a ventilated office.

have been fortunate enough to have already worked
with two large companies and show them what we are
capable of doing with our fluid dynamics tools,” says
Duchaine.
“Although we are talking about COVID-19 today, we
are working with biologists to examine a number of
other viruses. This project has helped us to take a big
step forwards towards our ultimate goal of creating
a tool that can help create safer environments. The
pandemic has hugely increased awareness among
companies about the importance of creating spaces
that mitigate the spread of infectious diseases, and
we hope to be the ones that can help them to do that
in the future.”
11
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COVID-19 epidemiology

Network modelling of
SARS-Cov-2 transmission
Modelling how infectious diseases spread is a complex process that involves not only understanding
the virus itself, but also the behaviour of the people who are transmitting it. Rafael Villanueva of the
Polytechnic University of Valencia has been leading a project that aims to ramp up the capabilities
of his network models to provide a deeper understanding of the COVID-19 pandemic and eventually
provide advice on the best vaccination strategies for the near future.

R

afael Villanueva, a researcher in
interdisciplinary mathematics at the
Modeling and UNcertainty QUantification
group (MUNQU) at the Polytechnic
University of Valencia, specialises in modelling
infectious diseases. His previous experience has
led to close working relationships with doctors
working on public health issues, especially on the
topic of how different vaccines provide protection to
populations.
With this knowledge of using mathematical models
in the field of epidemiology, it is no surprise that
with the onset of the COVID-19 pandemic, he was
quick to offer up his expertise to help solve this
global issue. “Everyone in my team here at the
Polytechnic University of Valencia was very keen to
work on this topic,” says Villanueva. “Some of them
suggested trying to make predictions about how the
disease might evolve over time, especially here in
Spain.”
After making themselves familiar with the ongoing
and rapidly evolving research on COVID-19,
the team began integrating these findings into
their epidemiological models. Over time, the
models became more and more complex as more
information came to light from various fields of
research. One of the models used by the team is
known as SEIR. The SEIR model assumes that all
individuals in a population are of one of four states:
Susceptible, Exposed, Infected or Recovered (or
Removed). “With our network model, we simulate
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each individual as a node,” explains Villanueva.
“Connections between these nodes are known as
edges. This means that two nodes that are joined by
an edge can potentially transmit the disease to each
other.”

Rafael Villanueva

The MUNQU team

More information

http://munqu.webs.upv.es

HPC Resources
awarded by PRACE

This project was
awarded 750 000 core
hours on the Jülich
Support for Fenix
CPU at the Jülich
Supercomputing Centre
in Germany

These types of models have attracted a lot of interest
since the outbreak of the COVID-19 pandemic but,
as Villanueva and his team found out, they become
computationally expensive when larger numbers
of individuals are placed into the network. Having
reached the capacity of their in-house computers,
they applied to PRACE for computing time on Europe’s
fastest supercomputers to continue exploring their
work.
“What we found when working with smaller networks
on our own computers was that certain behaviours
that we know to exist, such as the seasonality of
infectious diseases, do not arise naturally in our
simulations,” explains Villanueva. “This led to us
applying for PRACE’s fast-track call for research
on COVID-19 so that we could use our models on
much larger computers and create more accurate
predictions.”
Seasonal cycles are common in infectious diseases,
with many of the more common viruses such as
cold, influenza and rotavirus being more prevalent in
winter. Why these patterns arise is poorly understood,
but they represent significant oscillations in infection
levels in populations and therefore must be taken
into account. This seasonality emerges naturally in
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potentially show new behaviours in the transmission
of the disease. Villanueva and his team aim to
eventually run their simulations with over one million
nodes in their network, but are currently running it
with around 600 000.
Once the model has been calibrated, it will be used to
examine how a potential vaccine might work to help
suppress the pandemic. Not all vaccines act upon
people in the same way; while some are able to both
protect the person receiving it and block transmission
to others – the best possible scenario – other
vaccines will only provide protection to the person
who receives it, and will not necessarily stop them
from carrying and spreading the disease. Villanueva
and his team are examining a range of scenarios in
between these two extremes, and looking at how this
will affect the number of people being hospitalised.
In terms of feeding the results of their work into
actionable steps for public health, Villanueva and his
team hope that their simulations will be able to point
towards the best possible strategy for vaccinating
people in order to avoid highly crowded hospitals and
high death rates.

The S-E-I-R network model
S = Susceptible

I = Infected

E = Exposed

R = Recovered

The SEIR network model assumes that all individuals in a population are of one
of four states: Susceptible, Exposed, Infected or Recovered (or removed). Each
individual is represented as a node, and nodes connected by “edges” can transmit
the infection to each other

the kind of model being used by Villanueva, but only
when using around one million nodes or more.
The PRACE project, entitled “Calibration of the
parameters of a network model for studying the
transmission dynamics of the SARS-Cov-2”, is
helping to calibrate the parameters of the model by
running around 50 000 iterations of a simulation.
This will eventually allow patterns such as
seasonality to emerge in the model, and also

“In some of our previous studies on other
diseases, we have even been able to give concrete
recommendations that doctors can implement in their
daily work,” he says. “However, in this case, what we
are aiming to do is to provide as much information as
possible to policymakers so that they can make the
appropriate decisions. Of course, we are not the only
group working in this field, so those people will have
to examine several sources of information before
coming to any decision.”
Villanueva is grateful to PRACE for the allocation of
750 000 core hours on the Jülich Support for Fenix
CPU at the Jülich Supercomputing Centre in Germany
that his team received, without which he believes the
work he has carried out would have been impossible.
“I have never had a lot of luck with these kinds of
proposals in the past, so I was very surprised when
ours was accepted!”, he says. “The mentoring
system they had in place was very useful to us, as
we were able to ask our mentor Filipe Guimaraes
any questions which he always helped us with very
quickly. We certainly would not have been able to do
some parts of this work without his assistance.”
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Protein targets of SARS-CoV-2

Using molecular dynamics to find
drugs and vaccines for COVID-19
Molecular dynamics simulations allow us to see into the hidden atomic-scale world that makes
up everything we see. Understanding SARS-CoV-2 at this level is helping Vangelis Daskalakis of
the Cyprus University of Technology to identify weaknesses in the virus that can be exploited and
targeted through drugs and vaccines.

T

he COVID-19 pandemic has created a
high demand for the characterisation of
molecules that can inhibit viral functions,
as well as for the production of vaccines
that can trigger an efficient and safe immune system
response. The rapidly spreading virus has sparked
an unprecedented response from the research
community as the world faces a health challenge of
enormous proportions.

Vangelis Daskalakis

Vangelis Daskalakis of the Cyprus University of
Technology is a researcher who uses molecular
dynamics simulations to study how molecules within
biological systems move and interact. These types of
simulations can show the role that dynamics play in
the function of biological molecules.
Collaborating with colleagues from the University
of Crete (School of Medicine, Dept. of Biology),
Daskalakis and his team decided to use their skills
in the fight against the pandemic. They believe that
research on SARS-CoV-2 should focus on proteins
that exhibit higher evolutionary conservation and
lower mutation rates, and that are potential drug
targets or sources of epitopes. Epitopes – small
parts of antigens that are recognised by the immune
system – could potentially be used to develop
vaccines that offer protection against Covid-19.
In SARS-CoV-2, both the main protease and the
nucleocapsid protein exhibit such characteristics,
and are therefore ideal targets for the simulations.
In addition, there is no human homologue of the
main protease, which makes it an ideal antiviral
target as it will not interfere with other human
14

More information
https://www.cut.
ac.cy/faculties/gem/
est/?languageId=1

HPC Resources
awarded by PRACE

This project was
awarded 16 million core
hours on Joliot-Curie
Rome, hosted by
GENCI at CEA, France.

cellular functions. Daskalakis says that any strategy
against the disease should include several proteins
instead of a single one, as there is a high risk of
drug resistance induced by rapid evolution in the
viral genetic material. As such, the team has been
looking at these two protein targets on the SARSCoV-2 virus as part of a PRACE project. The main
protease is a non-structural protein that cleaves the
viral polyprotein into functional proteins – a critical
step during viral replication. The second target, the
nucleocapsid, is used in the packaging of the viral
genome through protein oligomerisation and in
keeping it stable inside the virus.
Using 3D structures of these proteins obtained
from Cryogenic Electron Microscopy and X-ray
crystallography as a starting point, Daskalakis and
his team have employed enhanced sampling methods
to try and ascertain the shape that these molecules
take in vivo. After that, they screened a large
database of natural products against these proteins
to see if they could find any potential inhibitors to
their functions. These fundamental studies required
enormous computational power and PRACE awarded
the project with 16 million core hours on Joliot-Curie
Rome, hosted by GENCI at CEA, France. So far, the
team has used those 16 million core hours and has
been granted an extension of another 2 million core
hours to continue the work.
“In essence, what we do is we create digital versions
of these two proteins – the main protease and the
nucleocapsid – and use them to carry out molecular
dynamics simulations,” explains Daskalakis.
“We employ a method called replica exchange to
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predict the actual conformations of the proteins. These
conformations are then tested against a large database of
natural products to see if any of them might inhibit their
function. At this point, we have identified two natural
products that may be able to facilitate the weakening of the
main protease function, as well as weaken the nucleocapsid
interaction with other proteins, called importins, essential
for importing the viral RNA into the host cell nucleus.
“For instance, the main protease is only active when it is
in the form of a dimer, in which two molecules are bonded
together,” continues Daskalakis. “Any natural product that
can destabilise this dimerisation has the potential to be a
potent drug against the virus. So far, we have identified one
such product, called Fortunellin, a natural product found in
the fruits of Citrus japonica var. margarita (kumquat). As for
the nucleocapsid-importin interactions, these are weakened
by p-cymene, a constituent in the essential oils of more than
100 plant species such as the oil of Thymus vulgaris and
Origanum vulgare subsp glandulosum. These findings are
currently under peer review for publication.”

The viral proteins can become efficient targets of drug-design via computer
simulations. The virus capsid includes the spike (S), the envelope (E), the
membrane (M), and the nucleocapsid proteins (N) for packaging the viral
genome. The viral RNA is translated into a polyprotein. The virial main protease
(MPro), like scissors, cleaves the viral polyprotein to functional proteins; a critical
step during viral replication and production. Computer simulations translate the
protein structures into digits to be ready for production simulations.

Based on the observed dynamics – the motion of the atoms
in the molecules through time – the team has also been able
to identify a number of special domains of the proteins that
are important to their function. They then cross-referenced
these domains against a database of epitope fragments to
see if they might be useful targets for potential epitopebased vaccines.
Daskalakis believes that the huge response of the scientific
community towards the pandemic is the right approach if
the world is to see results in a timely manner. “First line
research has been accelerated beyond anything we have
ever seen before, and this is likely to produce some errors
which might hinder instead of speed up the fight against
the pandemic,” he says. “However, among the thousands of
research projects there will be a few that can certainly make
an impact and accelerate the recovery from the pandemic.
“My opinion is that we need to be more careful than
normal in critically evaluating everything that is published.
However, we cannot afford to lose important results that
can potentially make a difference. It is like throwing dice.
Only when we increase the number of throws will we get the
number of possibilities we need – even though many will be
dead-ends – especially when research in this field is in its
infancy.”

1. The production simulation includes a method in which protein replicas are heated
to temperatures between 37-127oC, the replicas are allowed to exchange, in order
to facilitate efficient conformational sampling even at lower temperatures. 2. These
exchanges are happening in the presence and the absence of natural products
(protein inhibitors) that may lead to destabilized (inactive) variants of the proteins.
3. Essential protein motions identify important protein domains for the virial function
that can be used as epitopes for vaccination and trigger an immune response.

Looking to the future, Daskalakis is collaborating with experts from
the University of Crete in experimental endocrinology, virology and
in the natural products being examined. “These collaborations will
help us to see whether or not the products we are looking at might
potentially interfere with other normal metabolic pathways, and
also help us to work out how we might go about sourcing these
products for clinical use. We firmly believe that trying to find natural
products that have already been licensed is the way forward in
terms of fighting the pandemic. At this point, we do not have the
time to develop a medicine from scratch and ensure that it is safe.”
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COVID-19 epidemiology

Model aggregating for epidemics
Catalan-based company Mitiga Solutions uses supercomputers to provide early warnings to
governments and business about natural hazards. Its recent foray into providing such
information about infectious diseases has come at a time when the world needs it most,
and it is now using PRACE resources to refine its methods for use on a global scale.

I

n 2018, a group of employees from the
Barcelona Supercomputing Centre founded a
spin-off company, Mitiga Solutions, aiming to
harness the power of supercomputers to provide
early warnings about natural hazards. Originally
providing information about volcanic activity to
the aviation industry, Mitiga has since expanded to
cover sandstorms, wildfires, and – more recently –
infectious diseases.

Alejandro Marti

Alejandro Marti, CEO and co-founder of Mitiga,
explains the company’s goals. “Our primary
objective in all of our work is facilitating risk
transfer,” he says. “Our deterministic models
help first responders and businesses make better
decisions by providing them with data about the
risks they may face ahead of time.”

The final part of the strategy adds a layer of business
intelligence that helps to reduce the financial impact
of any disease outbreak, providing information about
how supply and demand, transport, financial markets
and other institutions might be affected. “Our mission
is to stop epidemics from turning into pandemics
while reducing negative social and financial impacts,”
says Dr Marti. “We’re never going to be able to avoid
infectious diseases from arising in certain places,
but what we can do is detect these outbreaks two to
four weeks early and stop them from spreading and
causing widespread disruption.”

When Mitiga began developing their epidemic
early warning system, Epi-EWS, they had no idea
that the worst pandemic for 100 years was looming
just around the corner. Now partnered with the
Barcelona Supercomputing Centre, various national
health institutes worldwide, and a startup, Pebble
Analytics, they are aiming to roll out their technology
in time for a second wave of the pandemic.
Mitiga’s strategy for providing early warnings about
epidemics consists of three phases. The first, known
as digital participatory surveillance, developed
almost ten years ago as part of a European project
on influenza. It involves gathering information from
people about how they feel and symptoms they may
be experiencing, which is then cross-referenced
with information from hospitals and doctors on the
ground.
This data is then inputted into agent-based
16

models, a class of computational models that can
be used to simulate the actions and interactions
of individuals. Data for these models comes from
a number of sources. Governments can provide
some information on the economic activity of
their people. Mobile phone networks are also a
valuable resource, providing detailed information
on people’s movements. However, in some areas
such as sub-Saharan Africa, this kind of data can be
confounded by shared ownership of mobile phones.
In these cases, gamification can be used, asking
representative selections of the population to play
simple games where they provide details about what
they do and where they go in a typical week.

More information
https://www.
mitigasolutions.com

HPC Resources
awarded by PRACE

This project was
awarded 5 million core
hours on the Beskow
hosted by KTH-PDC,
Sweden.

Despite the success of this approach in the past,
issues arise when applying agent-based models to
different populations, as Dr Marti explains: “Human
behaviour is very important when looking at infectious
diseases – people do not behave the same in subSaharan African countries as they do in European
countries, in the same way that older people do
not behave the same as younger people, and men
do not behave the same as women. These factors
substantially alter the probability of encounters,
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The Mitiga team working with the Red Cross to incentivise people to provide information about their health using technology

patterns of exposure, and the likelihood of disease
propagation.” The current lack of understanding of
behavioural differences between people in terms of
country, gender and age is a significant issue when
trying to predict outbreaks of infectious disease. To
get around this problem, Dr Marti and his team are
creating an agent-based modelling platform that
compares the different models and benchmarks
them for different users, ensuring that they use the
most appropriate model for any given situation.
The proposed model aggregation platform will
enable Mitiga to compare various agent-based
models and see which ones work better in different
situations and environments. Ultimately, this will
help to build a global platform that uses parts of all
of these models. “To carry out this work, we need
to do stress modelling with each of them to see
which are best-suited for predicting the spread of
COVID-19. This is a computationally intense activity
and is the reason we applied for computing hours
with PRACE.”
The secret to success with these models is using
large numbers of individuals and including as much
behavioural information as possible. Alongside
more general behavior, specific situational factors
such as whether lockdown restrictions have been
introduced and whether people are interacting
indoors are outdoors all have to be taken into
account. Culture also plays a huge role in these
models, as Dr Marti explains: “Although we have
similar regulations across Europe, we see that
people in Spain have closer physical interactions
than people in countries such as Germany. This tacit
social interpretation of what confinement means is

The current
lack of
understanding
of behavioural
differences
between people
in terms
of country,
gender and
age is a
significant
issue when
trying to
predict
outbreaks
of infectious
disease.

important when looking at the spread of infection.”
The nature of agent-based models – simulating
large numbers of individuals, each with different
behaviours under different scenarios – mean
that they require huge computational resources.
That, along with the fact that the simulations
have to be run many times over in order to create
accurate ensemble forecasts, means that multicore
processing in parallel is needed to get answers
within a reasonable timeframe.
A new consortium started by the company is now
bringing together a number of African countries in
the fight against the pandemic. For the first time
ever, these countries will be collecting, sharing,
analysing and acting upon this kind of data in a
uniform way. With 10 countries already engaging
in the consortium and a digital participatory
surveillance pilot programme already underway
in South Africa, Mitiga is now ready to input the
results of the PRACE project into their work to create
a more accurate picture of the spread of COVID-19 in
the continent.
Looking beyond the project, Mitiga is working on
promoting a programme in Africa with the Red
Cross that aims to incentivise people to provide
information about their health. “This concept,
known as a community inclusion currency, is based
on blockchain technology and provides people
with tokens that can be exchanged for certain good
such as food, transport or education when they
give information about their health status,” says
Dr Marti. “An economy is thus generated that helps
people and also gives us vital information that can
help us stop the spread of disease.”
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Peptides to the rescue

Analysing peptides for antiviral
and anti-inflammatory properties
Irish company Nuritas has carved itself a niche in the world of drug discovery with its AI platform that
analyses the therapeutic potential of thousands of naturally-occurring peptide sequences. With the
onset of the COVID-19 pandemic, they are now putting all of their efforts into discovering peptides that
can be used to mitigate the disease’s progression.

S

ince its inception in 2014, Dublin-based
company Nuritas has been changing
the landscape of drug discovery. Using
its proprietary artificial intelligence
platform, it analyses vast quantities of peptides
quickly and accurately and identifies top candidates
for addressing some of the most difficult drug
discovery challenges.

that, if left unchecked, can lead to lung damage and
death. It is obvious that more than one solution may
be needed to mitigate the impact of the pandemic,
and the Nuritas team is eager to help identify
therapeutic peptides with the potential to address
these two key drivers of the disease’s progression.”

Hansel Gómez Martínez

By leveraging the inherently high target specificity
and low risk of immunogenicity that peptides
possess, Nuritas creates therapeutics that meet or
surpass industry standards across a broad range of
diseases. Founded in 2014 by mathematician and
bioinformatician Nora Khaldi, Nuritas is a leader in
the identification of therapeutic peptides to prevent
or treat disease.
In April, the company received an allocation from
PRACE to identify therapeutic peptides for the
treatment of patients with COVID-19. It is using its
artificial intelligence platform to identify peptides
with antiviral properties as well as peptides with
cytokine regulatory properties, with the goal
of creating a therapeutic ‘peptide cocktail.’ If
successful, this approach has the potential to slow
or stop disease progression by both mitigating
viral replication and modifying the cytokine-based
inflammatory response known to drive respiratory
damage in patients with COVID-19.
Speaking earlier this year, Khaldi said: “COVID-19
is a devastating infectious disease, and there is an
enormous unmet need to diminish viral replication
and tackle the underlying inflammatory response
18

Peptides are naturally suited to addressing infectious
diseases as they can disrupt protein-protein
interactions. Hansel Gómez Martínez, a research
scientist who leads the molecular modelling research
at Nuritas, has been leading the PRACE project that is
looking for bioactive peptides that can bind to targets
on SARS-CoV-2.
“The main goal of this project is to find peptides that
show activity against the virus responsible for the
COVID-19 pandemic,” he explains. “More specifically,
we are ideally looking for peptides that are already in
the market or at the stage of advanced clinical trials
so that they can quickly be repurposed for antiviral
therapies.”

More information

https://www.nuritas.com/

HPC Resources
awarded by PRACE
This project was
awarded 40 million core
hours (i.e. 588 000 node
hours) on Piz Daint GPU
hosted by ETH Zurich /
CSCS, Switzerland.

The team used a molecular modelling pipeline that
involved carrying out docking simulations, molecular
dynamics simulations and free energy calculations
of all of the peptides being studied against protein
targets forming the virus-host cell interactome. At the
same time, they trained machine learning predictors
to predict if any of the peptide sequences showed
any potential for antiviral or anti-inflammatory
behaviour. This work generated a massive dataset of
characteristics of the peptide sequences examined,
which the team is now statistically analysing in order
to create an overall ranking.
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“The pipeline itself isn’t particularly complicated
in terms of methodology,” says Gómez. “What was
challenging for us was the volume of simulations we
were doing. We considered the entire interactome
of the viral infection, meaning every single protein
of SARS-CoV-2 that we knew the structure of,
combined with every single protein from the human
host cells that are thought to be important in the
infection process. This meant that the number of
targets totaled over 200, which we then had to cross
reference against over 700 peptide sequences, giving
a total of over 175 000 separate systems.”
This huge undertaking generated terabytes
of data, and it is only thanks to access
to the Piz Daint supercomputer in
Switzerland, using hundreds of GPUs
simultaneously, that the
team were able to
complete their
work. “PRACE’s
allocation to us
was absolutely essential
to this project,” says
Gómez. “If you look at the
alternatives, it would have cost
us in the order of several hundreds of
thousands of dollars to carry this work
out on the cloud, so we are really
appreciative of this opportunity.”
The deployment of such an
unprecedentedly large pipeline
also meant that the
team had to create an
automation process
for its implementation.
Many steps had to be
connected and the process
required a lot of coding and
code wrapping on the fly,
but Gómez believes that this
work will be of great value to the
company moving forwards
in future projects.
“At the beginning of the
project, we also had to

The proposed workflow for the Nuritas project and,
left, a view of a hit candidate peptide binding to the
SARS-CoV-2 Main Protease

deal with the fact that there were only very few
peptide sequences available publicly,
most of them in fact being owned by
pharmaceutical companies who are
unwilling to disclose them due to
their potential value,” explains
Gómez.
“To get around this issue, we
developed a state-of-the-art NLP
technique to crawl through thousands
of papers and patents online and find peptide
sequences to give us a point to start from. This
is another outcome of the project that will be very
useful to Nuritas in the future.”
When the final ranking is completed and the best
candidates have been identified, Nuritas will be
sharing the results of the study and will be open to
collaborations with the companies that manufacture
the most promising peptides in order to push towards
having them used therapeutically in the fight against
the COVID-19 pandemic.
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COVID-19 infectious mechanisms

Investigating the impact of
mutations in SARS-CoV-2
Molecular dynamics simulations are one of the best methods for quickly understanding the
mechanisms of SARS-CoV-2. A project led by Modesto Orozco of the Spanish Institute for
Research in Biomedicine is investigating the evolutionary path of the virus from bats to humans,
forecasting human sensitivity to infection, and looking at the impact of viral mutations on infectivity.

M

odesto Orozco is a computational
chemist who uses simulations to study
biological molecules. His group has
done extensive work on developing
methods for studying the dynamics of proteins,
nucleic acids, enzyme catalysis and more. With
the onset of the COVID-19 pandemic, they have
now turned their considerable knowledge towards
studying various aspects of the virus. PRACE is
supporting this work through an allocation of six
million core hours on Joliot-Curie Rome, hosted by
GENCI at CEA, France.
One of the main focuses of the project is the
interactions between the human angiotensin
converting enzyme (ACE2) and a part of the spike
protein of the virus known as the receptor-binding
domain (RBD). ACE2 is is an enzyme molecule that
connects the inside of our cells to the outside via the
cell membrane. Normally, it plays a role in stabilising
blood pressure in the human body, but the SARSCoV-2 virus is able to exploit its machinery to gain
access to our cells by binding to it via RBD.
However, looking at RBD in isolation cannot give
the whole picture of what is going on, as Orozco
explains. “We have to look at the entire spike
protein, because for RBD to interact with ACE2 it
has to somehow become exposed, meaning the
spike protein has to be very flexible and change
its structural conformation,” he says. “Nobody
really understands this mechanism at the moment.
Experimentalists have huge amounts of structural
data, but theory is needed to understand this
transition. We are providing this by carrying out
20

Modesto Orozco

More information
http://mmb.irbbarcelona.
org/www/
http://mmb.irbbarcelona.
org/biobb/
https://bioexcel-cv19.
bsc.es/

HPC Resources
awarded by PRACE

This project was
awarded 6 million core
hours on Joliot-Curie
Rome hosted by GENCI
at CEA, France.

huge simulations that comprise nearly one million
atoms.” With a 93% shared genetic makeup, the
SARS-CoV-2 RNA sequence is very similar to a
virus found in horseshoe bats known as RaTG13.
Understanding how a virus that originated in bats
may have come to infect humans can help to avoid
the emergence of new infections, and has therefore
been a significant focus of Orozco’s research.
“We wanted to see how this bat virus may have come
to infect humans and then continued to evolve,” he
says. “In practical terms, this required doing large
simulations of the experimentally-known complex
between the human enzyme ACE2 and the SARSCoV-2 RBD, and then see if it was possible for this
to have mutated from the RaTG13 virus. It requires
a huge number of mutations, but we have shown
it to be possible and have had some experimental
validation from colleagues in Northern Italy.”
Following on from this study, the group is also looking
at where the virus may jump to next. Even if SARSCoV-2 is eliminated from humans, it is possible that
the virus will end up in another species. “It seems
possible that bats can act as a reservoir, meaning
that they can be re-infected by the virus from
humans,” says Orozco. “What we are trying to find
out is whether or not other animals, for instance
cats or birds, might also be able to catch it. These
kinds of simulations are less complicated but no less
important.”
The final piece of research being carried out related
to ACE2 and RBD is related to human polymorphisms
of ACE2. Variations in this enzyme throughout the
global human population mean that some people may
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Overview of the computational approach to investigate the impact of mutations in SARS-CoV-2. Workflows built using the BioExcel Building Blocks
library (BioBB) combining GROMACS MD package and pmx free energy tools are used to efficiently use thousands of cores from PRACE HPC resources.

be more susceptible to catching the virus than others. The team
has collated data from all around the world on these genetic
variations and carried out simulations to see how the different
variants of ACE2 interact with RBD. Their findings show that one
variant of ACE2 does not bind easily to RBD, meaning people
with that variant are more resistant to the virus. They have also
shown that some people have a variant which makes them much
more susceptible to the virus. However, both of these groups are
insignificant in size.
Many genomics projects around the world have been sequencing
the virus as it has spread and mutated around the globe,
providing an excellent pool of data for computational studies.
Orozco’s team has been using this data to analyse the impact of
viral changes on the binding of ACE2 and RBD. “There is a huge
amount of information in this area, so we are only looking at the
mutations that affect the ACE2-RBD binding, and then analysing
the impact that these viral mutations have on the interaction.
Our work on this is still unpublished, but what we have found is
an excellent example of Darwinian evolution in action.
“When a viral mutation negatively affects the binding, the
virus does not progress. We see one sequence of it and then
it disappears. However, when mutations improve the binding,
it becomes imprinted in the next generation of viruses and
becomes dominant very quickly. For instance, you can see that
there is one mutation on the spike protein, originally observed

in Spain, that somehow helps to expose the RBD and thus helps
it bind to ACE2. This mutation has now colonised the whole of
Europe. Of course, this particular area of research does not
have a definitive end, as the virus is still spreading and
mutating and data continues to be gathered through genome
sequencing.”
Every aspect of this project on COVID-19 has been helped by a
new technology developed by Orozco and others at the BioExcel
Centre of Excellence for Computational Biomolecular Research.
The technology, known as BioExcel Building Blocks, enables HPC
users to harness the full power of large parallel supercomputers
by ensuring that all processors are being used as much as
possible, allowing for simulations to be carried out more quickly
and more efficiently.
With thousands of groups now carrying out molecular dynamics
simulations of molecules involved in COVID-19, the amount
of information available is overwhelming. To help researchers
deal with this deluge of data, Orozco has helped to create a
platform, BioExcel-CV19, which collates all of it in a useful way.
“The platform is based on an infrastrucure that was developed
for the Human Brain Project, and allows researchers to quickly
access data and tailored analysis on the protein family that they
are interested in. We are hoping that others working on PRACE
projects will be uploading their data on to the platform so that
the whole world can benefit from their research.”
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The coated spike

The role of glycans
in the spike protein
Glycan shields allow viruses to hide from their host’s immune system. In SARS-CoV-2, however, it
seems that they may also play a critical role in gaining access to the cell, without which the virus
would be rendered harmless. Elisa Fadda of Maynooth University has been using molecular dynamics
simulations to examine these complex carbohydrates in more detail.

C

omplex carbohydrates are the most
abundant biomolecules in the natural
world. Most proteins are covered in a thin
layer of these branched structures, which
can be made up of any number of hundreds of
different units. However, despite their ubiquity, they
have historically been almost entirely disregarded
when considering the structure of the molecules
they are attached to, seen as unnecessary details
that do not contribute to the overall function.

Elisa Fadda

“What makes it unique in this coronavirus is that
specific glycans within the shield are intrinsically
involved in the mechanism of the spike protein
that allows it to latch on to our cells. Without these
glycans, the spike protein would be useless and the
virus would not be contagious or dangerous in any
way.”

Massive progress in the field of complex
carbohydrate research over the past 20 years has
now changed the perception of these molecules from
that of redundant decorations to essential biological
enablers. As it turns out, the fine layer that they form
around proteins, like moss on a stone, often plays a
crucial role in the protein’s function – including that
of the SARS-CoV-2 spike protein.
Understanding how these carbohydrates behave
is a tricky process. They are highly dynamic and
highly flexible, meaning that most traditional
experimental methods are unable to capture any
useful information about their function. Instead,
computational biophysicists like Elisa Fadda of
Maynooth University painstakingly reconstruct these
biomolecules digitally so that they can see how they
move and react in their own environment.
The famous spike protein that allows SARS-CoV-2 to
attach to our cells has been studied in great detail
over the past year by researchers looking for ways to
target it in the treatment of COVID-19. Studying the
22

carbohydrates that cover the surface of the protein
is essential for understanding the disease better, as
Fadda explains. “Working alongside my colleague
Rommie Amaro in San Diego, we have shown that
SARS-CoV-2 is entirely unique from other viruses due
to what is known as its glycan shield. This coat of
carbohydrates that hides the virus from our immune
system is present in all enveloped viruses, including
HIV and influenza.

More information

https://www.
maynoothuniversity.ie/
people/elisa-fadda#1

HPC Resources
awarded by PRACE
This project was
awarded 15.84 million
cumulative core hours
(i.e 45 000 node hours)
on Marconi100 hosted
by CINECA, Italy.

This feature of SARS-CoV-2 could explain another
unusual phenomenon that it displays. Viruses
replicate by hijacking the cellular machinery of their
host. As such, the glycan shield of SARS-CoV-2 is
made by whatever cell its predecessor infected.
Where this becomes interesting is that the different
types of cells in our body – cells in our lungs, cells
in our intestine – produce different glycan shields.
This leads to variation in the infectivity of the virus
depending on what type of cell it has come from.
Analysing this viral quirk experimentally is an almost
impossible task. However, Fadda and her colleagues
have been able to construct various types of glycan
shields and use high performance computers to see
how they behave. This could pave the way for some
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Graphical representation of the
SARS-CoV-2 virus surface (grey)
with the spike (S) proteins
highlighted in blue. The atomistic
model of the fully-glycosylated
SARS-CoV-2 S embedded in the
viral membrane is shown on the
right-hand side (image courtesy
of Dr. L. Casalino, Amaro Lab,
UCSD). Ref. [Casalino et al, ACS
Central Sci(2020), doi: 10.1021/
acscentsci.0c01056].

new therapeutic approaches. “It’s possible that instead of
targeting the spike protein, the glycosylation machinery that
creates the glycan coats could be hindered in some way so that
any viruses created would have defective spikes.
“Of course, any therapy targeting this would
have to be very selective as 70% of the proteins
we create in our body are glycosylated. It will
probably be a case of refining the strategy so
one or two enzymes are being targeted.”
Fadda’s studies on the role that glycosylation
plays in SARS-CoV-2 have partially been
made possible by a PRACE allocation of
15.84 million core hours on the Marconi100
supercomputer. Using molecular dynamics
simulations, her team has studied five spike
protein models with different patterns of
glycosylation, observing how the carbohydrates
react and rearrange as the spike binds to a human cell. “These
simulations allow us to see the whole system moving and show
us the role that the carbohydrates play,” says Fadda. “It’s like
using a computational microscope that provides detail down to
the level of atoms in real time.”
With data collection continuing until the end of November 2020,
a paper on the work carried out in the PRACE project will likely
be published in December. The project builds upon work carried
out earlier this year on the NSF Frontera computing system at
the Texas Advanced Computing Center. The unique perspective

Snapshot captured from one
of the MD trajectories of one
of the SARS-CoV-2 S models
studied in ref [Casalino et al,
ACS Central Sci(2020), doi:
10.1021/acscentsci.0c01056]
illustrates how the glycans
highlighted around the
open receptor-binding
domain (RBD) support its
open/active conformation,
affecting its binding to the
angiotensin converting
enzyme 2 (ACE2) primary
receptor. Ongoing work
in Dr Fadda’s lab funded
by PRACE is aimed at
invesitigating if and
how different
glycoforms can
modulate this
function of the SARSCoV-2 glycan shield.

that Fadda’s work provides, along with the extremely high-profile
nature of the COVID-19 pandemic, also led to her work featuring
in the New York Times in early October.*
“The whole experience of continuing our work on this with
PRACE has been fabulous,” she says. “We were able to access
our allocation straight away and, when we needed help, it was
available immediately.”
* Gerhard Hummer, whose work also features in the New York
Times article, is interviewed on page 22-23
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Bending like a flower in the wind

Understanding the structure and
dynamics of the spike protein
The spike protein of SARS-CoV-2 has been the focus of a huge collective effort in computational
research to fight the COVID-19 pandemic. It is crucial to the virus’s function, and also represents the
best target for treating the disease. Gerhard Hummer of the Max Planck Institute of Biophysics has
been leading a project that aims to elucidate the structure and dynamics of this infamous protein.

G

erhard Hummer and his team at the
Max Planck Institute of Biophysics use
computer simulations in various forms
and flavours to look at the biomolecular
processes that make the natural world tick. From
the precise movements of protons in an enzyme, all
the way up to the large-scale remodelling processes
that lead to complex cellular structure, the group’s
work provides fascinating insights into the layers of
nature that lay just beyond our perception.

translational modifications can add sugar molecules
to the protein’s surface and change the structure of
the viral membrane.”

Gerhard Hummer

Before the outbreak of COVID-19, some members
of Hummer’s group had already been investigating
viral proteins involved in membrane interactions and
membrane remodelling. Specifically, they had been
actively working on HIV-1 Env – the HIV equivalent of
the SARS-CoV-2 spike protein – trying to understand
how it carries out its function of breaking cellular
defence systems and getting the virus inside.
Combining their expertise in this field with their
broad toolset of molecular simulations, Hummer’s
group has been using its resources to help fight the
pandemic at the frontline of computational science.
Their first task was to build a molecular model of the
SARS-CoV-2 spike protein – the protein responsible
for getting the virus inside of cells which is also the
target of many potential medicines and vaccines.
Collaborating with scientists from across the world,
this significant piece of work was completed in
record time.
“The model provides a picture of the 3D structure of
the protein, but also other aspects that are less well
understood,” says Hummer. “For instance, post24

The first thing that strikes anyone studying the
spike protein is that it is a huge molecule. Its other
defining characteristic, which became apparent
after the creation of the 3D model, is its flexibility.
The implications of this were that to carry out
molecular dynamics simulations of the spike
interacting with other molecules would require very
large computational resources. “The spike protein
can move and bend like a flower in the wind,” says
Hummer. “To see how this affects its interactions
with other molecules, you have to have a large space
surrounding it in your simulations.”
Biological systems cannot be understood as
static structures. The dynamics – the way that the
molecules move and interact with other molecules
– are extremely important. The spike protein in SARSCoV-2 has to undergo a series of large conformational
changes to latch onto the cell and open up a
passageway into the cell.

More information

https://www.biophys.mpg.
de/theoretical-biophysics

HPC Resources
awarded by PRACE

This project was
awarded 20 million
core-hours on
SuperMUC-NG, hosted
by GCS at LRZ, Germany

As well as this, the sugar-like molecules that coat its
surface play a large role in its function. “Investigating
how the movement of these sugar molecules play a
role in the spike’s function, as well as making parts
of the spike more accessible to antibodies, has been
one of the main focuses of our PRACE-supported
project.”
Another interesting aspect of the spike protein is the
way it is connected to the virus. The bulbous end
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Hinge flexibility in the MD
simulation illustrated through
backbone traces (grey) at 75-ns
intervals with different parts of
the spike protein fixed (red)

head

hip - knee

of the spike that carries out the main
function of latching on to human cells
is connected to the rest of the virus
by a long, slender, and very flexible
stalk. This stalk has multiple “hinges”
that allow the active part of the spike
to connect with our cells in various
different ways.
“This is an aspect of the spike
protein that only emerged through
the simulations of our PRACE project,”
says Hummer. “While doing this work, we
learned from our experimental collaborators
that they had created some extremely detailed
tomographic images of the live virus which
confirmed much of what we had found in high
resolution. This provided our project with fresh
impetus, as we were able to see whether our
models were consistent with their data. Our
collaboration has enriched each other’s work in a
really nice way.”
The project has not been without its
share of obstacles. The widely
publicised cyber-attacks on
supercomputers across
Europe delayed the start
of the project, but work is
now well underway and
Hummer and his team
are nearing the end of
their PRACE allocation.
Looking forwards, they are
now pushing their research

knee - ankle

foot

efforts in several directions. “One
really interesting avenue is to do
with the engagement of the
virus with human receptor
proteins,” says Hummer.
“Experimental data has produced
quite a lot of information about this
subject, but the dynamics of it – how
it is orchestrated through space and
time – is still very poorly understood.
Our models and our previous work
have put us in an excellent position
to study this in more detail, which
can hopefully shed some more light
on possible ways to interfere with
this interaction for therapeutic
purposes.”

hip
knee
ankle

Another avenue for possible
further work is understanding
exactly how antibodies interact
with the spike protein. “We want
to look at how spike proteins and
so-called neutralizing antibodies
interact in large systems,” says
Hummer. “As well as this, we
want to further investigate
the structure of the viral
membrane. SARS-CoV-2 has
quite an unusual membrane
composition, but more
experimental data will
probably be needed before
we can proceed with any work
in that direction.”

Model of the spike protein. The three individual chains of the spike are shown in shades of red, N-glycosylation in blue, lipids of the endoplasmic
reticulum–like membrane in grey, and phosphates in green. “Hip,” “knee,” and “ankle” mark positions of the three flexible hinges.
Image source: Science, “In situ structural analysis of SARS-CoV-2 spike reveals flexibility mediated by three hinges”

25

PRACE Digest 2020

Drug repositioning

Old drugs against a new threat
Getting new drugs approved is a lengthy process and so, in the fight against COVID-19, our best hope is
to use ones that have already been approved. Vittorio Limongelli and his group from the University of
Lugano USI are using their world-leading computational methodologies to identify the best candidates
for the job against a number of molecular targets.

V

ittorio Limongelli’s group at the University
of Lugano USI in Switzerland specialises
in developing and applying computational
methods to investigate how drugs
interact with their molecular targets. Moving beyond
standard molecular docking simulations, they
have created a state-of-the-art methodology that
reproduces the whole physical binding pathway of
the drug to the molecular target.

computational work and the real world it aims
to describe. However, with great power comes
great computational requirements. Resources like
those provided by PRACE are fundamental to the
methodology if results are needed in a short time
period. With the global standstill brought about this
year by the sudden rise of the COVID-19 pandemic,
the world, now more than ever, needs answers fast.
Vittorio Limongelli

“Like many other scientists, I felt an almost spiritual
call this year to try and contribute our group’s
knowledge towards helping reduce the suffering
that we are currently seeing all over the world,” says
Limongelli. “We have had to slow down or pause a
number of our other research avenues in order to
get to work on COVID-19, and it has required a lot of
reading, but I believe our methodology is the perfect
tool for finding treatments as quickly as possible.”

Using rigorous free energy calculations, the team
evaluates the different states that a drug can
assume, allowing them to identify the drug binding
mode as well as intermediate and transition states.
Besides this thermodynamic information, the team’s
methodology also characterises the kinetics of the
drug-binding interaction. This provides information
on the time that the drug spends in contact with
the target, known as the residence time, which is
fundamental to the efficacy of any drug.
Limongelli’s computational methodology is now
well-established across the world, and was even
published in Nature Protocols, a prestigious journal
normally the preserve of experimental procedures.
In addition to this, his group, together with a group
led by Professor Siewert Marrink of the University of
Groningen, has also developed the first-ever multiscale model for drug binding to molecular targets.
“Atomistic models suffer from many limitations in
describing the reality of drug binding,” he explains.
“Our model is able to include other aspects, such
as drug concentration, that have previously been
neglected.”
This multi-scale model represents an important
advance in terms of bridging the gap between
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More information

https://www.ics.usi.ch/
index.php/group-limongelli

HPC Resources
awarded by PRACE

This project was
awarded 350 000 node
hours on Piz Daint
hosted by ETH Zurich/
CSCS, Switzerland, and
1TB on the COVID-19
Computational
Molecular Data
Exchange solution
hosted by ETH Zurich/
CSCS, Switzerland.

Limongelli has been leading a drug-repositioning
project supported by a PRACE allocation of
350 000 node hours on Piz Daint hosted by CSCS in
Switzerland. Drug repositioning involves looking at
drugs that have already been approved for safe use
and seeing whether they have any therapeutic value
for new targets. In this case, the group are analysing
the effects of various drugs on some of the essential
molecular players involved in the pathophysiology of
SARS-CoV-2. Among them are the viral proteins that
allow the virus to enter human cells and replicate
there: main protease (Mpro), RNA-dependant RNA
polymerase (RdRp) and 2’-O-methyltransferase
(2’-O-MTase), and the human host proteins
angiotensin-converting enzyme 2 (ACE2) and
mitochondrial assembly 1 (MAS1).
This pool of targets was specifically chosen in order
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Figure 1: Schematic representation of the SARS-CoV-2 lifespan. The investigated targets are depicted in ribbons, showing their function in the virus
replication mechanism (points A to E). The S protein is colored in green (S), ACE2 in salmon (A), Mpro in skyblue (B), whereas RdRp (C) and RNA are in
cadet blue and lime, respectively; the complex nsp10-nsp16 (D) is in turquoise and blue, respectively, whereas MAS1 is in orange (E).
Figure 2: Schematic representation of funnel-metadynamics applied to a sample case with the research workflow shown at the bottom. The
computational technique is employed to select the best repurposed drugs in each investigated target.

to cover the different phases of the disease,
from the first contact the between the
spike protein and the ACE2 receptor, to
the MAS1 receptors involved in the more
severe later stages of the disease in which
hyper-inflammation occurs. Drugs that
inhibit the interaction with ACE2 even have
the potential to be used prophylactically,
helping to decrease and contain viral
infection in those who are at high risk of
exposure.
The advantage of looking at alreadyapproved drugs is that it greatly speeds up
the process of getting to the stage where
they can be used in clinical practice. “If you
develop a new drug, it takes many years to
even reach the clinical phase, and clearly we
are in a situation where this is not helpful,”
says Limongelli. “If we can identify drugs
that are already on the market that are
effective against SARS-CoV-2, we can skip
the preliminary trials and go straight to the
clinical phase.”
Combinations of drugs that hit different

Like many other
scientists, I felt an
almost spiritual call
this year to try and
contribute our group’s
knowledge towards
helping reduce the
suffering that we are
currently seeing all over
the world.

targets will be explored as part of the project
to see if any synergies arise. Combining their
own protocol with state-of-the-art machine
learning models, the team will also explore
whether any of the drugs are effective on
more than one of the molecular targets
being investigated. In many cases, drug
repositioning does not identify particularly
potent drugs, but if they exhibit even a weak
activity against more than one important
target – so-called multi-target drugs – they
can be extremely effective.
The team has already identified a number
of promising candidates. At the very top
of their list is remdesivir, a drug originally
developed to treat Ebola that was recently
approved by the FDA in the US as the
first authorised treatment for COVID-19.
“Remdesivir appearing at the top of our list
of candidates is encouraging as it means
that our protocol has mirrored what has
been found in the USA,” says Limongelli.
“Our hope is that this means that the other
candidates on our list are also likely to be
effective in the fight against COVID-19.”
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Therapeutic approaches

Interactions of the
spike protein and heparin
For the infamous SARS-CoV-2 spike protein to bind to human cells, it must initially attach itself to carbohydrate
molecules known as heparan sulphate proteoglycans. Studying this interaction is the basis of a project led by
Rebecca Wade of Heidelberg Institute for Theoretical Studies (HITS) and Heidelberg University, which will also
investigate the potential antiviral properties of heparin, a drug first discovered over 100 years ago.

R

ebecca Wade is the head of a
computational research group that
investigates how proteins interact with
other molecules. They have developed
computational methods that they apply to many
major research questions in the areas of structurebased drug design and protein engineering.
Although the group has previously done work
related to viruses and anti-infectives, coronaviruses
were not something they had previously explored.
“If you had asked me a year ago whether we had
considered doing any work in this area, I would
have told you that I had not even thought about it
once!” she says. “However, when it was clear how
serious the pandemic was, we, like many people,
asked ourselves what we could do to help.”
Having investigated the influenza virus in the
past, research into the SARS-CoV-19 virus is not
entirely removed from the experience of Wade’s
group at HITS. As well as carrying out some work
on structure-based drug design, for which they
are now awaiting experimental data to provide
validation, the group has also set out to investigate
the role of glycans in the spike protein system.
Giulia Paiardi, a visiting scientist in Wade’s group
from the University of Brescia, Italy, has combined
her expertise in modelling glycans with Wade’s
experience in simulating proteins to provide the
basis for a PRACE project entitled “DyCoVin –
Interactions and dynamics of SARS-CoV 2 spikeheparin complex”. PRACE awarded the project
with 3 520 000 core hours on Marconi100, hosted
by CINECA in Italy. Before joining Wade’s group,
28

Rebecca Wade

Giulia Paiardi

More information

https://www.h-its.org/
research/mcm/

HPC Resources
awarded by PRACE

This project was
awarded 3.52
million core hours on
Marconi100, hosted by
CINECA in Italy.

Paiardi had been studying the HIV virus under
the supervision of Prof. Marco Rusnati in Brescia,
specifically the mechanism it uses to interact with
host cells. “The HIV virus, as well as a number of
other viruses, use heparan sulphate proteoglycans
(HSPGs) as the first attachment site,” explains
Paiardi. “Many papers are being written on how the
spike protein interacts with these HSPGs, but most
of these are based on experimental work. None of
them explain the mechanistic effect of the HSPGs on
the spike protein, and so the idea of this project is to
better understand this interaction.”
As well as this, the project is also exploring the
anti-infective properties of heparin on SARS-CoV-2.
Previous experimental work has shown that heparin
can effectively prevent the coronavirus strain HSR1
from binding. Heparin, a very old drug discovered
over 100 years ago in 1916, is an anticoagulant,
preventing the formation of blood clots and growth
of existing clots. It is used in the treatment of lung
diseases such as pulmonary fibrosis, bronchial
asthma and asthma-induced airway hypersensitivity,
and recent clinical trials suggest that inhaled heparin
for lung diseases is beneficial and safe.
The overall objective of the project is to pinpoint the
role of HSPGs in SARS-CoV 2 spike infection using
realistic computer simulations. This knowledge will
allow for the characterisation of the structure and
dynamics of putative binding patches for heparin-like
compounds on the spike receptor, which needs to
adopt the open form to bind ACE2. For that reason,
the team aims to stabilise the receptor using different
heparin chains to shield binding sites and to decrease
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Schematic illustration of the
DyCoVin PRACE project. (A) Recent
findings suggest that the process of
SARS-CoV-2 infection depends on
the interaction of the SARS-CoV-2
spike protein with both the glycan
chains of the heparan sulphate
proteoglycans (HSPGs) and the
angiotensin Converting enzyme 2
(ACE2) receptor on the human host
cell and that heparin might interfere
with these interactions. In the
DyCoVin project, we are studying the
mechanism by which heparin could
hinder the spike/HSPG interaction.
(B) View of the atomic-detail model
of one of the simulated systems
consisting of the spike glycoprotein
trimer (grey), with one monomer
in an open conformation suitable
for binding ACE2, interacting with
3 heparin chains (pink), each
composed of 31 monosaccharides.
(C) The use of high performance
computers (HPC) enables such
systems to be simulated about 25
times faster than on a workstation
and 5 times faster than on a typical
in-house compute-cluster.

the flexibility of the spike. “Thanks to the resources provided
by PRACE, we have been able to investigate HSPGs and heparin
and how they both interact with the spike protein and with each
other,” says Paiardi. “Although heparin itself would probably not
be used as an antiviral due to its anticoagulant properties, we
hope that by understanding its antiviral mechanisms we might
be able to suggest some modifications to it that would make it
more suitable for therapeutic use.”
The allocation provided by PRACE has allowed Paiardi and Wade
to look at five different models of the spike protein, both with
closed and open conformations. They have also been able to
improve the stochastic evaluation of their data by carrying out
four different independent replicas for each model.
Although Wade’s group do have
some in-house computing
resources at their disposal,

the spike protein’s size along with the long-chain molecule of
heparin meant that larger computational power was needed to
fully investigate the matter. Having finished the simulations,
the team is now finalising the analysis of the data they have
produced and are hoping to publish a paper shortly. “At the end
of the project, we will have a better understanding of heparin’s
possible antiviral properties against SARS-CoV-2, as well as a
basis for coming up with other related molecules that can be
used against it,” says Wade.
The researchers believe that the impact of this approach for
treating the viral infection could be high because the FDA has
already approved heparin for therapeutics use. Aerosol drug
administration could provide the advantage of directly
delivering heparin to the site of the SARS-CoV-2 infection and
thereby stopping the interaction between the virus and the
receptor.

Close-up view of the spike glycoprotein-heparin interaction. The surface of the spike glycoprotein is shown
colored by its electrostatic properties with red indicating negatively charged and blue indicating positively
charged regions. The N-glycans of the spike glycoprotein are shown by grey spheres. Heparin is shown colored
by element (carbon in yellow, oxygen in red, nitrogen in blue, hydrogen in white). Heparin is strongly anionic and
therefore it mainly binds to positive regions of the spike glycoprotein.
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Drug design

Drugging the undruggable
Computational approaches represent the future of rational drug design, and there has been no better
time for this to be proven than during the onset of the pandemic. Professor Francesco Gervasio of
University College London has been leading a many-pronged approach to finding therapeutics to fight
the virus that has swept across the world, each of which relies on the power of HPC.

T

he COVID-19 pandemic has brought with
it a great deal of uncertainty for people as
they grapple with new ways of living and
working. For many scientists, however,
it has galvanised their sense of purpose, acting
as a call to action to offer up their knowledge
and expertise to support international efforts in
combatting the disease.
Francesco Gervasio

Francesco Luigi Gervasio’s group at University
College London develop computational algorithms
that use free energy calculations to shine a light
on the mechanistic details of complex biophysical
events. When the UK was placed into lockdown
earlier this year, Gervasio and his team decided
to put their knowledge to good use and began
discussions with potential collaborators in Europe
and the USA. Realising that any investigations that
they might wish to carry out would require large
computational resources, the group applied to
the fast-track call for COVID-19 proposals offered
by PRACE. Gervasio is now leading two PRACEsupported projects exploring two different avenues
for possible therapies.
The first of these projects, in collaboration with Prof.
Shozeb Haider of UCL’s School of Pharmacy, Mount
Sinai School of Medicine in New York and DE Shaw
Research, among others, aims to design peptides
that block the SARS-CoV-2 virus from entering the
host human cells. The virus gains access to cells
through the interaction of its spike protein with
the human ACE2 receptor. By designing peptides
that mimic the human receptor but bind even more
potently to the viral spike protein, the team is
creating a potential therapy to stop the
virus at the very first hurdle. Creating such a
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peptide is easier said than done, however. Shorter
peptides, while simpler, typically unfold and lose
the necessary structure. Instead, the peptides have
to be designed with helical structures so that they
are sufficiently stable and do not unravel. The other
challenge concerns redesigning the interface so
that it binds more potently with the spike protein,
as Gervasio explains: “We started off by extracting
peptides from the human receptors, after which
we added some hydrophobic residues to make the
interface stronger and more stable. Our new design
looked exceptionally stable in our simulations, but
once we moved on to experimental validation we
found a number of problems.”
As it turns out, the hydrophobic residues that were
added to improve stability made the peptides
difficult to produce in reality. “When we first tried
to produce our peptides using E. coli, we found that
their hydrophobic properties ended up killing the
colonies,” he says. “Only after further laboratory
work, which was logistically very difficult to arrange
due to restrictions in the UK, were we eventually able
to produce them. After carrying out circular dichroism
spectroscopy, we were also able to show that the
structure was stable.”

More information

http://www.gervasiolab.
com/

HPC Resources
awarded by PRACE
These projects were
awarded a total of 36
million core hours on
Hawk hosted by GCS
at HLRS, Germany

The second project led by Gervasio concerns one
of the proteins on the SARS-CoV-2 virus known as
nonstructural protein 1 (nsp1). Its role in the viral
lifecycle is to bind and block production of specific
proteins in the cell, which inhibits the immune
response. From a drug discovery point of view, it
represents a challenging target. “Nsp1 is essentially
a sphere with a tail,” says Gervasio. “It binds to
the Ribosome and blocks the synthesis of human
proteins, including those that produced as a response
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The spike is a trimer that exists in two distinct conformational states resulting from the opening of the receptor-binding domain (RDB): ‘up’ or ‘down’.
The ‘up ‘ conformation exposes the RBD, which is required for proteolytic processing and/or fusion of the S2 domain with the host cell membrane.

to the infection. Problems arise when targeting this protein
because the spherical shape means that there are no obvious
cavities for drugs to bind to.”
Unfortunately for nsp1, another speciality of Gervasio’s group is
the development of algorithms that look for hidden, or cryptic,
cavities in such “undruggable” targets. “We put our cryptic site
algorithms to work on nsp1 with the aim of finding small areas
that drugs might be able to latch on to. Using special replica
algorithms which encourage the opening of hidden cavities on
molecules, we were able to identify a good potential site to
target.”
From a computational point of view, this project has also been a
great success, and it is now down to experimental collaborators
to move the research forwards. One group in London is using
crystallography to validate the cavity, while a group in the USA is
now designing potential compounds to bind to the site.
On top of these projects, Gervasio has been working on several
other avenues of COVID-19 research. One of these is a drug
repurposing project led by a clinical group working on cancer
which, based on some pieces of evidence found in previous
papers, has been exploring the possibility of using kinase

inhibitors (normally used in the treatment of cancer) to block
the interaction of the spike with the ACE2 receptor. “We have
supported this group’s findings from cellular experiments with
some solid models from docking simulations that show that
these kinase inhibitors do indeed have the potential to block the
spike protein,” says Gervasio.
The group are looking to publish the results of all of their work
as openly as possible so that other groups can build upon what
they have found. The research from both of the PRACE projects
has the potential to help not only in the fight against COVID-19,
but also other areas. “The peptides can be used in themselves
as a therapy, but can also be conjugated with other materials like
nanoparticles or other proteins to give more potent or entirely
different effects.
“On the other hand, the nsp1 project, if it works, will represent
an excellent example of using a rational strategy for targeting
an “undruggable” target,” continues Gervasio. “Many of the
crucial targets in complex diseases are similarly undruggable,
so we might well have a strong proof of concept that will
provide encouragement to the pharmaceutical industry that
computational approaches, rather than large-scale experimental
screening, should be spearheading the future of drug design.”
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Algorithmic developments

Conformational spaces
of SARS-CoV-2 drug targets
Providing accurate details about drug targets on the SARS-CoV-2 virus is a crucial step towards finding
effective treatments for the disease. Professor Jean-Philip Piquemal of Sorbonne University has been
using newly-developed codes to explore the conformational spaces of two of the main drug targets on
the virus, and in doing so has carried out some of the longest ever simulations of their kind

J

ean-Philip Piquemal, a professor of theoretical
chemistry at Sorbonne University in Paris,
is the creator of a highly efficient code for
molecular simulations called Tinker HP.

Designed to scale on supercomputers, it uses
state-of-the-art simulation methods to model
biological systems. The code uses what are known
as polarisable force fields, providing a better
approximation of many-body physics than its
predecessors. The accuracy that the code provides
does, however, come at the cost of using around ten
times the amount of computational power than other
comparable codes. For this reason, Piquemal and his
group sought out the HPC resources being offered by
PRACE’s fast-track call earlier this year.

be used to tackle this problem. The algorithm uses
adaptive sampling techniques, similar to those used
in the famous Folding@home distributed computing
project that harnesses home PCs, games consoles
and other sources of processing power to carry out
protein dynamics simulations.

Jean-Philip Piquemal

With the onset of the COVID-19 pandemic, Piquemal
and his team decided to apply their unique methods
to investigate the conformational spaces of common
drug targets on the SARS-CoV-2 virus. “When you
are developing a drug, there are always two things
to consider: the drug itself, and the protein it is
targeting,” he explains.
“Proteins generally have many different shapes
that they can take, and if you don’t have this
information then drug discovery becomes difficult.
However, calculating every possible one of these
conformations requires huge amounts of computing
time.”

More information

http://piquemalresearch.
com

HPC Resources
awarded by PRACE

This project was
awarded 20 million core
Back in March, as lockdowns were becoming a reality hours on Joliot-Curie
Rome hosted by GENCI
for large swathes of Europe, Piquemal and his team
at CEA, France.

set about developing a new algorithm that could
32

“Using the hundreds of GPUs provided to us by our
allocation from PRACE, we have been lucky enough
to have access to a huge amount of computing power
to throw at the problems we are trying to solve,”
says Piquemal. “Our first task was investigating
an important protein on the virus called the main
protease. Comparing our results with those gathered
by groups working in Japan and the USA with much
bigger computing resources, we demonstrated that
our code was able to give even more accurate results
with the GPUs.”
Piquemal’s simulations provide extremely accurate
details about their targets, for instance allowing
the researchers to map cryptic pockets – sites on
proteins that, although normally invisible, represent
good targets for binding drugs to. “These simulations
require a lot of computational power but have the
potential to be really important due to their ability to
make accurate predictions,” he explains.
“Comparing our work with experimental work, we
can see it mirrors everything that has been shown
experimentally, but also goes one step further and
makes additional predictions. These are now in turn
being validated by our experimental collaborators.”
The main protease consists of 100 000 atoms –
not a trivial size for a simulation by any means.

PRACE Digest 2020

Figure 1 (above): Representation of the pockets location on the 6LU7 SARS–CoV–2 protease structure as obtained from the Tinker-HP simulation using
the polarizable AMOEBA force field. (https://doi.org/10.26434/chemrxiv.13003166.v5)
Figure 2 (below): Representation of the Main Protease of SARS-CoV-2 (PDB: 6LU7) extracted from a Tinker-HP simulation (https://doi.org/10.26434/
chemrxiv.13003166.v5)

Piquemal’s next target, though,
dwarfs it.
The spike protein, at 1.5
million atoms, is the huge
protein that enables SARSCoV-2 to enter our cells.
Its importance to the viral
lifecycle makes it an obvious
target for drugs, and Piquemal has
had to combine the resources received
from PRACE with other French computing
resources in order to fully model it.
“The simulation we have done is, for this
class of force field, the longest simulation
ever done!” says Piquemal. “Standard
simulations show just a few nanoseconds
worth of dynamics, but we have been able
to push this to the next level and simulate in the
order of microseconds. We are very happy with this
achievement, and believe it provides a glimpse of the
kind of computations we can expect to be happening
routinely a few years from now.”

With an issue such as COVID-19 that
affects the whole world, it is
good to hear that Piquemal
very much works around a
philosophy of open science.
The data has been published
on the BioExcel community
platform for COVID-19, the
papers are all being published
open access, and the code itself
is freely available on GitHub. “Our
hope is that our work will help people
to develop drugs to aid the fight against the
pandemic,” says Piquemal.
“Beyond that, though, the code can be used for many
other applications,” he continues. “A lot of people
use it for investigating ionic liquids and various types
of nanoparticles. I think that the push in technology
that has come with the pandemic is probably going to
benefit scientists in lots of ways that we can’t imagine
right now, so we are happy that our code is freely
available for academics to use for whatever purposes
they can think of.”
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The pandemic has
brought researchers
together like never
before, encouraging
collaboration across
all disciplines in
order to find answers
in a time when we
need them most
Matej Praprotnik
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