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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
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Chignolin 106 ys  Trp-cage BBA 325ps  Villin 125 s
cin025 1.0A 06ps 2JOF 1.4A 14us 1FME 1.6A 18ps 2F4K 1.3A 28ps

WW domain 1137 ps NTL9 2936 ps BBL 429 ys  Protein B 104 ps
2F21 1.2A 21ps 2HBA 05A 29pys 2WXC 48A 29ps 1PRB 33A 39pus

Anton supercomputer MD
(DES Research)

Homeodomain 327 ys ProteinG 1154 ys  a3D 707 ys  A-repressor 643 ps
2P6J 36A 3.1ps IMIO 1.2A 65ps  2A3D 31A 27ps 1LMB 1.8A 49pus

Atomic-Level Characterization of the Structural Dynamics of Proteins = =
David E. Shaw, et al, How Fast-Folding Proteins Fold
Science 330, 341 (2010);

AVAAAS DOI: 10.1126/science.1187409 Kresten Lindorff-Larsen,**t Stefano Piana,* Ron 0. 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)
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A USEFUL ANALOGY

Thermal activation

kgl

Quantum tunneling
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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 K endi
PRL 97, 108101 (2006) PHYSICAL REVIEW LETTERS § SEPTEMBER 2006 PRL 99, 118102 (2007) PHYSICAL REVIEW LETTERS 14 SEPTEMBER 2007

Dominant Pathways in Protein Folding Quantitative Protein Dynamics from Dominant Folding Pathways
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(20095) (2006)

Dominant folding pathways of a WW domain

Silvio a Beccara®®, Tatjana Skrbi¢*<, Roberto Covino”, and Pietro Faccioli**'

“Dipartimento di Fisica, Universita degli Studi di Trento, Via Sommarive 14, 1-38123 Povo (Trento), Italy; “INFN Istituto Nazionale di Fisica Nucleare
(National Institute for Nuclear Physics), Gruppo Collegato di Trento, Via Sommarive 14, |-38123 Povo (Trento) Italy; and ‘European Centre for Theoretical
Studies in Nuclear Physics and Related Areas, Strada delle Tabarelle 286, 1-38123 Villazzano (Trento), Italy

Edited by William A. Eaton, National Institutes of Health -NIDDK, Bethesda, MD, and approved December 19, 2011 (received for review July 27, 2011)
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(2012)

Bias Functional Approach Self Consistent Path Sampling

PRL 114, 098103 (2015) PHYSICAL REVIEW LETTERS . Kv/ﬁill({glf?(‘ THE JOURNAL OF CHEMICAL PHYSICS 147, 064108 (2017)

Variational Scheme to Compute Protein Reaction Pathways Using Atomistic Force Fields Self-consistent calculation of prOteln fOIdlng pathways

with Explicit Solvent S. Orioli. S. a Beccara. and P. Faccioli?)
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(2015) (2017)




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
PP, = / dx; PP (x,11x:,0) po(x:),

the density in Eq. (22) reads
1 v R P
mscr(x) = —/ dr Q®(x, 1t — HPP(x,1).
If =70 Ja

Using the detailed balance condition, we find P
= e-ﬁUmZLR Q®)(x, 7). Then, inserting this result into Eq.
we find

e BUW

I
drQ®(x, 1y = 0" (x, ).

mscr(x) = Ze s —10) =

Finally, recalling that Q'® (x, t) and Q") (x, 1) are n
time-independent in the SCR and using Eqgs. (17) and
we recover a fundamental result of TPT [cf. Eq. (Al
Appendix A],

o« e PUW

mscr(x) q;CR(X) (1= q§CR(X) )-

Within the same framework, it is possible to d
the reactive current in the SCR in complete analogy
Eq. (22),

If
/ diQ® (x, 1 — 1)
To

X (V = V +BVUx) PP, 1).

Ji ) = i
SCR P

M2\

PRL 114, 098103 (2015)

PHYSICAL REVIEW LETTE

Pbm[x] — / DY ¢ Soias XV=UX0.Y)) [kyT (3)

where the functional S;,[X. Y] is defined as

[N . .
Sbmzm[) df[;hmi(m,-x,»+m,-7,x,+V,-U—F5?mS)2

I

1 . .
EY (¥t myy 4 VU (4)
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The Onsager-Machlup functional Som(X. Y] entering
Eq. (2) is recovered, setting F}"‘“ =01in Eq. (4).

Let us now return to the problem of computing the
reaction pathways in the wunbiased Langevin dynamics
[Eq. (1)]. Using the standard reweighting trick we can
write the variational condition (5/6X)P[X] = 0 as

é . .
5 [Pois X (Sl N=SlXD) ] = 0. (5)

‘We now introduce our main approximation, by restrict-
ing the search for the optimum path X(z) within an
ensemble of trajectories generated by integrating the biased
Langevin equation. By definition, these paths have a large
statistical weight in the biased dynamics; i.e., they lie in the
functional vicinity of some path X(r) which satisfies
(8/8X)P[X] = 0. Thus, the typical biased paths approx-

imativaly eaticf tha ctatinnar randitinn
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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 Q. Equivalently, the path integral is discretized according to a larger elementary time step,
At — At /b:

» DX ¢ Sers IR v VX = 7070

(1)

f DX ¢ 5err X o (25)
At

In these expressions, the symbol §,, denotes the fact that the path integral is discretized according to an elementary time step
At and we have suppressed the subscript "<", in the paths. It can be shown that the proportionality factor between Z*(¢) 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
2+ (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 —:

(et (1) oL (m2))o = G (i) e Enm) = 5D Gy iy o), ®7)
[wm |.|wn €Sy |wn|€Sp ' "
The expansion (34) can be re-organized as the exponent of the sum performed over only connected diagrams:
=B S>[2<(n)] _ 3 (all connected diagrams) (39)
Hence, the path integral (26) for the slow modes can be given the following exact diagrammatic representation
Z(t) = f D, e Sersle<(OI+E (@l connected diagrams) (39)

formalism
attempts t 064108-3 Orioli, a Beccara, and Faccioli J. Chem. Phys. 147, 064108 (2017)
terms of s¢
z. Conver 2 (7)
spontaneol " z[an( i "
] — T ) .
To defir 2 3 e Win(7) FIG. 1. Tllustrative  representation of
(1) with af 5 5 — w(r) the dynamics of the auxiliary variables
= = introduced in the path integral represen-
Ly £ k] tation of rMD (left panel) and in the
0 E E = Sm(7) derivation self-consistent path sampling
s = — 5(7) algorithm (right panel).
2,,(1) deng
ti,;me t(we 0 T t 0 T t
obeys the
Let us of such a variable is frozen any time z,, becomes smaller than lll. SELF-CONSISTENT PATH SAMPLING
—— Z(X? and an_y tu_ne Fhe collec_nve cuordmate.z(x) 18 Increasing. Let us now introduce our new algorithm, which provides
Its time derivative is otherwise set equal to z(X). Therefore, by L .
. - L. . b major improvement with respect to the rMD and BF schemes
choosing the initial conditions z,,(0) = z(X(0)), z,u(7) is identi- N L N N A
- . . discussedin Sec. IT A. Indeed, it follows directly from the unbi-
cally set equal to the minimum value attained by the collective . . .
. o - . ased Langevin equation and allows us to remove the systematic
coordinate z until time 7 (see left panel of Fig. 1). . . . .
. . . errors associated to the choice of biasing coordinate.
The functional S,p[X, z,,] in the exponent of Eq. (8) coin- X L . .
. . . . . . Our starting point is path integral representation of the
cides with an OM action with the addition of the unphysical . : . .
L unbiased Langevin dynamics (2). We introduce two dumb
biasing force F;, - . . . .
auxiliary variables w,,(7) and s,,(7) into this path integral by
N 1 ) means of appropriate functional Dirac deltas,
Smp = Z r.‘/ dr[mi&; + myyixi + ViU - F;]°. (9) Xy
= Jo p(Xy,t1Xy) = / DX - ¢S] / Ds,, Duw,,
. Xu 50) (0)
In Eq. (8), @[z, X] denotes a Jacobian factor that needs -
to be introduced in order to ensure that the statistical weight of .5 [wm(T) - / dt'i(7") 6(=ib(7")) O(wn(t") — D(7")) ]
the paths is not affected by the measure of the / Dz, integral, 0,
ie., K [Sm(T) - / dt's(t') 0(=5(")) O(sm(t') = E(T'))] . (12)
0
T - _ . .
’s . here 5(7) and w(7) are two external time-dependent functions
Dz ®@lzm. X168 |zm(t) = [ dT2[X(T)O(2X(’ W ] .
/ 2 ®[zm, X1 [z,,,(r) A TZX(T)O=ZX (D to be defined below. In analogy with the path integral repre-
R —



VALIDATING SCPS AGAINST MD

r
ignolin osus 'l?pag- 208;'3 n
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WW domain 1137 ps  NTL9 2936 s  BBL 429 ys  Protein B 1!10'
2F21 1.2A 21ps 2HBA 0.5A 29ps 2WXC 48A 29ps 1PRB 33A 39ps
omeodomain 327 ps  Protei S54ps  a3D 707 s A-repressor 643 ps
P6J A us e} A 85ps  2A3D 31A 27ps  1LMB 18 us

Protein folding

minutes
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VENTURING INTO THE BIO-ZONE

/
Our Simulations
\

ms S minutes hours




HUGE COMPUTATIONAL GAIN

Using top all-
purpose
supercomputers

Using top
special-purpose
supercomputer



PHASE 2: VALIDATION
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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




e~ 5 forward time evolution { multiple time

——————— > directions...

e 1 Ht backward time evolution



USE QUANTUM FIELD THEORY!

Using QFT we get rid of the multiple time issue:

N s ,
—;T—lt —_— Y= ( ;b//)

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

One “relativistic” field doublet but just one time




MOLECULAR QUANTUM FIELD THEORY*

SMQFT [CL % ?7;] — SOM[Q] + SS W» %] + Sint Q7 ¢7 ?75]

l

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

\4

Ss, ] = Z/ A7y () (ihdy — B2,.,) Y (7) !
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
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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**

e ———
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Linear absorption spectrum
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Microscopic Calculation of Absorption Spectra of Macromolecules: an Analytic Approach

Matteo Carli
Physics Department of Trento University, Via Sommarive 14, Povo (Trento), 38123, Italy and
Scuola Internazionale Superiore di Studi Avanzati (SISSA), via Bonomea 265, Trieste 34136, Italy.

Michele Turelli and Pietro Faccioli*
Physics Department of Trento University, Via Sommarive 14, Povo (Trento), 38123, Italy and
Trento Institute for Fund: I Physics and Applications (INFN-TIFPA), Via Sommarive 23, Povo (Trento), 38123, Italy
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* 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 Facdoli**", and Patrick L. Wintrode®'

*Dipartimento di Fisiaa, umuud-ﬁtui:ﬁ1mm!|mmﬂumlm'r-mtmmhkmu Dp:undAp&m-.!!
(Trenta), ital of Pharmacy, Universi u-yl.nd.l.it-munnzm inte rdisciplina ry Labora fer
Mktmg Fondazione Bruno Kessler, nmrmnmmxurndwmmofm Molecular Siology, u"mm:'y
Masmchisetts Amherst, Amherst, MA 01003

Edited by David £ Shaw, . E. Shaw Research, New York, NY, and approved September 12, 2014 freceived hm-nAuiu 2019

Protease inhibition by serpins requires a large il ide chains isting of ncarly 100 amino acids (6),
transition from an active, metastable state to an inactive, stable whlch uc cnnsndcuhly smallcr t.hm PAI l Addltnna.lly lhe
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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 2" and Patrick | Wintrode'-"
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@PLOS | PATHOGENS

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®®*

T — T———

All-Atom Simulation of the HET-s Prion Replication

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

T — S —S

:
i Y
1,\
¥

$
N
B
s
—

Teaming up with

E. Biasini’s

lab (DICIBIO)




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

& 2
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RNA
silencing

Eliminating S :
u ressin
protein from PP 9 Suppr§53|n9 Imparing
genome transcription f0|dlng function
O ——————————— R —————————————— B —

patent file # 102018000007535 (with E. Biasini)
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PHARMACOLOGICAL PROTEIN INACTIVATION BY
FOLDING INTERMEDIATE TARGETING

Unfolded | _ — . _>{ Native state J
state
X

\./




PPI-FIT PIPELINE

Folding pathway
characterization

Virtual screening on

folding Intermediate

Biochemical
Validation

RMSD [nm]

Fraction of Native Contacts



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
. . . ) . S
deterioration occurs rapidly \ ot sV
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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

Vhc 0.01 0.03 0.1 0.3

20"

1

3

10 30

50

-

S 150-
o
N
S °© o
) o
= 100 @ _%5_ 0
L) o o *k%k
® o
o
8 ° 00 4%
S 50- °© o B o
X -+
%o ©)
(&)
o o
L] L] L] L] L] L]
& N 50



echnology

ransfer Initiative

S

~

I B Y L L A BIOTECH S.R.L.

TRAILBLAZING IN RATIONAL DRUG DISCOVERY

HOME

PEOPLE RESEARCH NEWS  CONTACT

'. \l-‘-/ -
P D! oD D O o B | |




8Joining Forces against COVID-19

Lidia Pieri

Spagnolli

N
Iberto Boldrini

Tania
Massignan

Luca Terruzzi

Maria Letizia rEmiliano Biasinp g Pietro Faccioli \( Graziano LoIIiW [ A
Barreca
Istituto Nazionale di Fisica Nucleare
€T S .
-- DI PERUGIA % g}\!l!\R/EEI'Sl'gA ¥ s;ethon @ glNTlKEll}J?gA % SFITIKEEI%ISA 30.000 cores in 8 data
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Andrea Astolfi
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SARS-CoV-2 Replication

SARS-CoV2 virus

E

ACE2 Viral Entry
1ung 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 (% )

100 -
-©- |IC50 =
757 -
IC50 = Concentration at
which it becomes active
1 R A R Ry l
Sample IC50 [pM] CC50 [uM]
25 - Artefenomel 2.9 > 100
014 Concentration at
which it becomes toxic
10 ' 10° 10" 102

Test-item (pM)

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!




Molecular Biology
(functional role of folding intermediates?)
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Dominant Reaction Pathways by Quantum Computing

Philipp Hauke®,' Giovanni Mattiotti 2 and Pietro Faccioli®®
'INO-CNR BEC Center and Department of Physics, University of Trento, Via Sommarive 14, I-38123 Trento, Italy
2Department of Physics, University of Trento, Via Sommarive 14, I-38123 Trento, Italy
3INFN—TIFPA, Via Sommarive 14, 1-38123 Trento, Italy

(Received 27 July 2020; accepted 18 December 2020)
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MAIN TAKE-HOME MESSAGES

Fundamental research matters!

The usefulness of theoretical physics
extends beyond its natural cultural perimeter

Major research infrastructures for
fundamental research can be
re-purposed

Technological transfer can boost research
and help advance Science




DRUGGING THE UNDRUGGABLE

Brain shrinkage and
deterioration occurs rapidly

PRION DISESES

Braln section showmg
. spongiform pathology
., characteristic of

Creutzfeldt-Jakob




ARE THERE POTENTIAL ADVANTAGES?

“More” (?) “Better” (?)
Applicable to More specificity
"undruggable

proteins” Low effective
dissociation rate
Applicable to constant
misfolding

Known mechanism of

roteins .
P action



Heavy quark diffusion in a QGP EFFECTIVE
STOCHASTIC B

Heavy quark bound states in a quark—gluon plasma: DYN AM |CS
Dissociation and recombination

Jean-Paul Blaizot?, Davide De Boni ™, Pietro Faccioli ¢,
Giovanni Garberoglio “¢

L — e e

Model: NR relativistic particles coupled to an abelian
plasma of fermions and gauge fields at finite
temperature. After integrating out the gauge fields:

P<Qf,rf|Q,-,ri>=/DQ/D<&,w> el SV
C C



After integrating out the fermions and making the Ohmic
approximation => Effective Generalized Langevin

MR=—-My®R)-R+FR)+£(®R,1).

(§ir(R, 1)) =0, (& (R, 1) & (R, 1)) = Ay (R)8(2 — 1)

QGP plasma polarization induced
by heavy fermions




RATCHET-AND-PAWL MD

Reaction coordinate

E. Paci and M. Karplus, J. Mol. Biol. 288, 441 (1999).
C. Camilloni, R. A. Broglia, and G. Tiana, J. Chem. Phys. 134, 045105 (2011).

—_



IDEAL BIAS

Theorem: rMD along the ideal reaction
coordinate RC (i.e. the committor
function) yields the exact equilibrium
distribution and reactive current

M. Cameron and E. Vanden-Eijnden, J. Stat. Phys. 156, 427 (2014).
G. Bartolucci, S. Orioli and P. Faccioli J.Chem. Phys. 149, 072336 (2018).

Challenge:

How can we learn the RC self-consistently and compute the
committor “on the fly” in a rMD calculation?



SELF CONSISTENT PATH SAMPLING

Guess a RC

\ 4

Compute trial folding
pathways by rMD

v

Compute average
path

\ 4

Estimate the RC
from the paths




REACHING ACCURACY

three-state kinetics...
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Thank you for your attention!



Implementation step 1: Trotter decomposition

Trotter decomposition: e~ #Ht = e~ #¥H o= #dtH | 0(qs?)

‘:e hdtHle__dtH 16 hdtH O(dtQ)

Aoy sd .
- / d@/ dX/ ( : ¢k8) e Semra s Pedie |, X, B) (Q, X, D

\

\ \ ~

1 \ ~
\

\ N \\

‘ B Hopping quantum excitation
IN second gquantization

Atomic nuclei, heat-bath variables | .
(i.e. use coherent fields )

In first quantization
(i.e. use coordinates)



Implementation step 2: Integrate out solvent
(Gaussian integral)

/ DX / DQ / DYDY (. / DQ / DYDY (.

Implementation step 3: Take the Ohmic limit in the
Green’s function of the Caldeira-Legget bath

A(w) ~ C() —|—Cl W

Implementation step 4: Classical limit on atomic
motion using saddle-point approximation to
quadratic level.



Implementing the two approximations:

1. The dynamics of the atomic nuclel is classical:

1 / /7
! R = - -
vo-a___ Q  (9+9)
— : > Yy = Q o Q
Q0)=Q"(0)=Q Qu Q'(t) = Q"(t) = Qy
~ib| Q(—if) = Q classical limit
R(t) > y(t)

|

Qy , ’ ’ //
P(Q ko t|Qiks) = /Q DR/qu ¢’ [ D" D4 (... expand to order o(y?)

perform / Dy



Implementing the two approximations

2. The heat-bath quickly looses its “memory”

delta-correlated white noise

|

ohm 2k T’ M~
B(t) — BOM™(¢) = Bh 6(t) + —— —0()

| |

fluctuation-dissipation relationship
The molecule ultimately attains thermal equilibrium

Molecular dynamics of atomic nuclei => Langevin dynamics



Ingredients from quantum chemistry calculations

W
DFIT-B

density functional theory

-




Quantum Monte Carlo

Z[Wa ;-7] — f D5Q e—(SOM[5Q]+L0g DetGng) e% Zmn [Ot drt ];]n(,[) G(SQ(I’l,T|m,T,) ﬂm(T,)

1) Sample nuclear trajectories by integrating the Langevin equation:

b / dr (Macfj +76Q + VU(5Q))2

Som|AQ)] = 1M ),

2) Re-weigh configurations (quantum backaction):

1 i ~j ' N Y / Es — E;
log[)etGZé2 :52 CyCl, fo dT/(; dt'8q' (1) 8¢’ (7") COS[(T—T)( - )]

S¥L

3) Compute Quantum propagator (and then use Wick theorem!)

[ DIZJDI// 1//11 (T) IZ/m (T’) e% (SO [‘//,17/] +Sint[‘/’>17/,5Q])
[ DyDy o7 (Soly: 01+ [w.9,0Q])

Gsq(n, T|m, T') =



Non-Perturbative Method 2: Dynamical mean-field
approximation:

() =—P— = —>— + —>—@—>—
(b) :,,Q\\' ©) @ ~ 7 \\‘

\ > > L

Analytic (or semi-analytic) expression for green’s
functions!



Non-Perturbative Method 3: Effective Field Theory

Use Renormalization Group formalism to perform coarse-graining and
lower the time & spatial-resolution power. Obtain an effective theory
which yields the same results in the long-time long-distance limit:

/\/\/\/\/

<« -> AL
A (cut-off) AB (De Broglie’s thermal wavelentgh)
-o(%)
from the microscopic theory we get / A

y — [taT | L -R24(2B) P R4—|—..._
P(y,t|x,0) =~ / PR ° LDb (%)
guantum correction

©J



Different sectors of the density matrix for different
physics ...

( Pgg Pger  ---  Pgen Pgox  ---  Pgan, \
Peig | Peiexr -+  Peien Perar -+ Peran,
P = Peng Pener - -- Penen Penay - -- Penan,
Paig | Paier -+  Pareny | Paron -+ Pajan,

\ Pan,g | Pan,er -+- Panyen | Pany,ar -+ Pan,an, )

exciton/hole mOblllty Pepe, (t) o /D5R/D¢D@ eStot (e, t)y_ys5(er, t) Y(en, 0) Y159 (em, 0)




Diffusion of a quantum excitation:

The analytic solution (after renormalization):

diffusion of quantum excitation

e

P(y,t\x, 0) ~ Py(y,t|x,0; D,.cp,) X

(y o X)4 (y o X)2 60Dr€n
1 - Cren - 20 .
[ ( 3D, en 7T

. <

guantum correction terms

Renormalized constants, to be determined from experiments or micr. Sim.s



How sensitive Is this probe”?

Remove the disulfide bridges:
Cys30-Cys115, Cys127-Cys6, Cys94-Cys76 Cys65—-Cys80

Calc. -S-S- —
Calc. -SH HS- —
I-second |
TE
Native TU
0 01 02 03 04 05 06 0.7 0.8 .s Z 0‘5—
~ [\
<
denat >
I-second |
I-bufst |
0 Natlve T T T T T T T T T
0o 01 02 03 04 05 06 07 08 09 200 230 260 290

Fraction of native contacts Q

Wavelength (nm)



Ae(M cm )

Folding of protein Im7

0.5 ;

RMSD of Helix 1 (nm)

|
Helix I 0 ol_z ol.a ol.s 0.8 1
Fraction of native contacts Q
(a) Native (b)  Intermediate (c) Difference
Exp. Im7* e- Exp. I54A e Exp. I54A e
Calc. Native — Exp. L53AI54A - Exp. L53AI54A -
Calc.— Calc.—
N
)
240 260 280 300 320 240 260 280 300 320 240 260 280 300 320

Wavelength (nm)

Wavelength (nm)

Wavelength (nm)



llustrative example:

Plain steering
PAL
184
1484

> 140

Exact (plain MD)

(d) 20 //—§

3

£ 1,04

©

= )

> 0.5-% i
i .lz; ’

0.0

v
-0 \\»\'-“"// !

5 : ey . :
~15-1.0-05 00 05 1.0 15
x [arb, u,]

SCPS

> 10

Iteration 1 WL

—o5 £
=is -lo -6s oo o

20

lteration 2 ™Y

Iteration 4 ~

-05
=15 -lo

25

(b)

2.0
1,51

1.0,

y [arb. u.]

0.5 47\

0.04

)

-05

.Il- “\\‘\\L‘:_-"Z/

x [arb, u.]

215 -1.0-05 00 05 1.0 15




Initial guess of RC

Initial conditions

1.0f

Typical calcu

o

0.8}

0.6

0.4}

0.2f

TV 5§ W
50 g 1 Ay restry

2

1.0+

0.8}

irpin

0.6 |-

ey Atso omin 1 A

0.4+

[

0.2+

5o g 1 Ay

RMSD ha

0.0 L L I L L I L L
0.0 0 12 14 16

RMSD ha|rp|n hairpin 1

g g.

[

hairpin 2

SCPS iterations

T

Atso i Ay



What would we like to know?

Conformational dynamics:

)

O
e
®
QO
O
O
S

O
e
®
QO
O
O
T
C
o
=

Exciton dynamics:




What are the main theoretical challenges?

Conformational dynamics: ~ ¢*  rare event problem!

nai SJO tims)
\
Excitons’ dynamics: Non-equilibrium open quantum system

A o
T N{; — [B750 4mg kg, h,t
' oy |

Order Parameter




Dynamical Mean Field Approximation

@) —>— = —>— + >{)—>— G Go

T 1-GoX

(b) Q | @ @~ .

Ay

In general: Dyson-Schwinger equations



Microscopic calculation of absorption spectra

I—lnear AbSO rptlon Of of macromolecules: An analytic approach

Fe n n a I\/l a‘tt h eWS O | S O n Cite as: 3. Chem. Phys. 150, 144103 (2019); doi: 10.1063/1.5084120 @ M
Submitted: 4 December 2018 » Accepted: 14 March 2019 o i

Published Online: 8 April 2019

C O I ' I p | ex Matteo Carli,"> Michele Turelli,"* and Pietro Faccioli'**’

Chlorophil

4w

Linear Response theory: ka(w) = mlm[R(l)(w)]a

Using MQFT

. N 2
R(l)(t) _ % 3 % / DOQ ¢ S0m[0Q =51 [0Q)-H(0) [G(];Q(n, tln,0) — GSQ(n,O|n, t)]

n=1

We need to compute dressed exciton propagator



Dynamical Mean Field Approximation

@) —>— = —>— + >{)—>— G Go

T 1-GoX

(b) / : \ (c) @ ~ [

Ay

mR(w) = -2, 2ReZ (@) (0~ En)” + %1 (@)F)
" (0= B - @) +4((0 - BReX (@)

z : h
fnm’ Ul;r/ V;L'S[Z(ES o w) + Y] Ven []j/hfn’m
BM Q3 [Q) - (E; - w)(Es Fiy - w)]

S0 (w) =



Comparting MC and DMFA results against exper.

1.2

1k

0.8 [

0.6 [

Normalized Absorption

0.4

Normalized Absorption

0.2

0 | | |
12000 12150 12300 12450 12600 12750

0 | | | |
12000 12150 12300 12450 12600 12750
Frequency (cm'l)

Frequency (cm'l)

How differences in the molecular vibrational normal modes, bath
temperature and viscosity can affect the spectrum

Gateway to rationale to design macromolecules with
specific optical properties?



Example: Time resolved NEAR UV CD

200 220 240 260 280 30(}\[n>m]

4 N [ )
Far UV regime: Near UV regime:
signal dominated by | signal dominated by the coupling
secondary between m-11* excitations in
structures aromatic residues

\_




Initial guess of RC

Initial conditions

1.0f

Typical calcu

o

0.8}

0.6

0.4}

0.2f

TV 5§ W
50 g 1 Ay restry

2

1.0+

0.8}

irpin

0.6 |-

ey Atso omin 1 A

0.4+

[

0.2+

5o g 1 Ay

RMSD ha

0.0 L L I L L I L L
0.0 0 12 14 16

RMSD ha|rp|n hairpin 1

g g.

[

hairpin 2

SCPS iterations

T
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Theoretical foundation

THE JOURNAL OF CHEMICAL PHYSICS 147, 064108 (2017)

- Formal derivation of SCPS
. . Self-consistent calculation of protein folding pathways
from LangeVIn dynamICS S. Orioli, S. a Beccara, and P. Faccioli?

THE JOURNAL OF CHEMICAL PHYSICS 149, 072336 (2018)

« Calculation of the committor . . . .
] Transition path theory from biased simulations
fu nCtlon and TPT G. Bartolucci,! S. Orioli,"2 and P. Faccioli'-2
distributions from SCPS

Connections with other approaches

- Self-consistent calculations of tube variables are explored also by
Ensing et al. within meta-dynamics

- SCPS may be viewed as a dynamical variant of the string method, which
can be applied to reactions as complex as protein folding



WHY PATH INTEGRALS?

Advantages

N ( Computational A

quantum m m.,q

Theoretical

X(1) (volts)




A USEFUL DUALITY

> 4




REDUCED N-POINT FUNCTIONS
DENSITY MATRIX OF MQFT

quantum excitations ﬁ "matter fields”

Yn(t), ¥n(t) p(x,t), (1)

nuclear coords ﬁ "gauge bosons”
RZ' (t) AIJJ (Zl’), t)



MODEL DEFINITION

Environment
(classical & fast)

Quantum excitation

Atomic nuclel
(classical)



FULLY QUANTUM HAMILTONIAN

f{tot — IA{BO + f{bath + ]:Iezc.

1

~ 2
2 P; . . .
Hpo =) 5+ Upo(di,---,qnN) Adiabatic dynamics

AN oo A 2
A A A C A2
Hyam = + Wi ke — CaXai + k : Ohmic bath
at ; Z:(z‘ua [406 aXa aXadi 2‘14“60%5 da

YD fonl@)

> mn g ’ Non-adiabatic dynamics

<¢m|ﬂel|¢n>a



DYNAMICS IN OPEN SYSTEMS




DYNAMICS IN OPEN SYSTEMS

p/\(t) p— Peng | Penex

-

e —

Classical structural dynamics:

( Pgg Pge1 Pgen Pgar -+  Pgan, \
Peig Peie; Peien Perar -+ Peran,
peNeN peNOél c IOGNO{N2
Parg | Paie: Paien Pajar -+ Pajan,

\ Panyg | Pan,er Panyen | Pan,ar -+ Pan,an, )

—%

Quantum electro-dynamics:

\




THERMAL ACTIVATION AND RARE EVENTS

IMFPT fTPT

X (1) (volts)
o -V
| 1
;3
¥
;1
A —
| 8 z

[ tvEpPT \
tTpT ~ T0 log log ( >




WHY PATH INTEGRALS?

Advantages

————————

Computational

quantum [W mﬂ

N € ™\

Theoretical

X(1) (volts)

t{ms)




INSTANTON THEORY OF CONFORMATIONAL
TRANSITIONS

Thermal activaktion: kT > ©

vdr( Q7 +V. ff(Q))

Quantum Tunneling: h >0

Par(2Q*+U(Q))




STRUCTURAL DYNAMICS IN PATH INTEGRAL FORM

[ Pag | Poer -+ Pgex | Pgar -+ Pgan, )
Peig | Peiexr -+ Peiey | Perar -+  Peran,
P = Peng | Penyer -+ Peyeny | Peyar  ---  Penap,
Paig | Porer ---  Parey | Porar -+ Paran,
\ pOéNQQ pOéN2€N pOZN2Oél e IOO(N2OéN2 )
“ — L [t dr(mR+myR+VU)?
P(Rf,t‘Ri,O): DR e 4m~Jo

R;

Langevin dynamics: MR =—-yMR — VU(R) + 1



DENSITY MATRIX IN MQFT

/ Pgg Pger  ---  Pgen Pgar -+ Pgan, \
Peig Peier -+ Peren Peiar  --+  Peran,
P = Peng | Penyer -+  Peyey | Peyar  --- Peyap,
Paig | Paier -+ Pazeny | Parar -+ Pajan,

\ Pan,g | Pany,er -+ Panyen | Pan,on -+ Pan,an, )

Structural dynamics  pgg X / DRe—SomlE]
Linear Spectroscopy:  pecs(t) / Dok / DyDy e 1p(er, t) P(en, 0)

Mobility: Perer (1) /DéR/DWM e’ 1 (er, t)y-y5t ek, t) P(en, 0)7495% (€m, 0)

Non-linear spectroscopy:



TIME RESOLVED NEAR UV CIRCULAR DICHROISM

200 220 240 260 280 300>

" Far UV regime: Y4 Near UV regime: )




EXISTING EXPERIMENTS

Biochemistry 2005, 44, 6685—6692 6685

Characterization of Kinetic Folding Intermediates of Recombinant Canine Milk
Lysozyme by Stopped-Flow Circular Dichroism’

Masaharu Nakao.} Kosuke Maki,f Munehito Arai,® Takumi Koshiba* Katsutoshi Nitta,! and Kunihiro Kuwajima*#

R —

secondary key tertiary
structures contacts

-burst * I-second » Native

Unfolded




MICROSCOPIC CALCULATION: STRUCTURAL DYNAMICS

( Pgg Pger T Pgen Pgay s Pgan, \
Peig | Peier -+ Perey Peiay -+ Peian,
p= Peng | Pener -+ Penen Penyay -+ Penan,
Paig Poie; -+ Paien Paiar -+ Paran,

\ paN2g paN261 pozNQeN paN2a1 paNzOéNQ )

| Unfolded [

N

)—second

RMSD (nm)
&

-
"

;i?
N

native

------

Fraction of native contacts Q



MICROSCOPIC CALCULATION: QUANTUM DYNAMICS

( Pgg Pger  ---  Pgen Pgox  ---  Pgan, \
Peig Peier - - - Peien Peiay - - - Peian,
P = Peng | Pener -+  Penen Penyar -+ Penan,
Paig Poare; -+  Pajen Paiar -+ Paian,

\ pOéN2g pa]\]261 t paNQeN paN2Oél tt paNzaNQ )

Electric moment

‘ .
Rog = (0[] K) - (K |m[0) q—p

T T | )

Rotatory strength Magnetic moment
(vertex)




THE SERPIN LATENCY TRANSITION PUZZLE
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Serpin latency transition at atomic resolution

Giorgia Cazzolli*®, Fang Wang", Silvio a Beccara®, Anne Gershenson®, Pietro Facdioli**', and Patrick L. Wintrode®'

*Diparti di Fisia, Univerita degli Studi di Trenta, 38100 Powo (Trento), taly; *Into institute for Physics and iors, 38123 Povo
(Trenta), htaly; “Department of Pharmaceutical Scences, School of y, University of i MD 21201; % i L for
2 Sdence, Fondazione Bruno Kessler, 38123 Povo (Trento), Htaly; and of Bik istry and Biology, University of

Masachusetts Amherst Amherst, MA 01003

Edited by David £ Shaw, D. E. Shaw Research, New York, NY, and approved September 12, 2014 {received for review April 24, 2014)

Protease inhibition by serpins requires a large conformational for polypeptide chains consisting of nearly 100 amino acids (6),
W] smaller than PAI-1. Additionally, the

transition from an active, metastable state to an inactive, stable hi::ham.codefably




SELF CONSISTENT PATH SAMPLING

...Tirst discussed in Bressanone...
‘ Guess a RC \

a )

Compute trial folding
pathways by rMD

v

‘ Compute average path \

\ 4

Estimate the RC from the
paths




REACHING ACCURACY

e
e

w




IS THIS A FREE LOUNCH?

RMSD (nm)

All atom

3D structure of
the native state
are given, not

h predicted



PPI-FIT PIPELINE

Folding pathway "
characterization

Virtual screening on
folding Intermediate

Validation

RMSD [nm]




Folding pathway
characterization

¥

Virtual screening on

folding Intermediate

Validation

PPI-FIT PIPELINE

with
L. Barreca’s Lab



PPI-FIT PIPELINE

characterization

¥

[ Virtual screening on

[ Folding pathway

folding Intermediate

¥

Validation

A




PPI-FIT PIPELINE

Folding pathway
characterization

Virtual screening on

folding Intermediate

Validation

Blank SM875
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MOLECULAR QUANTUM FIELD THEORY

pin(®) [ DR [ DUDG O, . R) R0 56101 S0

B 1 . : 2
SomlRl = i Z ?df (mafs + mei +@R))

Z dribn () (ihd, ) W (7)
SR, 0] =3 d@ Unthm 0T,

nm 7

Just one time direction! Irreversible



SOLVING MQFT

Perturbation Theory

ﬁ
4 )

Quantum MC
(real time)

ﬁ

4 )
Renorm. Group &

Eff. Field Theory
ﬁ

yn

PRB 2012, PRB 2013, PRB

2016
PERSEmme—————————_

PRB 2016
e

PRB 2013, JCP 2016
Pt et



PATH INTEGRAL REPRESENTATION

4 ) 4 )

Langevin equations
Hamilton’s equations » Mi; = —V,;U(R) — viT; + n;(t)
£

\

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




ROADMAP FROM PHYSICS TO
MOLECULAR BIOLOGY

Model definition

Structural dynamics

| Data reduction |
e | Biophysical validation |

Biological process




ROADMAP FROM PHYSICS TO
MOLECULAR BIOLOGY

Model definition

Structural dynamics

| Data reduction |
e | Biophysical validation |

Biological process




AT THE BORDERLINE BETWEEN TWO REALMS

1 T TTTIT | T TTTTI | T TTTITm | T TTTIT | T T T | I TTHI
Classical
mechanics
0.001 —
£
0)) = =
-+ = E
< - 5
g 1e-06 — .
1 Quantum
mechanics
1e-09 | . Molecular Biology -]
>
>‘ | L | LI | Lo | L | LLL
le-12 1e-09 1e-06 0.001 1 1000 1e+06

Times [9]



ROADMAP TO MOLECULAR BIOLOGY

Model definition

Structural dynamics

Biophysical validation

(photon-scattering)



ROADMAP TO MOLECULAR BIOLOGY

> | Model definition | -~ ~
Data Science
+
| Structural dynamics I Statistical computing
+
Renormalization Group
Data reduction methods
u N —

Biophysical validation

e Dimensional reduction of Markov state models from renormalization group theory

(photon—scattering) S. Orioli and P. Faccioll

0 — e ——



AT THE BORDERLINE BETWEEN TWO REALMS

1 T TTTIT | T TTTTI | T TTTITm | T TTTIT | T T T | I TTHI
Classical
mechanics
0.001 —
£
0)) = =
-+ = E
< - 5
g 1e-06 — .
1 Quantum
mechanics
1e-09 | . Molecular Biology -]
>
>‘ | L | LI | Lo | L | LLL
le-12 1e-09 1e-06 0.001 1 1000 1e+06

Times [9]



MOLECULAR DYNAMICS

o

Electronic clouds obey The motion of atomic
quantum mechanics nuclei obey

5 classical mechanics
h— = H

Multi-scale approach

F =ma

" 4

(2013 Nobel prize for chemistry)



SELF CONSISTENT PATH SAMPLING

‘ Guess a RC \

a )

Compute trial folding
pathways by rMD

v

‘ Compute average path \

\ 4

Estimate the RC from the
paths




PSEUDOTYPED RETROVIRALVECTOR

SPIKE protein

MINUS Replication genes
PLUS GFP genes
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ACTION ON A PSEUDOVIRALVECTOR
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Results on ACE2

30.000 cores in 8 different data centers were supplied by INFN
to perform ACE2 folding simulation in 2 weeks. I N FN

Istituto Nazionale di Fisica Nucleare



