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The so called «Protein dynamical Transition»
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How do we measure MSD ?

1) Measure elastic neutron
scattering : S(Q,w=0)

2) Plot In S(Q,w=0) vs. Q?

3) Slope ~ MSD
(Gaussian approximation)



Several open questions:

Hydration (h = gr H,0 / gr dry protein) dependence of PDT

- Molecular origin of MSD (heterogeneity)

- How to locate the PDT onset temperature in an «objective » way
- Resolution dependence of the PDT onset temperature

- Physical origin of PDT
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Homopeptides to overcome heterogeneity

glycine alanine isoleucine lysine phenylalanine proline
M ¢
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tﬁ e
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Methyl groups are the main contributors to the low-T onset
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Low temperature anharmonic onset: Methyl Groups Activation (MGA)
High temperature anharmonic onset: Protein Dynamical Transition (PDT)
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How to locate the onset temperatures in an «objective » way?
Purpose: study the dependence of the PDT onset temperature on
the spectrometer energy (time) resolution

T [H]
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Determination of anharmonic onset temperatures

reduced 7 of msd(T) fitting with a linear
dependence from low T up to a given Ty
sharp increase = harmonic-to-anharmonic
transition
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PDT onset temperature:
Q Amsd = MSdhydrated — MSdgp,
Q Amsd normalized to room T

deviation from zero = PDT onset
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or different systems independent of msd

amplitude)
0,10
palyalanine
o L] ;.1r'\..'. +
o 005 E . hydrated #{#
E $
0.00 MI
004 |
L ]
<
g o=
L~
L]
E D2 | >
- #
|
i
000 Lo S ol ip by S 8 o

1] 50 100 160 200 250 300
temperatusa § K

Water and Water Systems — July 22-31, 2016, Erice (Italy)



Onsets of anharmonicity and energy resolution

@ 3 different spectrometers: IN16, IN13
and IN6 at ILL, Grenoble

@ 2 ord. of magnitude in E resclution:
0.9 (IN16), 8 (IN13) and 70 peV
(IN6) — 100 ps—+10 ns time range

reduced :a:2

@ MGA: evident resolution dependence
- 100 K at IN16
--150 K at IN13
--180 K at IN6

@ PDT: no evidence of resolution
dependence of the onset temperature

normalized AMSD [/ a.u,

50
40

ao |

1.2 1
0.7 r

0.2 r

F dry poly=ala . A

. ® ING . * . ]
. IN13 *

o ] IN16 .

temperature | K

Water and Water Systems — July 22-31, 2016, Erice (Italy)

. poly=ala @ ING B 1
[ @ poly-gly @ ING& - i
L poly-ala @ IN13 "~
™ poly-gly @ IN13 ot
poly-ala @ IN16 -::.
poly=gly @ IN16 o
T
o
RENTTN Wl
0 50 100 150 200 250 300




Exploring energy landscape by energy resolution dependence

bovine serum albumin
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Just to show that the procedure works also for real proteins
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Onsets of anharmonicity and energy resolution
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Proteins and polypeptides: two main onsets of anharmonicity

onset at ~100-150 K:

@ thermally activated motions of
CH: methyl groups

(Sokolov, Weik&:Zaccai, Doster,

Schiro&:Cupane)

@ independent of presence and
amount of hydration water

@ hereon we call it
methyl groups activation, MGA

Onset temperature
dependent on the energy
resolution

onset at ~220 K:
protein dynamical transition, PDT

abrupt change of structural flexibility in response to
the glass transition of hydration water (Doster)

protein response to a liquid-liquid transition from a
low density to a high density form (dynamics:
fragile-to-strong crossover) in the hydration water

(Chen)

result of the protein structural relaxation reaching
the limit of the experimental frequency window
(Sokolov, Magazi)

protein internal motions induced by SF-fluctuations in
the hydration shell (Frauenfelder)

a change in the thermodynamic resilience of the
water-protein system (Zaccai)

@ all models: key role of hydration water

Onset temperature
independent on the energy resolution
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week ending

PHYSICAL REVIEW LETTERS 21 SEPTEMBER 2012

PRL 109, 128102 (2012)

Physical Origin of Anharmonic Dynamics in Proteins: New Insights From Resolution-Dependent
Neutron Scattering on Homomeric Polypeptides

Giorgio Schird,'* Francesca Natali,? and Antonio Cupane’

' Dipartimento di Fisica, Universitd di Palermo, via Archirafi 36, 1-90123, Palermo, Italy
*CNR-IOM, c/o Institut Laue Langevin, 6 Rue Jules Horowitz, BP 156-38042 Grenoble, France
(Received 4 May 2012; published 19 September 2012)

Toward a quantitative description of protein anharmonicity

a simple model of anharmonicity
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Sp=1—2——¢ T; 5 (1—“”3{2 )): 51=1—35p —d—
(]‘_E RT ) conformational coordinates
onset temperatures change or not with the

resolution depending on AG* /AG:

@ AG*/AG>1: T-dependent
broadening of q.e. width vs.
T-independent resolution width =

scattering function convoluted with
resolution function R(E;AE):

Smodel(E. Q. T)=5(E,Q, T)@R(EAE)
msd .4 calculated as:

MSmodel=—IN[Smodel (E=0,Q,T)] /8Q?

decrease of "elastic" counting

@ for AG* /AG~1: thermal population
of higher site = decay of 5S¢
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Toward a quantitative description of protein anharmonicity

an oversimplified model for proteins: i

Q@ homogeneity of non-exchangeable H nuclei vs.
chemically and structurally heterogeneous
proteins

free energy

Q two energy wells vs. complex multi-minima
landscape (Brownian-like motion within
protein /water conformational space)

our strategy to refine it:

d= ¢t

& homomeric polypeptides reduce heterogeneity

Q@ 'effective distance” d: length scale explored conformational coordinates

by protein H atoms in the time scale
T7=h/AE accessible with resolution AE

-

the model works if experimental
A\ msd from different spectrometers

d = (,ff?T are reproduced by msd,; 4 with
same parameters but AE

Water and Water Systems — July 22-31, 2016, Erice (Italy)



Toward a quantitative description of protein anharmonicity

temperature | K

A: dry polyalanine
B: hydrated polyglycine
C: hydrated polyalanine

AG m AGT i A odywis divaa diwe
poly-ala 50 21 44 20-10° 035 29 14 07
poly-gly 138 21 21 50-10° 0.23 7.5 4.7 29

BSAMEY 50 21 44 2000% 037 21 10 04
BSATPT 1321 921 A000%° 021 90 58 A7

Energies are reported in KJ/mol, =g in 1p—20 g, ¢ in
A/2A din A

for hydrated systems:

Smosel(E; Q, T) =
SMEA(E, Q. T) @ SEEL(E. Q. T)



Toward a quantitative description of protein anharmonicity

BSA

A: IN16
A AAARRARN IRARRRRESY [RARRRRSRN B: IN13
C: IN6

0.0

0.2 il AG m AGY & A diwis drvia drwes

= | polv-ala 5.0 2.1 44 'z.ll-lf.'f:' 035 29 1.4 0T

—~— polv-gly 138 2.1 21 5.000° 023 7.5 1.7 2.9

{% BSAMSA 50 21 44 2.010° 037 21 1.0 05
i BSAFPT 13& 921 91 5010° 021 90 58 47

=

0.0 =

0.1} ] Energies are reported in KJ/mol. Tg in 1w0—0 d in

Ajs2A din A

for hydrated systems:

R

0 50 100 150 200 250 300 SE?E;{E, Q.T)= oOT
temperature / K Smodel(E- Q. T) @ 5, 4 (E. Q. T)
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«Protein» dynamical transition ?

THE JOURNAL OF

PHYSICAL CHEMISTRY

Letters

pubs.acs.org/JPCL

The “Protein Dynamical Transition” Does Not Require the Protein

Polypeptide Chain

Giorgio Schird," Chiara Caronna,’ Francesca Natali,® M. Marek Koza,' and Antonio Cupane™’

"Department of Physics, University of Palermo, Via Archirafi 36, 1-90123 Palermo, Italy
*SLAC National Accelerator Laboratory, Menlo Park, California 94025, United States
SCNR-IOM, ¢/o ILL, 6 Rue Jules Horowitz, BP 156-38042 Grenoble, France

”ILL, 6 Rue Jules Horowitz, BP 156-38042 Grenoble, France

es:wmﬁg Information

ABSTRACT: We give experimental evidence that the main features of protein
dynamics revealed by neutron scattering, i.e., the “protein dynamical transition” and
the “boson peak”, do not need the protein polypeptide chain. We show that a rapid
increase of hydrogen atoms fluctuations at about 220 K, analogous to the one observed
in hydrated myoglobin powders, is also observed in a hydrated amino acids mixture with
the chemical composition of myoglobin but lacking the polypeptide chain; in agreement
with the protein behavior, the transition is abolished in the dry mixture. Further, an
excess of low-frequency vibrational modes around 3 meV, typically observed in protein
powders, is also observed in our mixture. Our results confirm that the dynamical
transition is a water-driven onset and indicate that it mainly involves the amino acid side
chains. Taking together the present data and recent results on the dynamics of a protein
in denatured conformation and on the activity of dehydrated proteins, it can be
concluded that the “protein dynamical transition” is neither a necessary nor a sufficient
condition for active protein conformation and function.

SECTION: Biophysical Chemistry

native protein amino acids mixture
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“ s - The same PDT is observed
Boal ,* 1 inMbandin the aa mixture

0 50 100 150 200 250 300
temperature/K
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Physical origin of the PDT

Observation of fragile-to-strong dynamic crossover
in protein hydration water

S.-H. Chen*', L. Uu®, E. Fratini*, P, Baglioni', A. Faraone’¥, and E. Mamontovs®

sartment of Mudear Sclence and E ogy. Combridge, MA 0213% 'Deparment of Chemistry and Consorzio
penomwowmuammmm wmmmm«.muuu Lastrucoa 3, 50019 Florence, haly; SNIST Censer for
tron Research, National nstitute of Standards and Technology, Gaithersburg, MD J0836-3562. ind "Dugartment of Materiaki Science and Enginesring,
wrsity of Maryland, College Park, MO 200422115

municated by H. Eugens Stanley, Boston Unisersity, Boston, MA, March 28, 2006 (receved for review March 11, 2006]

water at ambient pressure (15). The Widom line is originated
from the existence of the second critical point of water and is the
extension of the hqmd—hqmd coexlstence line into the one-phase

B reglon Therefore, ur o 1 ”f@&@fm
wl ressure m a1 the: y D& - A - T
- This dynamxc crossover, when crossmg the Wldom ‘lme, causes
iw’r the layer of the water surrounding a protein to change from the
‘ “more fluid” high-density liquid form (which induces the protein
wl 'l_" B ooy to adopt more flexible conformational substates) to the “less

2 ! X ) — Arrhenius law
os or 0s 08 I.O 1 l
/T, T=176K

ﬂs. 3 !ndem for the dﬂ\mc mmaoen (A) The temperoture depen-

s 1ol the Fpdrogen atomat 2uas
Umuan mnnundb, an ekistic 4an with resoluticn of 08 petd. (8) Tem:
perature dependence of the dverdge ranslatonal relasation tmes plotted in
Wogtiardva TalT, where 7 S the ideal glasstransition temperatere Here, there
&0 dear and sorupt transtion from e Vogel-Fucher-Tommann law ot high
LOMpPeratunes Lo i Arrhevius lavw ot fowe Lemm pesatures, with !he ftted oo
ey temperature T = 220 K and the activation energy Ey = 3.13 keal/mol
extracted from the Asrhenius part indicated in the figure.
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same PDT temperature (~220 K) in
hydrated peptide systems chemically
and structurally different:

1. native and denaturated proteins

2. homomeric polypeptides (even poly-gly

—+ " pure backbone™)

3. amyloid fibrils (Schiro et al. 2012)

4. amino acid mixtures lacking the LDL — HDL transition at ~220K:

. ] . . two-wells water interaction potential
polypeptide chain (Schird et al. 2011) g

PDT onset independent of hydrati ﬁéﬂ'{

AG value, that sets the PDT temperature, ‘ \ ?)(’L’

determined by hydration water .

-
b\r‘ r

H E Stamley ef af
I, Phys.: Condens, Matter 21 (20047 504 105
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Experimental evidence on the connection between
PDT and FSC in protein hydration water using
different experimental techniques

Crosabdark
THE JOURNAL OF CHEMICAL PHYSICS 139, 121102 (2013) @ ’

Communication: Protein dynamical transition vs. liquid-liquid phase
transition in protein hydration water

Giorgio Schird,® Margarita Fomina, and Antonio Cupane
Department of Physics and Chemistry, University of Palermo, Via Archirafi 36, 90123 Palermo, [taly

(Received 7 August 2013; accepted 11 September 2013; published online 27 September 2013)

In this work, we compare experimental data on myoglobin hydrated powders from elastic neu-
tron scattering, broadband dielectric spectroscopy. and differential scanning calorimetry. Our aim
is to obtain new insights on the connection between the protein dynamical transition, a funda-
mental phenomenon observed in proteins whose physical origin is highly debated, and the liguid-
liquid phase transition (LLPT) possibly occurring in protein hydration water and related to the ex-
istence of a low temperature critical point in supercooled water. Our results provide a consistent
thermodynamic/dynamic description which gives experimental support to the LLPT hyvpothesis and
further reveals how fundamental properties of water and proteins are tightly related. © 2073 AIP
Publishing LLC. [http://dx.doi.org/10.1063/1.4822250]
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log [tau/sec] log [tau/sec] heat flow [mW]

normalized AMSD

" 120 150 180 210 240 270 300

a) DSC upscans

b) Dielectric spectroscopy

c) Dielectric spectroscopy

d) Elastic neutron scattering

s Note: same samples; same
120 150 180 210 240 270 300 .
temperature / K experimental protocol
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Silica hydrogel as a model of hydrophilic confinement

SOLution

Glass
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LLow cost

Easy to prepare/handle

Hydration h = gr[H,0] / gr[SiO,]| can be easily varied
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week ending

PRL 113, 215701 (2014) PHYSICAL REVIEW LETTERS 21 NOVEMBER 2014

Experimental Evidence for a Liquid-Liquid Crossover in Deeply Cooled Confined Water

Antonio Cupelne,* Margarita Fomina, and Irina Piazza
University of Palermo, Department of Physics and Chemistry, via Archirafi 36, 90123 Palermo, Italy

Judith Peters
Institut Laue Langevin, 71 avenue des Martyrs, F-38000 Grenoble, France,
Université Joseph Fourier, F-38041 Grenoble Cedex 9, France,
CNRS, CEA-Institut de Biologie Structurale, 71 avenue des Martyrs, 38000 Grenoble, France

Giorgio Schiro

CNRS—Institut de Biologie Structurale, 71 avenue des Martyrs, 38000 Grenoble, France
(Received 16 June 2014; published 21 November 2014)

Water confined in silica Xerogels: DSC upscans
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Testing the FSC hypothesis via the water pressure anomaly

T=273K ‘ !

0 100 200 300 400
P (MPa)

EXPECTED (no FSC)
Exp. data from Prielmeier et al 1988
Simulations from Starr et al 1999

200 400 600 800 1000 1200
P / bar

MEASURED

R(P) = MSD(P)/MSD(0)
From the Einstein relation:
MSD = 6Dr,,,
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Testing the FSC hypothesis via the Boson peak

:’;': T I I 1 I I
— I’.Is?“
< 2F 8% R ¥
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e 2
©
T h=0.42
=
o 1
0

E/ meV
The Boson peak “disappears” at temperatures between 215K (green)

and 235K (blue) . However, uncertainties are introduced by the

presence of quasi-elastic broadening
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Quantitative analysis
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Quantitative analysis

From the lognormal term we obtain the vibrational den-
sity of states (VDOS), g(E), according to

A —(E,, —InE)*
S ELHL

E.——3 _
g(E)~ JEUBPE i (2a)
n(E,T)-DW(T) o
nE, T)= (2b)

|

AW
€X — | —
P\k,T

R-VDOS = g(E)/E2

Open circles : h=0.19
Full triangles : h =0.42
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SUMMARY

-Two anharmonicity onsets are detected in protein dynamics by

elastic neutron scattering:

1) MGA ; hydration independent ; its onset temperature depends
on energy resolution

2) PDT ; hydration dependent ; its onset temperature does not
depend on hydration and energy resolution while the MSD
amplitudes do

-The PDT is not a mere resolution effect but reflects a real physical
effect clearly related to hydration water

-Possible connection with the LDL->HDL crossover in hydration
water at about 220 K

-Experimental evidence on the FSG crosssover in water confined in
silica hydrogel and mimicking protein hydration water obtained
through the pressure anomaly and the boson peak



A Deep Inelastic Neutron Scattering Study on water
confined in a silica hydrogel: preliminary results

V. De Michele
G. Romanelli
A. Cupane
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E (meV)

® Data our expenment
® Data exp Garuio et al. 2007
Debye model Td=120 P
2504 —~— Debye model Td=192 >
~— Debye model Td=260 v
° s
,_t
200 - o ”
'
o
” 4
150 ~ i
@ = ..5
A
o
100 - $ 5
50 - -
O hd L v | v |l ) v | v 1

4 1 \/ I v | J v 1
0 S0 100 150 200 250 300 350 400 450 S5C0
T (K)

The fact that < E; > (210K) = < E, > (250K) is an unexpected and
puzzling result. Indeed, a decrease of < E; > with decreasing T
would be expected. However, more experimental data are
needed before speculating
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PHYSsICAL CHEMISTRY

[etters

pubs.acs.ong/JPCL

Neutron Scattering Reveals Enhanced Protein Dynamics in

Concanavalin A Amyloid Fibrils

Giorgio Schiro,* "l Valeria Vetri,""!l Bernhard Frick,” Valeria Militello,”* Maurizio Leone,

and Antonio Cupane?

EElip«al.rl:il'nf.-ntu:ln di Fisica, Universita di Palermo, Palermo, Italy
*Istituto di Biofisica, CNR, Palermo, Italy
Institut Lauve-Langevin, Grenoble, France

© Supporting Information

ABSTRACT: Protein aggregation is one of the most challenging topics in life sciences,
and it is implicated in several human pathologies. The nature and the role of toxic species is
highly debated, with amyloid fibrils being among the most relevant species for their
peculiar structural and functional properties. Protein dynamics and in particular the ability
to fluctuate through a large number of conformational substates are closely related to
protein function. This Letter focuses on amyloid fibril dynamics, and, to our knowledge, it
is the first neutron scattering study on a protein (Concanavalin A) isolated in its fibril state.
Owur results reveal enhanced atomic fluctuations in amyloid fibrils and indicate that the
protein is “softer” in the fibril state with respect to the native and amorphous aggregate
states. We discuss this finding in terms of a structural interpretation and suggest that the
paradigm ordered structure < lower flexibility can be questioned when considering the
local fast side-chain protein dynamics.

SECTION: Biophysical Chemistry and Biomolecules
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NEUTRONS
FOR SCIENCE ¢

Water dynamics in alive cells

Irina Piazza, PhD student at ILL and at University of Study of
Palermo (ltaly),

supervisors: Prof. A. Cupane and Dr. F. Natali,

Aim : to investigate water dynamics in biological systems
more complex than protein powders
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Neutron scattering technique uses neutron beam as
a probe to investigate macromolecules and water
molecules dynamics.
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Samples:

Cell pellets of

E. Coli; 38% H,O
Yeast ; 52% H,O
PC12 ;34%H,O

AT bl

}*s | Glioma 9-L; 39% H,0

Water and Water Systems — July 22-31, 2016, Erice (Italy)



Preliminary result from
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The summed elastic intensities decay slower for cancer cells
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QENS measurement on alive cells
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QENS on alive cells

QENS for Yeast and PC12 (pink and yellow points)
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A model to describe complex systems

Intracellular
compartment

£ X compa
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fast
diffusion diffuslon

contribution
from CH,
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AE (meV)

5(Q,w) x R(Q,w) ® [fo(w) + prast Sast (Q, w, Dga-sr: Tga-stﬂ Dgst)—'_
+ PCH;;‘SEHQ{Q?M) + bk]




-
Sfasr(Q:w: Dfasr Tfast: Dfast) — Sfasr(Q L:.J) X Sfast(Q f""")

Translational motion will be described with jump diffusion model diffusion:

[ fast D;- Qz
SE(Q,w  The aa
rast (@) ) = w2+ T2 st 1 ¥ T Df . Q?

Rotational motion will be described with continuous rotational diffusion on
a circle where the radius a=0.98 A (bond length for O-H):

Stast(Q: w) = g (Qa)d(w +ZJI r(t(:—lil)l?gﬁ)g

Simultaneous fitting of spectra measured at all Q values
and at 2 different instrumental resolutions




A typical fit

G.EN5| at 300 I{I - 'Df[].EEIE - 70 p.FI_!‘-." QENS at 300 K- Q=2.016 - 70 peV

—

\

1

g

poa b el 1 |
= = = 0% 03

1
1B 12 15 | —E

QENS at 300 K - Q=0.335- 10 peV QENS at 300 K - Q=1.008 - 10 peV

| i
it i

i

T O T
T &) L4
A

S5{0.335w)

3, 2,
T T T |||||I'IT| ||||||IT|_|'

|

Water and Water Systems — July 22-31, 2016, Erice (Italy)



f%

Py %
Dy [cm?/s]
71 [ps]
r[A]
D3 [1/s]
P2 %
Ds[cm?/s]
72[ps]
r[A]
Da,[1/s]
rmeV]
P3 %

2
Xrid

Some results

" . m{fd(w) + pfanSfan(Q W, Dfast Tfast~ Dfast>+
ps?.OW S/OW(Q‘ &, Dslow s/ow DblOVV) & PCH, SCHz(Q w) St

Natali model - MpFit- 26 spectra - 5 and 10A

Yeast in PSB
ELTES
8.23
65.00

2.033E-05
1.66
0.98
1.98E-0B6
17.72
2.17E-06
33.9
0.98
4.3E-06
0.273
9.0

GOL in PBS
value
6.52
81.0
2.16E-05
0.90
0.98
1.98E-06
6.5
2.74E-06
60
0.98
9.88E-06
0.118
6.0
0.63

E. Coli 300 K
value
8.37
65.80

2.002E-0B
0.883
0.98
1.98E-0B
14.40
2.95E-06
30.0
0.98
0.88E-06
0.1702
11.4
1.72

G9-L tumoral cells show a higher water mobility with respect to

normal cells
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