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PHASE 1: MATHEMATICAL FORMALISM  & HIGH 
PERFORMANCE COMPUTING



REDUCTIONIST’S APPROACH TO  
MOLECULAR BIOLOGY

Integrate ~106 coupled 
Newton-type equations 
looking for extremely   
rare events

Challenge:



MD

PROTEIN DYNAMICS IS FULL  
OF RARE EVENT PROBLEMS

ms s minutes

MD

, 106sProtein folding



MD YIELDS CORRECT PROTEIN NATIVE STATES

Anton supercomputer 
(DES Research)

MD
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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.



PHASE 1: MATHEMATICAL FORMALISM  & HIGH 
PERFORMANCE COMPUTING



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



F U L LY  E X P L O I T I N G  T H E O R E T I C A L  
P H Y S I C S  T O O L S  



HUGE COMPUTATIONAL GAIN

Using top all-
purpose 

supercomputers

Using top  
special-purpose 
supercomputer

Sybilla & INFN joint project on ACE2



VENTURING INTO THE BIO-ZONE

s minutes hoursms

MD , 106sVariational Simulations
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THE WAY TO PHARMACOLOGICAL RESEARCH
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Suppressing  
folding

PHARMACOLOGICAL PROTEIN INACTIVATION BY 
FOLDING INTERMEDIATE TARGETING 

patent file # 102018000007535 (with E. Biasini)

Suppressing  
transcription

RNA  
silencing



Unfolded 
state

I1 I2 Native state

I3drug

PHARMACOLOGICAL PROTEIN INACTIVATION BY 
FOLDING INTERMEDIATE TARGETING 

Unfolded proteins Degradation



  
 

Virtual screening on 
folding Intermediate

Folding pathway 
characterization

Biochemical  
Validation  

P P I - F I T  P I P E L I N E



  
 

Virtual screening on 
folding Intermediate

Folding pathway 
characterization

Biochemical  
Validation  

P P I - F I T  P I P E L I N E

with 
L. Barreca’s Lab



A  F I R S T  VA L I D AT I O N
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Technology Transfer Initiative

www.sibyllabiotech.it



A few facts about Siybilla Biotech



Future

Sibylla is closing its Series-A round!  
(formal announcing expected in the Summer)

Sibylla is currently hiring several computational 
physicists!



WHAT DO NEW/EMERGING TECHNOLOGIES HAVE 
TO OFFER? 

Partners: 
U. Trento, Space Pharma, CJD Foundation (Israel),  U. 
Tel Aviv,  U. Santiago de Compostela, INFN



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.

7

Impossible to crystallize 
folding intermediates 

on Earth

Microgravity 
conditions may 

provide the solution! 

A MAIN LIMITING FACTOR
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Partners: 
U. Trento, Q@Trento, INFN, SISSA, BEC-CNR

WHAT DO NEW/EMERGING TECHNOLOGIES HAVE 
TO OFFER? 



Fundamental science can breed new ideas

Cross-disciplinarity is key to tackle complexity.  
Seek for colleagues with different background… 

…..and learn to talk a lot!

Final considerations (very subjective!)



..but just don’t wait too much to look 
out !!!

If you have a good idea…  ”money is not 
the limiting factor issue”!

Final considerations (very subjective!)

Patenting is not the Enemy of Science! …



  
 

Trento: E. Biasini, A. Ianeselli (2014-2017), G. Spagnolli S. A Beccara 
(2009-2017), S. Orioli (2014-2018),  E. Schneider (2012-2015), M. 
Carli (2017), M. Turelli (2018), F. Mascherpa (2014), G. Garberoglio, F. 
Pederiva, M. Sega, R. Covino (2012-2015),  
Pisa: B. Mennucci, L. Cupellini, S. Jurinovich 

CEA-Saclay: H. Orland

U. Maryland: P. Wintrode U. Mass.: A. Gershenson

U. Zurich: B. Schuler

Perugia: L. Barreca SISSA: C. Micheletti, A. Laio 

U. Compostela: J. Raquena

USA:

Italy:

Europe:

Acknowledgments 


