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Outline

v" Multi-scale modeling in nano-bio-physics and molecular biology

v FLASH effect: phenomenology and focus on the time and size scales
v' Triggering steps: the ROS production

v' Subsequent steps: to the macro-scale

v" A “holistic’ approach: integration AI driven

@
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Ministero

Finanziato . .
Itah adO maini scany Health Ecosystem

dall'Unione europea (05 dell’'Universita
PIANO NAZIONALE

NextGenerationEU e dena Ricerca DI RIPRESA E RESILIENZA

SPOKE 1

Prediction of effects on tissues

Irradiation parameters (p;: D,D, Dy, v, radiation type, ...)
SPOKE LEADER Molecular mechanisms of FLASH effect

- Consiglio Nazionale delle Ricerche (CNR)
Partner affiliati 7
- Universita di Firenze (UNIFI) : multi-scale 7im”'a”°”5 Advanced Siatl\}lsf'cal models
In silico
- Universita di Pisa (UNIPI) Subjects %
. . . (si: organism, organ, ti
- Istituto Nazionale di Fisica Nucleare (INFN) state (normal/cancerous), .. '
Sub-project 2

Measured effects: survival,
markers, ROS, endpoints,

Molecular mechanisms, in vitro validation and e stctinet Data storage, sorting, ..

radiobiological effect modelling of ultra-high

dose rate
M1.2.1 Developed and implemented multi-scale procedure for the in silico simulation of the UHDR (FLASH-RT)

M1.2.2 Radiobiological effects at UHDR vs. CONV and radiation parameters
WA M1 2.3 Developed and implemented a database for sharing, elaborating and combining data from experiments and simulations
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Multi-Scale modeling of bio-processes

Biological processes are inherently multi-scale

Continuum/
— Multi-scale modeling is needed to simulate them grid models
Multi-scale modeling Particle models
= Use different resolution/models/ m
representations for modeling the
different stages of a process

mm
Spatial coarse graining
v' Reduce/hide degrees of freedom :
v' Use collective variables a Network, kinetic
. models
Parameters coarse graining am
Interactions have increasing
empiricism » Ty
v Strategy for fitting parameters o o " us ms _ sec  hours Months/years
(regression/ML)

v' accuracy/trasferability
v' Target/input data

@
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i\ NEST

Time coarse graining

v" Increase the time step of motion integration
v' cut off high frequencies

v’ Use stochastic/enhanced sampling methods, statistical averages
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Multi-Scale modeling of bio-processes

Spatial coarse graining
v' Reduce/hide degrees of freedom
v' Use collective variables

uce resolution

Time coarse graining

v' Increase the time step of
motion integration

v' cut off high frequencies

v' Use stochastic/enhanced

sampling methods, statistical
averages

"Parameters” coarse graining
Interactions have increasing empiricism

v’ Strategy for fitting parameters (regression/ML)
v' accuracy/trasferability
v' Target/input data

crease empiricism

Workshop Computing@CSN5, Bari sept 14-17 2024




Multi-Scale modeling of bio-processes Predictions

v" The multi-scale approach involves the
feedback be’rweerFl) Pdi{-'{-'eren’r stages AND EXP"’ data
with experiment Observable

v" Simulations and calculations return params calculation
observables to compare with experiment refinement

v' Experiment gives feedback to models
and aid parameterization

v" Simulations give prediction for quantities /
unaccessible to experiment

v" Muli-metodological integration is
necessary

Dynamics
simulations

Input-output
exchange

Parameterization X

w &

Adnvanced fit procedures, ML Kinetic models -
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Multi-scale modeling radiation damage
Bio-chemical_stage\(ig ra-cell)

Tissue Level
Inter-cell signaling and

Atomistic DNA breaks diffusion of repairing
Intra-cell signaling and diffusion enzimes/radicals
mm | Monte Carlo Repair/apoptosis Cell reorganization
and Molecular .
dynamics Chemical stage
Complex radicals
um Formation and diffusion
Reactions with DNA
Physical  Heterogeneous
stage  chemistry
Irradiation  \yater radiolysis

Meso-scale,
continuum and
network/Kinetic
models

\’\ excitation  padicals formatio

mand diFFusion.

intra-cells models

ps ns ps ms sec hours

i\ NEST

@
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Time and space dynamics of FLASH

Bio-chemical stage (intra-cell) Tissue Level

Minibeam irradiation

DNA breaks Inter-cell signaling and
Intra-cell signaling and diffusion diffusion of repairing
mm-pm Comb Repair/apop?osis k enzimes/radicals

Cell reorganization

Chemical stage
Complex radicals
Formation and diffusion
Reactions with DNA

pm ’&f" 2 A .
Physical + g\\\;ﬁ < (\ //;:“
Heterogeneous O -7 : y
How does FLASH effect act? stage chemis?ry RN /ﬁ%
Irrqdiafion Water radiolysis
excitation Radicals formation
nm g ‘and diffusion :
: i
Flash irradiation features fs ps ns us ms hours
v' Very high dose rate ~10% Gy/sec
v’ Pulsed irradiation s S ogr B RN K
. PN T
*  pulse duration psec L Differential cell
*  pulse period 1-100 msec \ N N N R .
v N A survival/
Intrapulse GHz (psec-nsec scale) \ NN N N . ,
S @@sw,, o1 N N N RN § tissue sparing
ZHES g6 ' ~
@ N . .
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Phenomenology and definitions

How does FLASH effect act?
W

Bio-chemical stage (intra-cell)

DNA breaks

Intra-cell signaling and diffusion

Tissue Level
Inter-cell signaling and
diffusion of repairing

4 Repai - enzimes/radicals
therapeutic mm SRR ES Cell reorganization
window i ) y S/l 75D A4

normal tissue Chemical stage =78 (P osgas VT
complication Complex radicals .,“ k% . 2K ‘;
tumor Formation and diffusion dg ' r;éﬁ% "/
control um Reactions with DNA g . 8- &f”;ﬂ K
. WYY PN
Expansion of Physical  Heterogeneous SN2 A A /g}
the therapeutic stage  chemistry AN LN
H Irrqdlaflon Water radiolysis
window! excitation Radicals formation .
> nm S ‘and diffusion
Quantification D Y
Modifying factor S
Drpasu : &
MF = D -
CONV lisoeffect >
fs ps ns VK ms sec hours
MF depends on the radiation params  Modeling aim:
MF = MF(D, D, t,, t,, ...) Understand mechanicistic || ) K : \
. \ \
and on the cell type/state determinants of FLASH to \ § § NN MF cancer~l and
. . N N s
MF = MFancer/healthy (Ds D, tp, tr, ..) | better quantify the R : : 5| MFpeaithy>l
- sievi. dependencies of MF § N N § R ) o
ﬂ TYENEE. e fime Selective Killing
<< b
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Time and space dynamics of FLASH

io- i i - Tissue Level
W.hy doe.s FlGSh aC1- El!lg« bi::::mcal s+age (mfrﬂ Ce“) 31.'1::r-.cell:ignali.n.g and
- i i i i ITrusion repairin
d'Fferenf'a"y on lglf;;rji%osp?;;gng and diffuston enzim:s/l?adiczfls k
hea“.hy/cancer Ce”s? mm pr \\ Cell reorganization
Chemical stage : BAPZ Spas g M
i i e IN SN
. . lex radical g D
Possible determinants of Formation aniclFFuslon éﬁwpﬂé 7
differential effects Hm Reactions with DNA 4 % 2 _5:7;@9 %'@'
_g /e NN @
Physical  Heterogeneous as— <§ & /’“"
SN N = L i
Oxygen concentration Sifilefe chemistry AN If&‘\ B = ﬁg*
. . * Irradiation Water radiolysis
= Different production of ROO excitation  gudicals formation
nm g ‘and diffusion /]
ROO* differential diffusivity " e
= Reach different saturation level Y \
& N
Activation and diffusion of = . .
reparatory enzymes/mols fs ps ns us sec hours
= Different efficiency of DNA damage reparation

Activation of inter-cell signaling

= Different damage propagation/remediation
— survival/death

&
R
st
4' nL..:A."

nafleut
OOO
9,9,

7
@ =
CNRNANO ‘Z’

Oxygen concentration

At different
stages, different ROO* diffusion/saturation

makers of the effects could reparation enzymes & mechanisms
be observed — Feedback with expt

Cell signaling/death/survival
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Radicals evolution scheme

mm
| °2*°5J’ The mechanism is regulated by  um
Buffering substances .
Superoxide dismutase, catalase RH ¢— v Oxygen concentration
: : Vs > X v Several feedbacks on radicals

H0' H, H,0, e; H' *OH . am "
.. . 2 | W . and oxygen concentration %

A, H* ° ° i py

H,0 £5 Highly non linear! T

T ;

R* {

|
H0 kujf— 0;
fs ps ns [V
DNA Lipids
ROO*
Tetroxides Rt
Rearrangements k
Chain — Fragmentation
propagation | R’ 7 T-8ARS
Alteration of the dynamics
ROOH Alkenals < of lipid rafts
\ Isoprostanes Activation of sphingo-
: myelinase —» Ceramide o
k:l},R

Chromosome breaks
Aneuploidy
Mutations

Cell death

Chain
termination

R* + R* ——> Dimerization or disproportionation

ROO" + ROO* ——%> ROOR +0,

ROO* + R* —> ROOR

ROO" + XSH —%% ROOH + Xs*

CNRNANO =
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The mechanism generates
v" DNA damage
v’ Oxidative stress

Multiple damage pathways,
different time scales



Starting from the beginning... First steps of ROS generation

. e-aq
> ) Ho
Y o H20 % ) H202
D rb*‘b“o ) )
X . OH-
. Excitation & (},H * T‘z . % ¢ .
HQO HoO* = Dissocirion, Diffusion and Reaction ’ H
.g“ _— HoO2 + H° ¢ OH
.~ “
‘e ‘e ": HzO+
0o .
HeO* + e OH" +HsO*+ €aq ‘ W HO:
lonization ¢ ﬁ‘" o % O
¥ HO»

v Computer simulation of water radiolysis and
formation early evolution/diffusion of ROS and
interaction with biomolecules

v' Time-size scales: up to psec and pm

v Method: combine two “complementary” approaches

Reaction-diffusion Reactive atomistic
Monte Carlo molecular dynamics
b iy
@Y

CNRNANO =

gm

nm
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Combining Monte Carlo & Molecular dynamics

Reaction-diffusion Monte Carlo (RDMC)

v" Simulation procedure: Probability driven
(Metropolis, MC) track based

v' Input: Cross sections, kinetic constants & diffusion

coefficients; radiation type, energy and quality
v" Time/space scales: fs to ps, nm to pm

v" Output: tracks and spatial distribution in time of

chemical species

Carbon 3MeV/u
H30+
OH.
g €aq :;
2 Ho H2
) HaOs oos - =4e-12sec
& OH '

z (cm)

- 9:( IN
CNRNANO = :

gm

nm

MC

Paat o) Reactive atomistic
molecular dynamics

fs ps ns us

Boscolo, Scifoni et al 2018-2024
Castelli, Petrolli, Micheloni 2020-2024
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Combining Monte Carlo & Molecular dynamics

Reactive atomistic molecular dynamics (RAMD)

v

Integration procedure: reactive MD FFs force driven

M;R; = -V, U({R;}) — M;y;R; — F} trajectory based
Input: Interactions U({R;}), box of water molecules,
+ other molecules of interest in starting state
Time/space scales: fs fo ps, nm to um

Output: Trajectories of each particle, reactions
evolution and diffusion, kinetic constants for new
species (e.g. DNA)

gm

nm

MC Starting space
distribution of

species

Kinetic
constants 3
Diffusion coefficients:’

TIFPA

fs ps ns Vi

MC and MD are complementary!
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MC and MD are complementary!

_ Monte Carlo Molecular Dynamics

Algorithm  Probabilistic, energy based

Degrees of Track based, the chemical evolution and

freedom diffusion of reactive species is followed in
time

timestep fs to ps

simulation  microsec-millisec

length/size micron to mm

Simulation Dependent on the number of species included

cost in the simulation

Empirical The diffusion coefficients, reaction cross

level sections are required as inputs for each of

the reaction included

Rt

Lower computational cost =
Larger empirical level .«

Lirtle S
I R
e
L Fle o
o 71 e
Hy H
A
:

Deterministic, Force based

Trajectory based, dynamics of all the particles position and
charge state is followed in time, chemical evolution is
automatically included

fs

nanosec to microsec (millisec for coarse grained mdls)
Nanometer to micron (subcell size, coarse grained mdls)

Scaling polinomially with the number of DoS ("N%1%), and
therefore with the size of the system. Independent from
the species included.

The Hamiltonian is required as input, adding different
species in the system comes at no additional effort

Lower empirical level
Larger computational cost
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MC and MD are complementary! Interfacing MC with MD

MC - ? Tracks |
i T +Cross sections
100 |- N .-’:- o ] I DIFF COQ'F'FiCienf
Radiation properties I_zg “"f:;—"g ] etc of complex
g £ i & | radicals and
Cross sections g DNA

Diffusion coefficients
(water and its ions/radicals)

L - L L X 1
—100 —50 0 50 10
Al

MD

Water box +
radicals/ions
distributions

DNA,
proteins,
other
molecules
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Interfacing MC with MD

MC and MD are implemented in different codes (TRAX-CHEM and LAMMPS)

An interface is currently under construction to: v Exchange configuration/trajectory
(Lorenzo Castelli, Emanuele scifoni, Lorenzo Petrolli, Manuel Micheloni) data

e
Atomistic MC & MD

¢

>
£

2
“\)

Reactive MD

~

v' Calculate cross sections and other
parameters from MD to give in input
to MC

v" Calculate particles distribution from
MC to give in input to MD

MC v' Use other kind of more fundamental
TRAX-CHEM LAMMPS MD (e.g. ab initio) to optimize the
interactions in reactive MD

(Classical MD These. tasks are aided by NN and ML
algorithms

LAMMPS Ab initio MD FF optimization

Gromacs ML, graph NN
Example benchmark:

water radiolysis
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Example benChmal’k: wafer radiOIYSis L Castelli, L Petrolli, E Scifoni, V Tozzini

How does the reactive FF works with the radical species?

M;R; = =V;,U({R;}) v Forces to evolve atomic species are calculated from a unique interaction potential
accounting for reactivity (formation and breacking of bonds)
v' Charges on each atom/ion/radical must dinamically evolved at

T
+0.4 +0.5 . . .
' ' 0.4 +04 © each time step (fractional charge account for bonds polarization
_0-5 - - ° °
+0.4 0.8 0.8 -0.5] = An accurate method to evolve the charge is essential!

/ Three d i FFe ren+ m ethds: THE JOURNAL OF CHEMICAL PHYSICS 127, 224103 (2007) ‘
[ ] Rea)(FF Qeq (Elec1’rochemica| Pofen‘l'ial eq ui I| bra‘l‘ion) Split charge equilibration method with correct dissociation limits
L] RQGXFF ACKSZ ) Q - ]CTGM,uru«mm Theory and Computation, - France ‘
o CGeM Sl

eReaxFF: A Pseudoclassical Treatment of Explicit Electrons within
Species D (10-°m2s—1) Reactive Force Field Simulations
OH* " 28 THE JOURNAL OF
o 20 H,0 J"v PHYSICAL CHEMISTRY —
ea_q 45 e e rS & Cite This: J. Phys. Chem. Lett. 2019, 10, 6820-6826 pubs.acs.org/JPCL
H, 4.
OH- 50 OH'/OH™ =@
&202 21 C-GeM: Coarse-Grained Electron Model for Predicting the
oo s Electrostatic Potential in Molecules
O;-Z 2.1 H 3O+ Itai Leven”*" and Teresa Head-Gordon* "# %/ ‘

v" Preliminarily consider a reduced number of chemical species
INFN
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Water radiolysis
HO A

OH'/OH™ =@

H,0™" «(

Preliminarily consider a reduced number of chemical species

Create a water box (10-100 nm)

Run long simulations (usec overall) in at room conditions
Calculate the pair distribution functions and diffusion
coefficients

AN NN

The structure of water
| N 2\ Ay St radial distribution functions g(r)

—  waterl7 — ACKS2 ~—  Exp.
— CHON — CGeM

RUDFon

T e (probability of finding particles at MDs=<Zi(AR,-<t>)z>z6m
e distance r) are similar in the three
% methods and compare fairly well

100

MSD (A?)

with the experimental data

2.5 3,‘5 4.‘5 5.5
roo [A]

The water diffusivity is better =
reproduced by CGeM, generally

overestimated by the other U | |
methods L t (ps)

Qi
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Ions and radical diffusion

Diffusion coefficient is less good ?
v' In reasonable agreement only with CGeM Why :
v' Largely overestimated with other methods

OH"* —  Waterl7 (QEq) OH-
250 | — CHON (QEq) ||
9 — CGeM
. Exp. _— H .......................................................

0 15 2
time [ps]

5

10 5

time [ps]
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Ions and radical diffusion

OH* and OH- diffusion is correlated with proton hopplng
OH" + H,0 - H,0 + OH" "e, P .
OH™ + H,0 - H,0 + OH™ 44 T Y N

The hopping probability is

A - .5"1.;5 3
related to the charge S EN % 4
dynamics Q} - " b 4 ‘

+0.5 +0(-4 +0.4 +0.5 f b
‘(v 4 —l * +0.4 & | a 1::'[ ,.;5 50F — Wate,ﬂ”QEq) XOH.‘“‘}OH—!_ @
05 104 08 o B L0 EEET ] s ®

* Qeq produces too fast and fractional charge
transfer = too fast hopping

* Qeq is not able to distinguish ions and radicals

* Missing discrete nature of the electronic charge!

20
) o time [ps]
CGeM reincludes explicit electron deg

Ccorrec’r charge hopping dynamicg
IN!;N Wor kshup Computing@CSN5, Bari sept 14-17 2024
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What's ongoing, what’s next

v" The “atomistic” simulations must be included in a more complete N ..
platform including the other stages of simulations gt o

4 ™

Atomistic MC & MD

3
ot A%

MC Reactive MD
TRAX-CHEM LAMMPS
Classical MD

LAMMPS Ab initio MD FF optimization
Gromacs

QE ML, gkaph NN

)
ARNESH
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What's ongoing, what's next

' Oxidative stress

Atomistic MC & MD n;,’

mc Interfac Reactive
TRAX-CHEM e MD
Classical MD — -
FFloptimization . re
QE ML, graphiNiN- Y b |
. Lethal damage
B & 2

Irradiation
parameters

D,D,D,,v,
radiation R*, ROO*,+ other complex
type, ... radicals modulated by [02]

LAMMPS
]

Gromacs
Z /Sparing

Alphafold 3
proteins aggregates

Repair cascade

L
t\\)fﬁ ) \‘A
o

AlphaFold

Kinetic Network Analytic Models

Accelerating breakthroughs in biology with Al ’*
Explore the AlphaFold Database [ \d WorkShOP Compuﬂng@CSNSI Bari Sep‘i‘ 14_17 2024




What's ongoing, what’s next

v’ The interface is a part of the multi-scale simulation platform...

- — ~ ( CGIMS & network intra-cells models |
Atomistic MC & MD A
M . “, CG-model

Reactive MD optimizatign h |
LAMMPS MHL; graph NN

i

FF optimization
ML,'graph NN—__

MC
TRAX-CHEM

Classical MD
LAMMPS
Gromacs

Ab initio MD Coarse Grained MD

LAMMPS

Which requires Continuum &

V' Coarser models o g o% network
v Different MD techniques: - models of Kinetic Network
v" Machine Learning aided Tissues

parameterization strategies Analytic Models

v" Development of further interfaces

@ i
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What's ongoing, what's next
. which is part of a general analysis and modeling platform of FLASH effect...

Prediction of effects on tissues

Irradiation parameters (p;: D,D, D,, v, radiation type, ...)

Molecular mechanisms of FLASH effect

~

multi-scale Advanced statistical
simulations models + ML
Subjects “in silico”

(S; : organism, organ, i et V‘"\* models/FF optimization

state (normal/cancerous), Xl =

“Flash modifying factors” s, ({p;})

Measured effects:

. 7 St AR v" Platform realization XNAT

. normalization
survival, markers, ROS, Data storage, sorting, ... /' Website for platform access
endpomts cognitive, structural... and dissemination )
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Summary

v Computer modeling is a valuable tool to investigate the mechanistic determinants of the FLASH
effect, but multi-scale methods must be used

v A comprehensive platform is under construction to combine the different methods and explore

the different possible determinants, from the role of oxigen to that of differential damage
repair mechanism

v At the atomistic level, Monte Carlo and Molecular Dynamics are complementary methods and
must be combined to explore the physical and chemical phases of the radiobiological cascade
up to the micro-scale

v' The larger scales (sub-cell and intra-cell
biochemical cascade) must be explored with e
coarse grained models and Kinetic network in silico
models

multi-scale simulations

v" The tasks of analysis, interfacing and parameter
optimization and effect prediction are aided by
machine learning techniques

@i
r
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