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How essential is biophysics
to progress in biology?
Biophysics discovers how atoms are arranged to work 
in DNA and proteins.
Protein molecules perform the body’s chemical reac-
tions. Th ey push and pull in the muscles that move 
your limbs. Proteins make the parts of your eyes, ears, 
nose, and skin that sense your environment. Th ey turn 
food into energy and light into vision. Th ey  provide 
immunity to illness. Proteins repair what is bro-
ken inside of cells, and regulate growth. Th ey fi re the 
electrical signals in your brain. Th ey read the DNA 
blueprints in your body and copy the DNA for fu-
ture generations.

Biophysicists are discovering how proteins work. Th ese 
mysteries are solved part by part. To learn how a car works, 
you fi rst need to know how the parts fi t together. Now, 
thanks to biophysics, we know exactly where the thousands 
of atoms are located in more than 50,000 diff erent pro-
teins. Each year, over a million scientists and students from 
all over the world, from physicists to medical practitioners, 
use these protein structures for discovering how biological 
machines work, in health and also in diseases. 

Variations in proteins make

people respond to drugs differently. 

Understanding these differences opens

new possibilities in drug design, 

diagnosis, and disease control. Soon,

medicines will be tailored to each

individual patient’s propensity for 

side effects.

Biophysics revealed the structure of DNA
Experiments in the 1940s showed 
that genes are made of a simple 
chemical: DNA. How such a simple 
chemical could be the molecule of 
inheritance remained a mystery un-
til biophysicists discovered the DNA 
double helix in 1953. 

Th e structure of DNA was a great 
watershed. It showed how simple 
variations on a single chemical could 
generate unique individuals and per-
petuate their species.

Biophysics showed how DNA serves 
as the book of life. Inside of cells, genes are opened, closed, 
read, translated, and copied, just like books. Th e transla-
tion leads from DNA to proteins, the molecular machinery 
of life.

Discoveries about 

DNA and proteins 

fuel  progress in 

preventing and 

curing disease.

What are the applications?
Biophysics is a wellspring of innovation for our high-tech economy. Th e applications of 
biophysics depend on society’s needs. In the 20th century, great progress was made in 
treating disease. Biophysics helped create powerful vaccines against infectious diseases. 
It provided new insights into diseases of metabolism, such as diabetes. And biophys-
ics provided both the tools and the understanding for treating the diseases of growth 
known as cancers. Today we are learning more about the biology of health and society is 
deeply concerned about the health of our planet. Biophysical methods are increasingly 
used to serve everyday needs, from forensic science to bioremediation.

Biophysics gives us medical imaging 
technologies including MRI, CAT scans, 
PET scans, and sonograms for diagnos-
ing diseases.

It provides the life-saving treatment 
methods of kidney dialysis, radiation 
therapy, cardiac defi brillators, and pace-
makers. 

Biophysicists invented instruments for 
detecting, purifying, imaging, and ma-
nipulating chemicals and materials. 

Advanced biophysical research instru-
ments are the daily workhorses of drug 
development in the world’s pharmaceu-
tical and biotechnology industries. Since 
the 1970s, more than 1500 biotechnol-
ogy companies, employing 200,000 
people, have earned more than $60 bil-
lion per year.

Biophysics applies the power

of physics, chemistry, and math to 

understanding health, preventing 

disease, and inventing cures.

Biophysicists Maurice Wilkins 
(not pictured), James Watson, 
Francis Crick (above) and Rosa-
lind Franklin (right) discovered 
the structure of DNA.

During the 2000s, biophysical inventions decoded all the genes in a human being. 
All the genes of nearly 200 diff erent species, and some genes from more than 100,000 
other species have been determined. Biophysicists analyze those genes to learn how 

organisms are related, how 
individuals diff er, and how 
organisms evolved.

© medmovie.
Th e implantable cardiac defi brillator saves lives.

Courtesy of FONAR Corporation.
MRI scans help diagnose dis-
ease without surgery.

Gene-chips are made to test the functions of 
thousands of genes in one experiment.

Oak Ridge National Laboratory.

Image by David S. Goodsell, RCSB Protein Data Bank.

Photos courtesy of Cold Spring 
Harbor Laboratory Archives.

Why is biophysics important right now?
Society is facing physical and biological problems of global proportions. How will we 
continue to get suffi  cient energy? How can we feed the world’s population? How do we 
remediate global warming? How do we preserve biological diversity? How do we secure 
clean and plentiful water? Th ese are crises that require scientifi c insight and innovation. 
Biophysics provides that insight and technologies for meeting these challenges, based on 
the principles of physics and the mechanisms of biology.

Batches of biofuel microbes are being tested.

Biophysics discovers how to 
modify microorganisms for 
biofuel (replacing gasoline 
and diesel fuel) and bioelectri-
city (replacing petroleum 
products and coal for produc-
ing electricity).

Biophysics discovers the biolog-
ical cycles of heat, light, water, 
carbon, nitrogen, oxygen, heat, 
and organisms throughout 
our planet.

Biophysics harnesses microor-
ganisms to clean our water and 
to produce lifesaving drugs.

Biophysics determines the abundance of photosynthetic microbes and 
plants in the global biosphere.

U.S. Department of Energy Genome Programs, http://genomics.energy.gov.
Molecules for photosynthesis (green) and for fuel are fl uorescently 
labelled in this cross-section of a stalk.

Biophysics pushes

back barriers that

once seemed

insurmountable.

Th is fragment of DNA is 
being opened, read and 
transcribed by a protein 
(the light-colored structure 
that surrounds it). Gnatt et al, SCIENCE v 292, 1876, 2001.

U.S. Department of Energy Genome Programs, http://genomics.energy.gov.

U.S. Department of Energy Genome Programs, http://genomics.energy.gov.
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Molecules for photosynthesis (green) and for fuel are fl uorescently 
labelled in this cross-section of a stalk.

Biophysics pushes

back barriers that

once seemed

insurmountable.

Th is fragment of DNA is 
being opened, read and 
transcribed by a protein 
(the light-colored structure 
that surrounds it). Gnatt et al, SCIENCE v 292, 1876, 2001.

U.S. Department of Energy Genome Programs, http://genomics.energy.gov.

U.S. Department of Energy Genome Programs, http://genomics.energy.gov.

How essential is biophysics
to progress in biology?
Biophysics discovers how atoms are arranged to work 
in DNA and proteins.
Protein molecules perform the body’s chemical reac-
tions. Th ey push and pull in the muscles that move 
your limbs. Proteins make the parts of your eyes, ears, 
nose, and skin that sense your environment. Th ey turn 
food into energy and light into vision. Th ey  provide 
immunity to illness. Proteins repair what is bro-
ken inside of cells, and regulate growth. Th ey fi re the 
electrical signals in your brain. Th ey read the DNA 
blueprints in your body and copy the DNA for fu-
ture generations.

Biophysicists are discovering how proteins work. Th ese 
mysteries are solved part by part. To learn how a car works, 
you fi rst need to know how the parts fi t together. Now, 
thanks to biophysics, we know exactly where the thousands 
of atoms are located in more than 50,000 diff erent pro-
teins. Each year, over a million scientists and students from 
all over the world, from physicists to medical practitioners, 
use these protein structures for discovering how biological 
machines work, in health and also in diseases. 

Variations in proteins make

people respond to drugs differently. 

Understanding these differences opens

new possibilities in drug design, 

diagnosis, and disease control. Soon,

medicines will be tailored to each

individual patient’s propensity for 

side effects.

Biophysics revealed the structure of DNA
Experiments in the 1940s showed 
that genes are made of a simple 
chemical: DNA. How such a simple 
chemical could be the molecule of 
inheritance remained a mystery un-
til biophysicists discovered the DNA 
double helix in 1953. 

Th e structure of DNA was a great 
watershed. It showed how simple 
variations on a single chemical could 
generate unique individuals and per-
petuate their species.

Biophysics showed how DNA serves 
as the book of life. Inside of cells, genes are opened, closed, 
read, translated, and copied, just like books. Th e transla-
tion leads from DNA to proteins, the molecular machinery 
of life.

Discoveries about 

DNA and proteins 

fuel  progress in 

preventing and 

curing disease.

What are the applications?
Biophysics is a wellspring of innovation for our high-tech economy. Th e applications of 
biophysics depend on society’s needs. In the 20th century, great progress was made in 
treating disease. Biophysics helped create powerful vaccines against infectious diseases. 
It provided new insights into diseases of metabolism, such as diabetes. And biophys-
ics provided both the tools and the understanding for treating the diseases of growth 
known as cancers. Today we are learning more about the biology of health and society is 
deeply concerned about the health of our planet. Biophysical methods are increasingly 
used to serve everyday needs, from forensic science to bioremediation.

Biophysics gives us medical imaging 
technologies including MRI, CAT scans, 
PET scans, and sonograms for diagnos-
ing diseases.

It provides the life-saving treatment 
methods of kidney dialysis, radiation 
therapy, cardiac defi brillators, and pace-
makers. 

Biophysicists invented instruments for 
detecting, purifying, imaging, and ma-
nipulating chemicals and materials. 

Advanced biophysical research instru-
ments are the daily workhorses of drug 
development in the world’s pharmaceu-
tical and biotechnology industries. Since 
the 1970s, more than 1500 biotechnol-
ogy companies, employing 200,000 
people, have earned more than $60 bil-
lion per year.

Biophysics applies the power

of physics, chemistry, and math to 

understanding health, preventing 

disease, and inventing cures.

Biophysicists Maurice Wilkins 
(not pictured), James Watson, 
Francis Crick (above) and Rosa-
lind Franklin (right) discovered 
the structure of DNA.

During the 2000s, biophysical inventions decoded all the genes in a human being. 
All the genes of nearly 200 diff erent species, and some genes from more than 100,000 
other species have been determined. Biophysicists analyze those genes to learn how 

organisms are related, how 
individuals diff er, and how 
organisms evolved.

© medmovie.
Th e implantable cardiac defi brillator saves lives.

Courtesy of FONAR Corporation.
MRI scans help diagnose dis-
ease without surgery.

Gene-chips are made to test the functions of 
thousands of genes in one experiment.

Oak Ridge National Laboratory.

Image by David S. Goodsell, RCSB Protein Data Bank.

Photos courtesy of Cold Spring 
Harbor Laboratory Archives.

Why is biophysics important right now?
Society is facing physical and biological problems of global proportions. How will we 
continue to get suffi  cient energy? How can we feed the world’s population? How do we 
remediate global warming? How do we preserve biological diversity? How do we secure 
clean and plentiful water? Th ese are crises that require scientifi c insight and innovation. 
Biophysics provides that insight and technologies for meeting these challenges, based on 
the principles of physics and the mechanisms of biology.

Batches of biofuel microbes are being tested.

Biophysics discovers how to 
modify microorganisms for 
biofuel (replacing gasoline 
and diesel fuel) and bioelectri-
city (replacing petroleum 
products and coal for produc-
ing electricity).

Biophysics discovers the biolog-
ical cycles of heat, light, water, 
carbon, nitrogen, oxygen, heat, 
and organisms throughout 
our planet.

Biophysics harnesses microor-
ganisms to clean our water and 
to produce lifesaving drugs.

Biophysics determines the abundance of photosynthetic microbes and 
plants in the global biosphere.

U.S. Department of Energy Genome Programs, http://genomics.energy.gov.
Molecules for photosynthesis (green) and for fuel are fl uorescently 
labelled in this cross-section of a stalk.

Biophysics pushes

back barriers that

once seemed

insurmountable.

Th is fragment of DNA is 
being opened, read and 
transcribed by a protein 
(the light-colored structure 
that surrounds it). Gnatt et al, SCIENCE v 292, 1876, 2001.

U.S. Department of Energy Genome Programs, http://genomics.energy.gov.

U.S. Department of Energy Genome Programs, http://genomics.energy.gov.
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ECG

EEG

CARDIOVASCULAR 
SYSTEM

SYSTEMS SIGNALS TIME SERIES

d, q, a, s, b
EEG bandpowers

Heart rate variability

BRAIN 
SYSTEM

• Brain-Heart interactions

• NETWORK PHYSIOLOGY:
[Bashan	A	et	al.,	Nature	Comm.	2012]

Organ systems exhibit a degree of activity and interactivity
depending on the physiological state

• We have developed a new theoretical framework for multiscale analysis of
Information Dynamics is introduced (Published in “Uncovering brain–heart
information through advanced signal and image processing”, Phil. Trans
of the Royal Soc. A 2016)

• Validation: simulated linear processes; Application: brain-heart interactions
during sleep

NETWORK PHYIOSOLOGY: HEART-BRAIN INTERACTION 

Bari (PI: Sebastiano Stramaglia)
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Milano (PI: Guido Tiana) Main	topics

Methods

Conformational	
properties	of	
chromosomes																			

Conformational	changes	in	proteins

G
en

et
ic
	n
et
w
or
ks

Molecular	evolution

• Conformational	sampling	(Monte	Carlo,	etc.)
• Coarse-grained	approaches	(MaxEnt principle)
• MD	simulations
• Dimensional	reduction
• Replicas
• Inverse	statmech models
• Differential	equations	
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The GAM technology (developed by Na group) probes, by sequencing DNA from nuclear sections, how
3D spatial proximity is related to co-segregation

A B C+++
A B C+ - +
A B C- + -

Genomic distance Spatial distance
A B C

49Mb                      chr.6                      54Mb

B

A B C

C

A

Contact probability =

(Beagrie et al. Nature 2017)

A BC

Napoli (PI: Mario Nicodemi)

DNA detection ComputingCryosectioning

3D snapshot
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Expertize	of	the	group:	
Complex	Networks,	Out	of	equilibrium	Statistical	Physics,	Synchronization
Classical	and	Quantum	Transport	

Research	Lines:
- Collective	phases,	Synchronization	and	dynamical	phase	transitions
In	neural	networks	and	bistable biological	systems

- Statistical	Inference	from	dynamical	signals	in	neural	and	biological	systems

- Coherent	transport	and	quantum	effects	in	light	harvesting	complexes:
Classical/quantum	à Synchronization/Entanglement	

S.	Di	Santo	et	al,	PRL2017,	and	submitted D.	Witthaut et	al,	Nat.	Comm.	2017	

Parma (PI: Raffaella Burioni)
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Pisa (PI:  Giuseppe Brancato)

Development	of	Multi-scale	Methods
GLOB	model	for	QM/MM	MD	simulations	of	complex	systems	in	solution

Bio-apps: Natural and Engineered Systems: Antimicrobial peptides; Peptides translocation
through membranes; Ion transport in bio-channels and pores; Lipid dynamics in lipid bilayer;
Engineered protein channels

Designing Novel Biosensors: Optical probes for imaging and sensing; Polarity and
microviscosity sensors

gallery	of	recently	investigated	bio-systems	
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Hemolysin

MscL channel

Aib-based	peptides

Lipid	Membranes Fe-S	cluster	biosynthesis
(IscS-IscU system)

Phospholamban
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Ab	initio XAS	spectra calculation

Atomic
configuration C1

Spectrum S1

Quantum
Espresso
XSPECTRA

Classical MD	
configuration C’1

Quantum
Espresso

Experimental XAS	spectra collection

Roma(PI:  Silvia Morante)

Ab-peptide	–antibody interaction

Classical MD	

Umbrella
sampling

DG

F.	Stellato et	al.,	BiophysChem,	229	(2017)	110–114

J.	Sevigny et	al. Nature,	(2016)	537:	50–56
E.	De	Santis	et	al. (2018)	to	be	submitted

AFM	measurement

Ab-fibrils –amiloyd breakers interaction

Corse-grained
MD	simulations

Designing effective anticancer radiopepptidde carriers

E.	Capozzi et	al.,	J.Chem.Theory &	Comp. (2017)	to	be	published

G.	La	Penna et	al. J.	Chem.Phys.	(2015),	143:	124508
F.	Stellato	et	al. J.	Chem.Phys (2018),	to	be	submitted
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in-vitro	and	in-vivo	in cortical recordings
Collective dynamics à network of spiking units
with structured connectivity à bridge between
criticality and the need to have a reservoir of
spatio-temporal metastable memories

High	H
Critical	H
Low H

• de	Candia	et	al	Nat	Sci.	Reports (submitted)
• L	Minati,	et	al.	Chaos	2016	
• Lombardi,	et	al.	Nat Sci	Reports 2016
• P.	Chialvo Plenz,	PNAS	2009
• Plenz Eur.	Phys.	J. 2012;

Salerno (PI:  Silvia  Scarpetta)
Critical	phenomena in	cortical	neural	dynamics

Power	law	organization	of	neuronal	avalanche

Neural	avalanches	and	critical	behaviour
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Central Questions
• How Transcription Factor (TF) DNA binding preferences are organized?
• Which evolutionary forces shaped this organizations?
Tools
• Bioinformatics, network analysis and mathematical modeling
Main Result
• A general trend of neutral evolution of binding sites has been identified.
• Deviations from model predictions hint at selective pressure.
• Redundancy in TF regulation grows with the complexity of the organism

Torino (PI:  Michele Caselle)
Modeling the	evolution of	transcription factor binding preferences

in	complex eukaryotes



Dynamic	formation	of	signaling	domains	on	cell	membranes

Zamparo et al, Soft Matter 2015, 11, 838

Enriched domain of specific protein are formed
in response to stimulià a chemical compass

Signaling events studied by theory and numerical
simulations of the stochastic reaction-diffusion process

Torino Politecnico (PI:  Andrea Gamba)

surface of living cells 

Dynamic	formation	of	signaling	domains	and	sorting
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Theory / method 
development

HPC Biophysics/Mol.	Biology

FOCUS:	
Developing/applying	techniques	based	on	theoretical	physics	tools	to	study	biomolecular	systems.	

Starting	grant
R.	Potestio

Trento( PI:  Pietro Faccioli)

Physics Define a 
model

Solve 
Dynamics

Extract
kinetics Biology

coarse	graining:
adaptive	multiscale	

models

quantum	excitations:	
methods	based	on	
non-equilibrium	QFT

conformational	dynamics:	
methods	based	on	sampling	
stochastic	path	integrals.
Molecular	dynamics	

simulations

Data	reduction:	
Renormalization	

Group	
based	clustering

A	few applications:
Allostery	and	
membrane	

proteins,	protein	
(mis)folding,	viral	

caspids
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DNA 3D structure

3D snapshot
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219Mb                                221Mb                                 
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SBS 
model

experimental
contact 
maps

Model v.s. Hi-C 
corr. = 95%

(Chiariello et al. Nature Sci. Rep. 2016;
Barbieri et al. Nature SMB 2017)

cartoon

polymer physics models à chromosome folding
model to Hi-C/GAM data à 95% accuracy


