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PHASE 1: MATHEMATICAL FORMALISM  & HIGH 
PERFORMANCE COMPUTING
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How Fast-Folding Proteins Fold
Kresten Lindorff-Larsen,1*† Stefano Piana,1*† Ron O. Dror,1 David E. Shaw1,2†

An outstanding challenge in the field of molecular biology has been to understand the process
by which proteins fold into their characteristic three-dimensional structures. Here, we report the
results of atomic-level molecular dynamics simulations, over periods ranging between 100 ms
and 1 ms, that reveal a set of common principles underlying the folding of 12 structurally diverse
proteins. In simulations conducted with a single physics-based energy function, the proteins,
representing all three major structural classes, spontaneously and repeatedly fold to their
experimentally determined native structures. Early in the folding process, the protein backbone
adopts a nativelike topology while certain secondary structure elements and a small number of
nonlocal contacts form. In most cases, folding follows a single dominant route in which elements
of the native structure appear in an order highly correlated with their propensity to form in the
unfolded state.

Protein folding is a process of molecular
self-assembly during which a disordered
polypeptide chain collapses to form a com-

pact and well-defined three-dimensional struc-
ture. Hundreds of studies have been devoted to
understanding the mechanisms underlying this
process, but experimentally characterizing the
full folding pathway for even a single protein—
let alone for many proteins differing in size,
topology, and stability—has proven extremely
difficult. Similarly, simulating the folding of a
small protein at an atomic level of detail is a
daunting task. Both experimental and compu-
tational studies have thus generally focused on
one protein at a time, with such studies each
performed under different conditions or with
different techniques. Possibly because of the
resulting heterogeneity of the available data,
numerous theories have been proposed to de-
scribe protein folding and no consensus has
been reached on which of these theories, if any,
is correct (1).

Our research group has developed a special-
ized supercomputer, called Anton, which greatly
accelerates the execution of atomistic molecular
dynamics (MD) simulations (2, 3). In addition,
we recently modified the CHARMM force field
in an effort to make it more easily transferable
among different protein classes (4). Here, we have
combined these advances to study the folding
process of fast-folding proteins through equilib-
rium MD simulations (2). We studied 12 protein
domains (5) that range in size from 10 to 80 amino
acid residues, contain no disulfide bonds or pros-
thetic groups, and include members of all three
major structural classes (a-helical, b sheet and
mixed a/b). Of these 12 protein domains, 9 repre-
sent the nine folds considered in a review of fast-
folding proteins (6). Asmost of these nine proteins
contain only a helices, we also included two ad-

ditional a/b proteins and a stable b hairpin to
increase the structural diversity of the set of pro-
teins examined.

In our simulations, all of which used a single
force field (4) and included explicitly represented
solvent molecules, 11 of the 12 proteins folded
spontaneously to structures matching their exper-
imentally determined native structures to atomic

resolution (Fig. 1). The native state of the 12th
protein, the Engrailed homeodomain, proved
unstable in simulation. We were, however, able
to fold a different homeodomain (7) with the
same overall structure; the results reported below
pertain to this variant, rather than the Engrailed
homeodomain.

For all 12 proteins that folded in simulation,
we were also able to perform simulations near
the melting temperature, at which both folding
and unfolding could be observed repeatedly in
a single, long equilibrium MD simulation. For
each of the 12 proteins, we performed between
one and four simulations, each between 100 ms
and 1 ms long, and observed a total of at least
10 folding and 10 unfolding events. In total, we
collected ~8 ms of simulation, containing more
than 400 folding or unfolding events. For 8 of
the 12 proteins, the most representative structure
of the folded state fell within 2 Å root mean
square deviation (RMSD) of the experimental
structure (Fig. 1). This is particularly notable
given that the RMSD calculations included the
flexible tail residues and that, in some cases,
there was no experimental structure available

1D. E. Shaw Research, New York, NY 10036, USA. 2Center
for Computational Biology and Bioinformatics, Columbia
University, New York, NY 10032, USA.

*These authors contributed equally to the manuscript.
†To whom correspondence should be addressed. E-mail:
david.shaw@DEShawResearch.com (D.E.S.); kresten.lindorff-
larsen@DEShawResearch.com (K.L.-L.); stefano.piana-
agostinetti@DEShawResearch.com (S.P.)

Fig. 1. Representative structures of the folded state observed in reversible folding simulations of 12
proteins. For each protein, we show the folded structure obtained from simulation (blue) superimposed on
the experimentally determined structure (red), along with the total simulation time, the PDB entry of the
experimental structure, the Ca-RMSD (over all residues) between the two structures, and the folding time
(obtained as the average lifetime in the unfolded state observed in the simulations). Each protein is
labeled with a commonly used name, although in several cases, we studied mutants of the parent se-
quence [amino acid sequences of the 12 proteins and simulation details are presented in (5)]. PDB entries
in italics indicate that the structure has not been determined for the simulated sequence and that, instead,
we compare it with the structure of the closest homolog in the PDB. The calculated structure was obtained
by clustering the simulations (26) to avoid bias toward the experimentally determined structure.
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ZOOLOGY OF ENHANCED SAMPLING METHODS

Markov State Models, Milestoning, Transition Path Sampling, Transition Interface 
Sampling, Forward Flux Sampling, Temperature Accelerated Molecular Dynamics, 
Metadynamics, Umbrella Sampling, Blue Moon Sampling, String Method,Stochastic 
Difference, … [and counting]

They are all too computationally demanding for many 
biologically relevant problems.
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A USEFUL ANALOGY
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IS THIS A "FREE LUNCH”? 

All atom 3D structure of the native state are given in 
input, not predicted
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EXPLORING BIOLOGICAL PROCESSES

Article

All-Atom Simulations Reveal How Single-Point
Mutations Promote Serpin Misfolding

Fang Wang,1 Simone Orioli,2,3 Alan Ianeselli,2,3 Giovanni Spagnolli,2,3 Silvio a Beccara,2,3 Anne Gershenson,4,*
Pietro Faccioli,2,3,* and Patrick L. Wintrode1,*
1Department of Pharmaceutical Sciences, University of Maryland School of Pharmacy, Baltimore, Maryland; 2Dipartimento di Fisica, Università
degli Studi di Trento, Povo (Trento), Italy; 3Trento Institute for Fundamental Physics and Applications, Povo (Trento), Italy; and 4Department of
Biochemistry and Molecular Biology, University of Massachusetts Amherst, Amherst, Massachusetts

ABSTRACT Proteinmisfolding is implicated inmanydiseases, includingserpinopathies.For thecanonical inhibitoryserpina1-anti-
trypsin, mutations can result in protein deficiencies leading to lung disease, and misfoldedmutants can accumulate in hepatocytes,
leading to liver disease.Using all-atomsimulationsbasedon the recently developedbias functional algorithm,weelucidate howwild-
type a1-antitrypsin folds and how the disease-associated S (Glu264Val) and Z (Glu342Lys) mutations lead to misfolding. The dele-
terious Z mutation disrupts folding at an early stage, whereas the relatively benign S mutant shows late-stage minor misfolding. A
number of suppressor mutations ameliorate the effects of the Z mutation, and simulations on these mutants help to elucidate the
relative roles of steric clashesandelectrostatic interactions inZmisfolding. These results demonstrate a striking correlation between
atomistic events and disease severity and shine light on the mechanisms driving chains away from their correct folding routes.

INTRODUCTION

Understanding how mutations alter protein misfolding pro-
pensities and the physicochemical mechanisms underlying
this shift is key to clarifying the molecular basis of many dis-
eases. One set of relatively common protein-misfolding dis-
eases known as serpinopathies arises when mutations in
inhibitory serpins lead to misfolding, thus reducing the
secreted levels of these important protease inhibitors (1).
Mutations in the canonical secretory serpin a1-antitrypsin
(A1AT) result in the most common serpinopathies: the
A1AT deficiencies. In these deficiencies, low circulating
A1AT levels dysregulate leukocyte serine proteases, result-
ing in lung disease, which can be slowed but not halted
by A1AT augmentation therapy (2). Extremely pathogenic
A1AT mutations such as Z (Glu342Lys) can lead to both
lung disease, because of loss of function, and liver disease,
because of A1ATaccumulation in the endoplasmic reticulum
of hepatocytes, which generatemost of the circulatingA1AT.
With the exception of liver transplants, there are no effective
treatments for A1AT-associated liver disease (3).

In vitro, the pathogenic A1AT Z mutant folds very
slowly, spending hours in at least one partially folded inter-

mediate state (4). Similarly, Z secretion from cells is slow,
and although some Z species are targeted for degradation
(5–7), misfolded Z accumulates in the endoplasmic reticu-
lum, where it can polymerize (8). Despite numerous exper-
imental studies (9–13), little is known about the structure of
misfolded species for any A1AT disease-associated mutant,
hindering efforts to either rescue the folding of these species
or to target them for degradation.

Molecular dynamics (MD) simulations offer an attractive
approach to studying protein folding and misfolding, as
they can in principle reveal folding pathways and intermedi-
ates in atomistic detail. To date, the application of all-atom
MDsimulations to investigate protein folding andmisfolding
has been limited to small, single-domain proteins with rela-
tively short folding times. In particular, recent developments,
such as the Anton special-purpose supercomputer (14) and
the massively distributed folding@home project (15), have
made it possible to generate in silico several reversible
folding/unfolding events for a number of small globular pro-
teins (<100 amino acids) with folding times up to the milli-
second range. These studies have demonstrated that current
all-atom force fields in explicit solvent can lead to the correct
native states of proteins and predict with good accuracy their
folding kinetics. Unfortunately, most biologically relevant
proteins are much larger than 100 amino acids and have
folding times as long as seconds and beyond. In particular,
A1AT and other serpins contain !400 amino acids and fold
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conversion
Giovanni SpagnolliID

1*, Marta RigoliID
1,2, Simone Orioli2,3, Alejandro M. SevillanoID

4,
Pietro Faccioli2,3, Holger WilleID

5, Emiliano Biasini1*, Jesús R. RequenaID
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Abstract

Prions are unusual protein assemblies that propagate their conformationally-encoded infor-

mation in absence of nucleic acids. The first prion identified, the scrapie isoform (PrPSc) of

the cellular prion protein (PrPC), caused epidemic and epizootic episodes [1]. Most aggre-

gates of other misfolding-prone proteins are amyloids, often arranged in a Parallel-In-Regis-

ter-β-Sheet (PIRIBS) [2] or β-solenoid conformations [3]. Similar folding models have also

been proposed for PrPSc, although none of these have been confirmed experimentally.

Recent cryo-electron microscopy (cryo-EM) and X-ray fiber-diffraction studies provided evi-

dence that PrPSc is structured as a 4-rung β-solenoid (4RβS) [4, 5]. Here, we combined dif-

ferent experimental data and computational techniques to build the first physically-plausible,

atomic resolution model of mouse PrPSc, based on the 4RβS architecture. The stability of

this new PrPSc model, as assessed by Molecular Dynamics (MD) simulations, was found to

be comparable to that of the prion forming domain of Het-s, a naturally-occurring β-solenoid.

Importantly, the 4RβS arrangement allowed the first simulation of the sequence of events

underlying PrPC conversion into PrPSc. This study provides the most updated, experimen-

tally-driven and physically-coherent model of PrPSc, together with an unprecedented recon-

struction of the mechanism underlying the self-catalytic propagation of prions.

Author summary

Prions are unusual infectious pathogens that do not contain any nucleic acid. They consist
of assemblies of misfolded proteins. The scrapie isoform of the mammalian prion protein,
PrPSc, is the most notorious prion, and is responsible for deadly neurodegenerative dis-
eases affecting humans, like Creutzfeldt-Jakob disease, and animals, such as bovine spon-
giform encephalopathy (“mad cow disease”) and chronic wasting disease affecting elk and
deer in North America and, more recently, Europe). Understanding the structure
(“shape”) of the PrPSc prion is critical to understand how it propagates. We have created a
very detailed model of PrPSc, which includes all its atoms, using computational
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All-Atom Simulation of the HET-s Prion Replication 
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Abstract 
 
Prions are self-replicative protein particles lacking nucleic acids. Originally discovered for causing infectious 
neurodegenerative disorders, they have also been found to play several physiological roles in a variety of 
species. Functional and pathogenic prions share a common mechanism of replication, characterized by the 
ability of an amyloid conformer to propagate by inducing the conversion of its physiological, soluble 
counterpart. In this work, we focus on the propagation of the prion forming domain of HET-s, a physiological 
fungal prion for which high-resolution structural data are available. Since time-resolved biophysical 
experiments cannot yield a full reconstruction of prion replication, we resort to computational methods. To 
overcome the computational limitations of plain Molecular Dynamics (MD) simulations, we adopt a special 
type of biased dynamics called ratchet-and-pawl MD (rMD). The accuracy of this enhanced path sampling 
protocol strongly depends on the choice of the collective variable (CV) used to define the biasing force.  Since 
for prion propagation a reliable reaction coordinate (RC) is not yet available, we resort to the recently 
developed Self-Consistent Path Sampling (SCPS). Indeed, in such an approach the CV where the biasing force 
is applied is not heuristically postulated but is calculated through an iterative refinement procedure. Our 
atomistic reconstruction of the HET-s replication shows remarkable similarities with a previously reported 
mechanism of mammalian PrPSc propagation obtained with a different computational protocol. Together, 
these results indicate that the propagation of prions generated by evolutionary distant proteins shares 
common features. In particular, in both these cases, prions propagate their conformation through a very 
similar templating mechanism.  
 
Introduction 
 

The phenomenon of protein-based inheritance characterizes prions, proteins appearing at various 
levels along the evolutionary scale that are capable of propagating their conformationally encoded 
information in absence of nucleic acids [1]. Despite their original identification as causative agents of 
neurodegenerative conditions in mammals, prions also exert regulatory roles in different biological contexts 
[2, 3]. For example, a mechanism of heterokaryon incompatibility in different fungi is regulated by a prion [3-
5]. This process reflects the inability of vegetative fungal cells from two different strains to undergo fusion, 
depending on specific loci (het) whose alleles must be identical for stable hyphal fusion to occur. Strain 
compatibility ultimately determines whether the heterokaryon develops normally or undergoes controlled 
cell-death. In Podospora anserina, the heterokaryon incompatibility is specified by a het locus appearing as 
two distinct and incompatible alleles (HET-s and HET-S), encoding two corresponding proteins (HET-s and 
HET-S, respectively) [6]. When a HET-s strain fuses with another expressing HET-S, the heterokaryon can 
undergo controlled cell death. However, incompatibility occurs only when the HET-s factor is folded in an 
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PPI-FIT ON ACE2

Out of 9000 candidates, we found 35 molecules binding in-silico the 
intermediate. Validation experiments on cellular bio-assays are ongoing.
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DOSE-DEPENDENT RESPONSE

Figure 8: Cell-based validation of candidate hits. Untransfected Vero cells were exposed to different concentrations
of each compound (indicated) or vehicle (DMSO or Milli-Q or Methanol, volume equivalent) for 48 h, lysed and analyzed by
western blotting. Signals were detected by using specific anti-ACE2 primary antibody, relevant HRP-coupled secondary
antibodies, and revealed using a ChemiDoc Touch Imaging System. Western blot images are representative examples
of different experiments (n � 3). The graphs show the densitometric quantification of the levels of ACE2 (A). Each
signal was normalized on the corresponding total protein lane (detected by UV, and allowed by the enhanced tryptophan
fluorescence technology of stain-free gels) and expressed as the percentage of the level in vehicle (Vhc)-treated controls.
B. The intrinsic toxicity of each molecule was assessed by MTT assay. The graphs show cell viability values expressed
as percentage of vehicle (DMSO or MilliQ-water, volume equivalent)-treated cells. Concentration points were chosen
depending on solubility and intrinsic toxicity. None of the compounds show toxicity at the indicated concentration.
Statistically significant differences are indicated by the asterisk (* p < 0.05).

Vero cells incubated with each of the four candidate compounds at different concentrations were trans-
duced with retroviral vectors pseudotyped with the SARS-CoV-2 spike protein, or with control vectors
without it. The effect of each compound on retroviral vector transduction was estimated by quantifying
the relative percentage of cells presenting the GFP fluorescence. We found that all the four compounds
inhibited retroviral transduction in a dose-dependent fashion, at concentrations similar to those at which
the molecules lowered ACE2 expression (Figure 9). Importantly, none of the compounds induced signif-
icant cytotoxicity in this assay, with the exception of Beclabuvir, which showed cytotoxicity but only at
the highest concentrations tested (30 and 100 µM, not shown). Collectively, these results indicate that
the ability of the selected compounds to lower the expression of ACE2 translates in a reduced cellular
entry for a pseudotyped retroviral vector exposing the SARS-CoV-2 spike protein.
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The least biased trajectories were projected on two graphs plotting the RMSD of each relevant region
(residues 468-498 or C-terminal tail) against the RMSD of the corresponding docking site. These
analyses revealed that the pocket 1 is present in a single trajectory, while the pocket 2 is predicted to
appear in 9 different trajectories.

In Silico Identification of Potential Binders of ACE2 Intermediate

The identification of potential ACE2 folding intermediate ligands was pursued by employing a drug
repositioning strategy. We built a unique collection of 9187 compounds by combining libraries of drugs
approved by the U.S. Food and Drug Administration (FDA) and molecules at different stages of currently
ongoing clinical trials (see Material and Methods). The chemical collection was screened against the
two identified pockets by following a consensus virtual screening workflow (Figure 7). Two different
docking software, Glide22 and LeadIT24, were employed in parallel to predict the binding affinity of each
compound to the ACE2 folding intermediate pockets. Only compounds showing promising predicted
affinity (i.e. Glideds  -6 kcal/mol; LeadIT HYDEaff  50 µM) in both docking protocols were submitted
to a third docking round based on AutoDock25. This process identified two consensus sets (ADLBE  -6
kcal/mol, ADNiC � 25), including 145 compounds for pocket 1 and 238 for pocket 2. The top scoring
compounds from Glide (Glideds  -9 kcal/mol) and LeadIT (HYDEaff  5 µM) were also added to these
sets. Finally, a visual inspection of binding mode and chemical similarity annotation for each ligand
allowed the selection of 14 virtual hits for pocket 1 and additional 21 for pocket 2 (Supp. Table 2).

Figure 7: Virtual Screening. A. Schematic of the virtual screening workflow employed for drug repositioning. Three-
dimensional binding pose (B) and two-dimensional ligand interaction scheme (C) for the interaction of artefenomel with the
pocket 1 of the ACE2 folding intermediate. Purple arrows indicate H-bonds; green lines indicates the ⇡-stacking. Residues
are labeled with different colors, corresponding to negatively charged (red), polar (cyan) and hydrophobic (green).

Collectively, these results predicted 35 potential ligands for the ACE2 folding intermediate (Supp. Ta-
ble 2). Out of these 35 predicted ligand, 8 (ALK-4290, Iferanserin, Lifibrol, LY-2624803, PF-00217830,
Phenindamine, Serdemetan and Vapitadine) were not commercially available. Instead, we tested 8 ad-
ditional analogues of mefloquine (Hydroxychloroquine, Piperaquine, Chloroquine, Primaquine, Amodi-
aquine, Halofantrine, Tafenoquine and Amodiaquine), drug belongs to a class of antimalaria agents
recently described for their potential effect against SARS-CoV-2 26,27. While the precise mechanism
by which chloroquine and its more active derivative hydroxychloroquine inhibit virus replication is not
known, reports suggest that the compounds may act by reducing the glycosylation of ACE228.
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Figure 8: Cell-based validation of candidate hits. Untransfected Vero cells were exposed to different concentrations
of each compound (indicated) or vehicle (DMSO or Milli-Q or Methanol, volume equivalent) for 48 h, lysed and analyzed by
western blotting. Signals were detected by using specific anti-ACE2 primary antibody, relevant HRP-coupled secondary
antibodies, and revealed using a ChemiDoc Touch Imaging System. Western blot images are representative examples
of different experiments (n � 3). The graphs show the densitometric quantification of the levels of ACE2 (A). Each
signal was normalized on the corresponding total protein lane (detected by UV, and allowed by the enhanced tryptophan
fluorescence technology of stain-free gels) and expressed as the percentage of the level in vehicle (Vhc)-treated controls.
B. The intrinsic toxicity of each molecule was assessed by MTT assay. The graphs show cell viability values expressed
as percentage of vehicle (DMSO or MilliQ-water, volume equivalent)-treated cells. Concentration points were chosen
depending on solubility and intrinsic toxicity. None of the compounds show toxicity at the indicated concentration.
Statistically significant differences are indicated by the asterisk (* p < 0.05).

Vero cells incubated with each of the four candidate compounds at different concentrations were trans-
duced with retroviral vectors pseudotyped with the SARS-CoV-2 spike protein, or with control vectors
without it. The effect of each compound on retroviral vector transduction was estimated by quantifying
the relative percentage of cells presenting the GFP fluorescence. We found that all the four compounds
inhibited retroviral transduction in a dose-dependent fashion, at concentrations similar to those at which
the molecules lowered ACE2 expression (Figure 9). Importantly, none of the compounds induced signif-
icant cytotoxicity in this assay, with the exception of Beclabuvir, which showed cytotoxicity but only at
the highest concentrations tested (30 and 100 µM, not shown). Collectively, these results indicate that
the ability of the selected compounds to lower the expression of ACE2 translates in a reduced cellular
entry for a pseudotyped retroviral vector exposing the SARS-CoV-2 spike protein.
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ACTION ON A PSEUDOVIRAL VECTOR

Figure 9: Effect of ACE2-lowering drugs on the transduction efficiency of a pseudotyped retroviral vector.
Vero cells exposed to each compound at the indicated concentration were transduced with a SARS-CoV-2-Spike protein
pseudotyped retroviral vector functionalized with a GFP reporter gene. Identical retroviral vectors missing the spike
protein were used as controls. The number of transduced cells were quantified by detecting the GFP fluorescence using a
plate reader and analyzed with the ImageJ software (NIH). The number of fluorescent cells was normalized to the amount
of cells within each well, estimated by using the MTT assay, and expressed as the percentage of the vehicle control. For
each condition, mean ± SD were calculated from at least 3 independent replicates. Statistical analyses were performed
using the one-way ANOVA Dunnett’s post-hoc test. Each compound was tested at relevant concentrations excluding those
at which the molecule showed detectable intrinsic fluorescence. Significant changes are indicated by an asterisk (* p <
0.05).

Antiviral activity against live SARS-CoV-2

Sibylla Biotech SRL requested RetroVirox Inc., San Diego, California, to perform full-dose antiviral
testing on the four candidate compounds. Assays against live SARS-CoV-2 were performed against the
MEX-BC2/2020 strain. A cytopathic effect (CPE) based antiviral assay was performed by infecting
Vero E6 cells in the presence or absence of test-items. Infection of cells leads to significant cytopathic
effect and cell death after 4 days of infection. In this assay, reduction of CPE in the presence of inhibitors
was used as a marker to determine the antiviral activity of the tested items (Figure 10).

Figure 10: IC50 values for Inhibition of SARS-CoV-2 CPE by test-items. Values indicate the percentage
inhibition of the CPE induced by live SARS-CoV-2 (MEX-BC2/2020), as compared to samples incubated with no test-
item (vehicle alone). Results show the average of duplicate data points from two separate plates for Ziprasidone, Buclizine
and Beclabuvir, and the average of triplicate data points from two separate plates for Artefenomel. Data was modeled to
a sigmoidal function using GraphPad Prism software fitting a normalized dose-response curve with a variable slope.

Viability assays to determine test-item-induced loss of cell viability was monitored in parallel using
the same readout, but treating uninfected cells with the test-items. Antiviral and cytotoxic effects
(expressed as IC50 and CC50) are summarized in Table 1. Of the four test-items evaluated, Artefenomel
completely prevented the virus-induced CPE in the concentration range 33 µM to 100 µM, resulting
in viability levels similar to those observed in uninfected cells. The antiviral activity of Artefenomel
shows a dose-response curve with an IC50 of 2.9 µM. The cell viability assay further assessed that the
antiviral activity displayed by Artefenomel was not due to cytotoxicicity. None of the concentrations
evaluated of the test-item displayed any cytotoxicity. Buclizine also completely prevented the virus-
induced CPE at a concentration of 11 µM, where the cell viability resulted in 75% of vehicle. The
dynamic range of the antiviral activity displayed by Buclizine was narrow, with an IC50 value between
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Figure 9: Effect of ACE2-lowering drugs on the transduction efficiency of a pseudotyped retroviral vector.
Vero cells exposed to each compound at the indicated concentration were transduced with a SARS-CoV-2-Spike protein
pseudotyped retroviral vector functionalized with a GFP reporter gene. Identical retroviral vectors missing the spike
protein were used as controls. The number of transduced cells were quantified by detecting the GFP fluorescence using a
plate reader and analyzed with the ImageJ software (NIH). The number of fluorescent cells was normalized to the amount
of cells within each well, estimated by using the MTT assay, and expressed as the percentage of the vehicle control. For
each condition, mean ± SD were calculated from at least 3 independent replicates. Statistical analyses were performed
using the one-way ANOVA Dunnett’s post-hoc test. Each compound was tested at relevant concentrations excluding those
at which the molecule showed detectable intrinsic fluorescence. Significant changes are indicated by an asterisk (* p <
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testing on the four candidate compounds. Assays against live SARS-CoV-2 were performed against the
MEX-BC2/2020 strain. A cytopathic effect (CPE) based antiviral assay was performed by infecting
Vero E6 cells in the presence or absence of test-items. Infection of cells leads to significant cytopathic
effect and cell death after 4 days of infection. In this assay, reduction of CPE in the presence of inhibitors
was used as a marker to determine the antiviral activity of the tested items (Figure 10).

Figure 10: IC50 values for Inhibition of SARS-CoV-2 CPE by test-items. Values indicate the percentage
inhibition of the CPE induced by live SARS-CoV-2 (MEX-BC2/2020), as compared to samples incubated with no test-
item (vehicle alone). Results show the average of duplicate data points from two separate plates for Ziprasidone, Buclizine
and Beclabuvir, and the average of triplicate data points from two separate plates for Artefenomel. Data was modeled to
a sigmoidal function using GraphPad Prism software fitting a normalized dose-response curve with a variable slope.

Viability assays to determine test-item-induced loss of cell viability was monitored in parallel using
the same readout, but treating uninfected cells with the test-items. Antiviral and cytotoxic effects
(expressed as IC50 and CC50) are summarized in Table 1. Of the four test-items evaluated, Artefenomel
completely prevented the virus-induced CPE in the concentration range 33 µM to 100 µM, resulting
in viability levels similar to those observed in uninfected cells. The antiviral activity of Artefenomel
shows a dose-response curve with an IC50 of 2.9 µM. The cell viability assay further assessed that the
antiviral activity displayed by Artefenomel was not due to cytotoxicicity. None of the concentrations
evaluated of the test-item displayed any cytotoxicity. Buclizine also completely prevented the virus-
induced CPE at a concentration of 11 µM, where the cell viability resulted in 75% of vehicle. The
dynamic range of the antiviral activity displayed by Buclizine was narrow, with an IC50 value between
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ANTI-VIRAL ACTIVITY AGAINST LIVE SARS-COV2
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at which the molecule showed detectable intrinsic fluorescence. Significant changes are indicated by an asterisk (* p <
0.05).

Antiviral activity against live SARS-CoV-2

Sibylla Biotech SRL requested RetroVirox Inc., San Diego, California, to perform full-dose antiviral
testing on the four candidate compounds. Assays against live SARS-CoV-2 were performed against the
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item (vehicle alone). Results show the average of duplicate data points from two separate plates for Ziprasidone, Buclizine
and Beclabuvir, and the average of triplicate data points from two separate plates for Artefenomel. Data was modeled to
a sigmoidal function using GraphPad Prism software fitting a normalized dose-response curve with a variable slope.

Viability assays to determine test-item-induced loss of cell viability was monitored in parallel using
the same readout, but treating uninfected cells with the test-items. Antiviral and cytotoxic effects
(expressed as IC50 and CC50) are summarized in Table 1. Of the four test-items evaluated, Artefenomel
completely prevented the virus-induced CPE in the concentration range 33 µM to 100 µM, resulting
in viability levels similar to those observed in uninfected cells. The antiviral activity of Artefenomel
shows a dose-response curve with an IC50 of 2.9 µM. The cell viability assay further assessed that the
antiviral activity displayed by Artefenomel was not due to cytotoxicicity. None of the concentrations
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induced CPE at a concentration of 11 µM, where the cell viability resulted in 75% of vehicle. The
dynamic range of the antiviral activity displayed by Buclizine was narrow, with an IC50 value between
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5 and 6 µM. Significant inhibition of CPE was only observed between 1 µM and 11 µM, and then
disappeared at higher concentrations (data not shown), likely due to the intrinsic cytotoxicity induced
at such concentrations, as shown in the absence of SARS-CoV-2. A modest antiviral activity was also
observed with Beclabuvir at 1 µM and 10 µM. At a concentration of 30 µM the compound induced
cytotoxicity and lost antiviral activity. In the tested condition, Ziprasidone showed no antiviral activity
in this assay.

Table 1: Summary of antiviral and cytotoxic results. IC50 (antiviral), and CC50 (cytotoxicity) values are shown
for the test-items and GS-441254. Signal-to-background ratios (S/B), and average coefficients of variation (C.V.) are
shown. The average CV was determined for all data points in the case of Artefenomel and for duplicate data-points for
which 50% or greater A540 values were observed, as compared to cells infected in the presence of vehicle alone (CPE
assay), or uninfected cells (viability assay) in the case of Ziprasidone, Buclizine and Beclabuvir. When viral inhibition, or
cell viability (CC50) did not reach 50% at the highest concentration tested, the IC50 or CC50 values are shown as greater
than the highest concentration tested. IC50 values were generated with Graphpad Prism in the case of Artefenomel. IC50

values for Buclizine could not be calculated with Graphpad Prism software due to the loss of antiviral activity observed
at the highest concentrations. The IC50 value shown was manually extrapolated after eliminating the data-points for 33
µM and 100 µM concentrations.

Discussion

Multiple pieces of evidence indicate that downregulating the expression of ACE2 of the SARS-CoV2
infection should effectively inhibit virus replication. However, selectively decreasing the expression of
a host target protein could be a difficult task. RNA silencing or CRISPR-based strategies represent
valid options, but their use could be limited by delivery issues29,30. These problems could be overcome
by emerging pharmacological technologies like the proteolysis targeting chimeras (PROTACs), which
build on the principle of designing bi-functional compounds capable of interacting with the target
protein with one side and engaging the E3 ubiquitin ligase with the other, leading to the degradation of
the polypeptide by the proteasome31. Similarly, the PPI-FIT method capitalizes on the cellular quality
control machinery to promote the degradation of the target polypeptide, although it does not require the
development of bi-functional molecules. PPI-FIT-derived compounds aim at stimulating the removal
of the target protein by directly blocking its folding pathway18. In this manuscript, we described
the application of the PPI-FIT paradigm to ACE2. Our analyses predict the existence of a folding
intermediate showing two unique druggable pockets not present in the native ACE2 conformation. In
order to respond to the urgent need for an effective therapy against SARS-CoV-2, we targeted both
pockets by an in silico virtual screening approach aimed at repurposing drugs currently in clinical
trials or already approved by the FDA. Nine molecules were found to decrease ACE2 expression in
Vero cells. Five of those were discarded as showing toxicity in the same concentration range at which
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The least biased trajectories were projected on two graphs plotting the RMSD of each relevant region
(residues 468-498 or C-terminal tail) against the RMSD of the corresponding docking site. These
analyses revealed that the pocket 1 is present in a single trajectory, while the pocket 2 is predicted to
appear in 9 different trajectories.

In Silico Identification of Potential Binders of ACE2 Intermediate

The identification of potential ACE2 folding intermediate ligands was pursued by employing a drug
repositioning strategy. We built a unique collection of 9187 compounds by combining libraries of drugs
approved by the U.S. Food and Drug Administration (FDA) and molecules at different stages of currently
ongoing clinical trials (see Material and Methods). The chemical collection was screened against the
two identified pockets by following a consensus virtual screening workflow (Figure 7). Two different
docking software, Glide22 and LeadIT24, were employed in parallel to predict the binding affinity of each
compound to the ACE2 folding intermediate pockets. Only compounds showing promising predicted
affinity (i.e. Glideds  -6 kcal/mol; LeadIT HYDEaff  50 µM) in both docking protocols were submitted
to a third docking round based on AutoDock25. This process identified two consensus sets (ADLBE  -6
kcal/mol, ADNiC � 25), including 145 compounds for pocket 1 and 238 for pocket 2. The top scoring
compounds from Glide (Glideds  -9 kcal/mol) and LeadIT (HYDEaff  5 µM) were also added to these
sets. Finally, a visual inspection of binding mode and chemical similarity annotation for each ligand
allowed the selection of 14 virtual hits for pocket 1 and additional 21 for pocket 2 (Supp. Table 2).

Figure 7: Virtual Screening. A. Schematic of the virtual screening workflow employed for drug repositioning. Three-
dimensional binding pose (B) and two-dimensional ligand interaction scheme (C) for the interaction of artefenomel with the
pocket 1 of the ACE2 folding intermediate. Purple arrows indicate H-bonds; green lines indicates the ⇡-stacking. Residues
are labeled with different colors, corresponding to negatively charged (red), polar (cyan) and hydrophobic (green).

Collectively, these results predicted 35 potential ligands for the ACE2 folding intermediate (Supp. Ta-
ble 2). Out of these 35 predicted ligand, 8 (ALK-4290, Iferanserin, Lifibrol, LY-2624803, PF-00217830,
Phenindamine, Serdemetan and Vapitadine) were not commercially available. Instead, we tested 8 ad-
ditional analogues of mefloquine (Hydroxychloroquine, Piperaquine, Chloroquine, Primaquine, Amodi-
aquine, Halofantrine, Tafenoquine and Amodiaquine), drug belongs to a class of antimalaria agents
recently described for their potential effect against SARS-CoV-2 26,27. While the precise mechanism
by which chloroquine and its more active derivative hydroxychloroquine inhibit virus replication is not
known, reports suggest that the compounds may act by reducing the glycosylation of ACE228.
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Take home messages

1. Fundamental science breeds innovation

2. Cross-disciplinarity is key to tackle complexity.  
But in return it requires to redefine expectations

3. The importance of swimming in muddy waters
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