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Prologue: proteins are complex many-body
systems.




REDUCTIONIST'S APPROACH TO
MOLECULAR BIOLOGY

Challenge:

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




RARE EVENT PROBLEMS
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MD YIELDS CORRECT PROTEIN NATIVE STATES

Anton supercomputer
(DES Research)

David E. Shaw, et al.
Science 330, 341 (2010);
RAYAAAS DOI: 10.1126/science.1187409
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Atomic-Level Characterization of the Structural Dynamics of Proteins
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Chignolin 106 us
cin025 1.0A 0.6 us

WW domain 1137 ps
2F21 12A 21ps

Homeodomain 327 ps
2P6J 36A 3.1ps

Trp-cage
2JOF 1.4 A 14 ys

NTL9 2936 ps
2HBA 0.5A 29pus

Protein G 1154 ps
IMIO 1.2A 65pus

BBA 325 s
1FME 1.6A 18ps

BBL 429 ps
2WXC 48A 29us

a3D 707 ps
2A3D 31 A 27Tps

Villin 125 s
2F4K 1.3A 28ps

ProteinB 104 ps
1PRB 3.3A 39ps

A-repressor 643 ps
1LMB 18A 49us

How Fast-Folding Proteins Fold

Kresten Lindorff-Larsen, *t Stefano Piana,’*t Ron O. Dror,* David E. Shaw’?t
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ZO0OLOGY OF ENHANCED SAMPLING METHODS

Markov State Models (Folding@Home), 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.







PROTEINS AND HADRONS ARE VERY SPECIAL
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PHASE 1: MATHEMATICAL FORMALISM & HIGH
PERFORMANCE COMPUTING




PATH INTEGRAL REPRESENTATION
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Langevin equations
Hamilton’s equations » Mi; = =V, UR) — v;1; + 1:(t)
°

\ Ry

P(Ry,t|R;,0) = /DR o~ 1o Jo AT(mB+myR+VU)?
R;




A USEFUL ANALOGY

Thermal activation
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ADVANTAGES
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IS THIS A "FREE LUNCH"?
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All atom 3D structure of the native state are given in
iInput, not predicted



VARIATIONAL APPROACHES TO
TRANSITION PATH SAMPLING

Dominant Reaction Pathways

k endi
PRL 97, 108101 (2006) PHYSICAL REVIEW LETTERS § SEPTEMBER 2006

Dominant Pathways in Protein Folding
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Quantitative Protein Dynamics from Dominant Folding Pathways
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Dominant folding pathways of a WW domain

Silvio a Beccara®®, Tatjana Skrbi¢*<, Roberto Covino”, and Pietro Faccioli**'
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Variational Scheme to Compute Protein Reaction Pathways Using Atomistic Force Fields
with Explicit Solvent
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Self Consistent Path Sampling

THE JOURNAL OF CHEMICAL PHYSICS 147, 064108 (2017)

Self-consistent calculation of protein folding pathways
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FULLY EXPLOITING THEORETICAL
PHYSICS TOOLS

072336-4 Bartolucci, Orioli, and Faccioli

between the Gibbs distribution and the SCR estimate forward-
and backward-committors, as in Eq. (A3). Introducing the
distribution

M

PP, 0= /dx; PP (%, 11, 0) polx).

the density in Eq. (22) reads

1 f’
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dr O®(x, 1t — PP (x,1).

mscr(x) =

Using the detailed balance condition, we find P*
= Pl )'z% Q'")(x, 1). Then, inserting this result into Eq.
we find
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Finally, recalling that Q'®) (x, ) and Q') (x, 1) are n
time-independent in the SCR and using Egs. (17) and
° we recover a fundamental result of TPT [cf. Eq. (A
Appendix A],

mscr(x) o< e PN g5 (0 (1= g5ep(x) ).

Within the same framework, it is possible to d
the reactive current in the SCR in complete analogy
Eq. (22).
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The Onsager-Machlup functional Spy[X.Y] eatering
Eq. (2) is recovered, setting F'™ = 0 in Eq. (4).
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Let us now retum to the problem of computing the  formalism
reaction pathways in the wnbiased Langevin dynamics  attempts
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Note that the first line is the leading order term (i.e. L = 1) , while the second and third lines display the order L =2and L =3

corrections, respectively.

We emphasize that the result of the EST construction is a new expression for the same path integral (15), in which the UV
cutoff been lowered from Q to HQ. Equivalently, the path integral is discretized according to a larger elementary time step,
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In these expressions, the symbol §,, denotes the fact that the path integral is discretized according to an elementary time step
Ar and we have suppressed the subscript "<”. in the paths. Tt can be shown that the proportionality factor between Z*(r) and
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FIG. 3: Diagrammatic representation of the local time-derivative expansion of a non-local diagram —Eq. (49)—. Solid lines
are fast-mode propagators, while dashed lines represent a single time derivative acting on the corresponding vertex function.

Notice that each term in the perturbative expansion (35) generates a new vertex, with an increasing power of the
x.(7) field. The couplings to the fast modes depend implicitly on the time 7. through the slow modes (7).

By Wick theorem, each term in the series (34) can be related to a Feynman graph with vertexes given by (36) and
propagators given by —see appendix A
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The expansion (34) can be re-organized as the exponent of the sum performed over only connected diagrams:

P Sslz<(7)] = (‘):\'..u connected di.\xmms._l. (38)
Hence, the path integral (26) for the slow modes ean be given the following exact diagrammatic representation

Z(I) - fpr< P Sepplr<(0)]]4+3 (all connectod dingrams) (30)

064108-3  Orioli, a Beccara, and Faccioli J. Chem. Phys. 147, 064108 (2017)
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the dynamics of the auxiliary variables
introduced in the path inte gral represen-
tation of tMD (lefi pancl) and in the
derivation sclf-consistent path sampling
algorithm (right panel).

auxiliary vanable
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0 T t 0 T t

lll. SELF-CONSISTENT PATH SAMPLING

Let us now introduce our new algorithm, which provides
major improvement with respect to the tMD and BF schemes
discussedin Sec. I A, Indeed. it follows directly from the unbi-
ased Langevin equation and allows us to remove the systematic
errors associated to the choice of biasing coordinate.

Our starting point is path integral representation of the
unbiased Langevin dynamics (2). We introduce two dumb
auxiliary variables w,(7) and s,,(7) into this path integral by
means of appropriate functional Dirac deltas,
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Xu A

-6[«:,.,(1')— f dr'u‘:(r')a(—ui'(r’»ﬂ(w,..(r')—m(r’))]
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of such a variable is frozen any time z,, becomes smaller than
2(X) and any time the collective coordinate z(X) is increasing.
Its time derivative is otherwise set equal to 2(X). Therefore, by
choosing the initial conditions z,,(0) = 2(X(0)), z.(7) is identi-
cally set equal to the minimum value attained by the collective
coordinate z until time 7 (see left pancl of Fig. 1).

The functional S,y (X, z,, ] in the exponent of Eq. (8) coin-
cides with an OM action with the addition of the unphysical
biasing force F.
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In Eq. (8). ®[z,,. X] denotes a Jacobian factor that needs
to be introduced in order to ensure that the statistical weight of

the paths is not affected by the measure of the / Dz, integral,
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VALIDATING SCPS AGAINST MD
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Prob Density
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VENTURING INTO THE BIO-ZONE

/
Our Simulations
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HUGE COMPUTATIONAL GAIN
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PHASE 2: VALIDATION




VALIDATION AGAINST EXPERIMENT

Experiment

Challenge:

Most available techniques
provide only indirect
probes, we seek for
direct validation




TIME-DEPENDENT LINEAR SPECTROSCOPY

-=== (Ground state
—p— (One exciton

Challenge:

Need a theory for
non-equilibrium dynamics

of quantum electronic
excitations in conformationally
evolving proteins
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USE QUANTUM FIELD THEORY!

Using QFT we get rid of the multiple time issue:

N s ,
—;T—lt —_— Y= ( éfu)

y
\ " (x, 1) Just like
anti-particles

One “relativistic” field doublet but just one time




MOLECULAR QUANTUM FIELD THEORY*

SMQFT [CL @D; 1;] — SOM[Q] + SS W» &] + Sint Q7 % ?75]

l

! 5 2
Somlq) = / dT4M7 (MG+ M~¢+VU(q))

\4
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znt Q7 ZZ/ dr f”zﬂbm @Zn'@bm 6qz

P. Faccioli & E. Schneider (2013-2016)



SOLVING MQFT: AN ARSENAL OF METHODS

Perturbation Theory

* PRB 2012, PRB 2013, PRB 2016

- y,
e N
Quantum MC
(for real time) PRB 2016
- y,
e N
Renorm. Group &
Eff. Field Theory PRB 2013, JCP 2016




EXAMPLES OF DIRECT COMPARISON WITH
EXPERIMENTS

Time resolved near UV CD* . .
0.4 Linear absorption spectrum
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Microscopic Calculation of Absorption Spectra of Macromolecules: an Analytic Approach

k Matteo Carli
é Physics Department of Trento University, Via Sommarive 14, Povo (Trento), 38123, Italy and
_O 4 Scuola Internazionale Superiore di Studi Avanzati (SISSA), via Bonomea 265, Trieste 34136, Italy.
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T
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Trento Institute for Fund: I Physics and Applications (INFN-TIFPA), Via Sommarive 23, Povo (Trento), 38123, Italy
' ! ; C S @ Cite This: J. Am. Chem. Soc. 2018, 140, 3674-3682 pubs.c
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Atomic Detail of Protein Folding Revealed by an Ab Initio
Reappraisal of Circular Dichroism

Alan Ianeselliﬁ Simone Orioli,'?'" Giovanni Spagnolli,i' Pietro Faccioli,*’:i:’H Lorenzo Cupellini,§
. . § ..
Sandro Jurinovich,” and Benedetta Mennucci**

| — —— * with B. Mennucci’s Lab (U. Pisa)




PHASE 3: EXPLOITATION IN MOLECULAR BIOLOGY




EXPLORING BIOLOGICAL PROCESSES

Serpin latency transition at atomic resolution

Giorgia Cazzolli**, Fang Wang", Silvio a Beccara™, Anne Gershenson", Pietro Faccioli**', and Patrick L. Wintrode™'
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Protease Inhibition by srpins requires » large for p ide cheins consisting of nesrly 100 amino acids (6),
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Biophysical Journal

Biophysical Society

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

Fang Wang,' Simone Orioli,** Alan laneselli,** Giovanni Spagnolli,** Silvio a Beccara,”* Anne Gershenson, "
Pietro Faccioli #%* and Patrick | Wintrode'-
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RESEARCH ARTICLE
Full atomistic model of prion structure and
conversion

Giovanni Spagnollic:'*, Marta Rigolic %, Simone Orioli2?, Alejandro M. Sevillano*,
Pietro Faccioli*®, Holger Wille»°, Emiliano Biasini'*, Jests R. Requena®®*
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All-Atom Simulation of the HET-s Prion Replication

Luca Terruzzi%?**, Giovanni Spagnolli>***, Alberto Boldrini'?, Jesus R. Requena®, Emiliano Biasini>** and Pietro
Faccioli>®**
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PHASE 4: PHARMACOLOGICAL RESEARCH




ROLE OF PROTEIN INACTIVATION

MOST OF BIOLOGICAL FUNCTIONS IN CELLS ARE CARRIED
OUT BY PROTEINS

¥

MOST OF MEDICINAL CHEMISTRY IS BASED ON
INHIBITING BIOLOGICAL FUNCTIONS OF PROTEINS



PHARMACOLOGICAL PROTEIN INACTIVATION BY
FOLDING INTERMEDIATE TARGETING

patent file # 102018000007535 (with E. Biasini)

Protein Protein
Ribosome
folding function

ir Y 2

RNA
silencing

Eliminating S : :
u ressin
protein from PP 9 SUIOPFGSSIHQ Imparmg
genome transcription f0|ding function




PHARMACOLOGICAL PROTEIN INACTIVATION BY
FOLDING INTERMEDIATE TARGETING

Unfolded . Native state
state




PPI-FIT PIPELINE

Folding pathway
characterization

Virtual screening on

folding Intermediate

Biochemical
Validation
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Folding pathway
characterization

¥

Virtual screening on

folding Intermediate

Biochemical
Validation

PPI-FIT PIPELINE

with
L. Barreca’s Lab



DRUGGING THE UNDRUGGABLE

Inactivation of
Cellular
Prion protein

Brain shrinkage and _?r' y ‘l;.-: P
deterioration occurs rapidly \. - (Vansl
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Brain section showing
spongiform pathology
characteristic of
Creutzfeldt-Jakob

COMMUNICATIONS
BIOLOGY

ARTICLE R) Ghock for pdates
https://doi.org/10.1038/542003-020-01585-x

Pharmacological inactivation of the prion protein by
targeting a folding intermediate
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18Joining Forces against COVID-19
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SARS-CoV-2 Replication

SARS-CoV2 virus

protein e
. Viral
protein RNA

4/?

ACE2 Viral Entry

capsid

jung cell Goals:
Repurposing of approved drugs!
Looking for suppressors of ACE2
expression levels

Figure taken from:
https://theconversation.com/where-are-we-at-with-developing-a-vaccine-for-coronavirus-134784



PPI-FIT ON ACEZ

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



DOSE-DEPENDENT RESPONSE
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ANTI-VIRAL ACTIVITY AGAINST LIVE SARS-COV2

Inhibition (% )

Concentration at
which it becomes active

IC50 [uM] CC50 [uM

2.9
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Test-item (pM)

Concentration at
which it becomes toxic

This value is in principle compatible with the maximum tolerated
dose in humans. More to follow...



BREAKING NEWSI (17/05/2020)

So far, Sibylla Biotech has tested 14 virtual hits

ONE DISPLAYS A PROMINENT EFFECT WITH CLEAR
DOSE-RESPONSE RELATIONSHIP AND VERY LOW
TOXICITY
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SPACE IS THE NEXT FRONTIER!




A MAIN LIMITING FACTOR

Impossible to crystallize
folding intermediates
on Earth

) 4

Microgravity
conditions may
provide the solution!
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