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Why Neutrons?

The typical wavelengths of the neutron in a beam range from ~10 A to ~1 A.

« comparable to interatomic and intermolecular distances

slower neutrons — longer wavelengths — longer length scales

The typical energies of a neutron beam range from ~1 meV up to ~100 meV.

« comparable to the time scale of many motions in materials
=> 1nelastic scattering from vibrations, diffusion, reorientations, and
relaxational processes can be observed
e light E~eV’s 1~1000 A’s (Q ~ 0)
* X-rays E ~keV’s 1~A’s
slower neutrons — lower energies — longer time scales

1 meV @ 8 cm! @ 240 GHz @ 12 K @ 0.1 kJ/mol ~ 1 ps
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Scattering cross-sections

Scattering power varies “randomly” from 1sotope to isotope.

Cross section (s) - Area related to the
probability that a neutron will interact
with a nucleus in a particular way (e.g.
scattering or absorption)

For a single nucleus s ~ 102 cm?

X- ray Cross section

H DC O A S Fe

_>

D o.n = 5.59 barn 04, = 2.504 barn neutron cross section

c H 0con =176 barn o = 80.26 barn
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Nuclear Interaction

Scattering power varies “randomly” from 1sotope to 1sotope.

The scattering also depends on nuclear spin state of the atom.

e [f the scattered neutron waves from the different nuclei

have definite relative phases, they do interfere

Coherent Scattering

e [f the scattered neutron waves from the different nuclei

have RANDOM relative phases, they don’t interfere

Incoherent Scattering
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Dynamic Structure Factor

S(Q,(D) — SinC(Qa(D) + SCOh(Qa(D)

Scon(Q,m) 1s the time and space Fourier transform of the
PAIR correlation function (Collective Particle Dynamics)

S, (Q,0) = FT{<exp[—iQ(L-(t) -7 j(o))]>}

Sinc(Q, w) 1s the time and space Fourier transform of the
SELF correlation function (Single Particle Dynamics)

S, . (Qw)=F T{<exp[—iQ(Zi(f) - Zi(O))]>}
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Dynamic Structure Factor

[ N
g(ri1) = — ;(w +7(0) — 7 (D)),
of

Space Fourier Trasform

1 +00 l 1 ]
1(Q,t) = —f g(r,t)exp{—iQ - r}dr = — Y (e'@" D710
21 J_ oo N Y

Time Fourier Trasform

l +00
5(Q. w) = —f 1(Q, t)exp{—iwt}dt
2m J_mo
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Incoherent Scattering

* [nelastic/Quasielastic Scattering
Single Particle Dynamics

 Translations
 Rotations
e \VVibrations
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Protein Dynamics

A protein 1s a nano-machine whose molecular structure
was selected by evolution to perform specific biological
functions.

* Proteins perform these biological functions thanks to
their flexibility.

* Protein Dynamics extends from fs motions of side chains
to multi-ms fluctuations on the length scale of clusters of
interacting proteins and from the Angstroms scale up to
tens of nm.
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NIST Center for Neutron Research
picoseconds/nanoseconds dynamics
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High-Flux Backscattering Spectrometer
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Energy resolution: 0.8 peV
Dynamic range: 11 peV
Time range covered

60 ps to 20 ns

Incident energy:

2.08 meV (7,=6.271 A)

Q range: 0.25 A1 ~ 1,75 A1
Typical run time: 6 ~8 h
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Moderator

| Shutter with :
curved gude

ouide msert \

Evacuated

S1(311) analyzers

radial

beamline
bandwidth shielding

choppers

taperad supermirror

collimators
Scattering -
Chamber \

Backscattering Spectrometer (BASIS) @ SNS

evacuated
sample chamber

,Beam Stop

/

!
/
L4

Get Lost Tube

funnel _ | Si(111) analyzers
filter —
Si 311 (upgrade)
Elastic | 2.08 meV Elastic | 7.64 meV
energy energy
Bandwidth | =258 eV Bandwidth | 1700 weV
Resolution | 3 eV Resolution | 10 weV
(elastic) (elastic)
Qrange |0.17A'<Q < Qrange | 0.35A'<Q <
(elastic) | 2.0 A" (elastic) | 3.8 A"
Solid angle | 2.0 sr Solid angle | 4.0 sr
4.0 sr
(upgrade)

CSGI and Dept. of Cheriistry, University of Florence

IX School of Neudron Scattering "FP. Ricei”

| October 2008




Sample Preparation: Example

« Protein has to be D-exchanged by dissolving 1 g of protein in
10 g of D,0. After allowing hydrogen exchange to occur
overnight at room temperature, the sample was freeze-dried into
a powder. (then check by neutron prompt gamma-ray!!!)

 After lyophilization, hydration was achieved by of the deuterium-
exchanged protein with saturated solutions of LiCl, , and
K,SO, in D,O which resulted in hydration levels of h: 0.05, :
and 0.30. Samples with h=0.45, 0.50, and 0.80 were prepared
by adding D,O to the 0.30 h sample and equilibrating the
powders for at least 12 hours.

0.3 h=0.3 g of D,0O/1 g of dry protein = 1 monolayer
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Elastic scans: EINS

_ A.M. Tsai, et al., Biophysical J., 79, 2728 (2000).
In the Gaussian —— —
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Effect of alvcerol
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A.M. Tsai, et al., Biophysical J., 79, 2728 (2000).
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Conformational Substates (kgT)
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Model one-dimensional (a) multiply hierarchical and (b) singly hierarchical energy surfaces, and

results of Brownian dynamics simulation using these surfaces.Temperature dependences of mean-

square fluctuations for (a) and (b) are shown in (e) and (f), respectively.

Yasumasa Joti, Akio Kitao, and Nobuhiro Go JACS 127, 8705 (2009).
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Myoglobin c. zaccai science, 288 1604-7 (2000)

0.25
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~ d / (N/mif xis in A and T in K)
o
X 0.10
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A In D,O [W. Doster, S. Cusack, W. Petry, Nature 337, 754 (1989).]
C O In Trehalose [L. Cordone, et al., Biophys. J. 76, 1043 (1999).]
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Protein Dynamics vs h

E Biophysical Journal 91(7) 2573-2588
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Protein Dynamics
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Hen-egg white Lysozyme

M, =14.7 kDa
d=36 A

Lysozyme is an enzyme consisting of 129 aminoacid residues which folds into a comgact globular
structure having an ellipsoidal shape with dimensions a x b x b = 2.25 x 1.5 x1 5 nm”. Molecular
weight of Lysozyme is approximately 14.4 kDa. Lysozyme has an enzymatic cleft where the o-
domain meets the -domain. It is found in the mucosal secretions and the white of avian eggs. It
hydrolyzes the polysaccharides found in many bacterial cell walls. This catalytic activity, which is a
non-specific organism defence, is only effective against Gram-positive bacterial cells. In viruses (or
bacteriophages), lysozyme is used as an agent to break into the host bacterial cell and lately to release

€W VIruses.




Model of Hydrated Lysozyme Powder
Water: 484 TIP4P-EW molecules (h = 0.3); Protein: 2 lysozyme, OPLS-AA force field

c M. Lagi et al. J. Phys. Chem. B, Vol. 112, (2008), 1571-1575
&
I
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Hydration Water in Lysozyme

Lysozyme/H,O spectra - Lysozyme/D,0O spectra =
Only Scattering from the Hydration Water
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QENS: Background

QENS = quasi-elastic neutron scattering

10dw Sinc (Q,a)) ®R(w)

Measure the number of scattered neutrons as a function of Q and w
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Log (viscosity in poise)

Viscosity 1 or Equivalently the Structural Relaxation Time t

N=G,T (Maxwell's Relation)

¥ m,o-Xylene Eracil [ DT, -
T = T eX
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E./k
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The Two Critical Points Scenario in Water

[O. Mishima, and H. E. Stanley, Nature 396, 331 (1998)]
b
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Phase diagram T vs P of water

Water Phase Diagram
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FSC in water

T (K)
Dynamic crossover from a fragile - high-density 25 b Superheat limit
(HDW) to a strong - low-density (LDW) liquid I 3 )
around 225 K* at ambient pressure S
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Dynamics of Protein Hvdration Water. QEN
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Model for ISF and SF

F(Q.t) =p+(1- p)F,(Q.0) exp[—(t/r)ﬁ ] r(Q) = 70(aQ) ™

(Intermediate Scattering Function) (rr) = ol (L/B)IP

3% ’*_‘jj;‘o
86 A

Elastic part
QuasiElastic part:
(in cage oscillation + cage relaxation)
Fitting parameters:
p = immobile water
p = exponent (a-relaxation) O
T = relaxation time
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Two-step Relaxation of ISF in Supercooled Water
Bulk Supercooled Water Water in Vycor Glass

1.0 T —————
. = s

a’h
08 }
- — 06
Q05 ¢ oé
Fe = 0.4
L
02}
0.0 0t L
10 10° 107 10°
t(ps) t (ps)

A I B . ., FIG. 2. Intermediate scattering function (ISF) for free water
FIG. 2. FQuaxt) Vs time (symbols as in Fig. ). Solid ;" %y direction at the peak of the structure factor (Qyax =
lines are calculated according to Eq.(1). The inset shows the 55 3=1) for the five investigated temperatures. Curves on the
T dependence of the exponent B associated with the slow  top correspond to lower temperatures. Full lines are the MD data
relaxation. and long-dashed lines are the fit by Eq. (1). In the inset the full
layer analysis is shown for 7 = 240 K. The central curve is the
total ISF, the upper curve is the bound water contribution, and

S
Fr(Q,t) = Fr(Q,t)exp[ - (t / T(Q))B] the lower curve is the free water contribution to the total ISF.
P. Gallo, F. Sciortino, P. Tartaglis, S. H. Chen, “Slow P. Gallo, M. Rovere, E. Spohr, “Supercooled
dynamics of water molecules in supercooled states”,  confined water and the mode coupling crossover
PRL 76,2730 (1996) temperature”, PRL 85, 4317 (2000)
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Relaxing-Cage Model

On lowering the temperature below
the freezing point, there is a
tendency to form around a given
water molecule a hydrogen-bonded,
tetrahedrally coordinated first
neighbor shell (cage). At short
times, less than 0.05 ps, the water
molecule performs harmonic
vibrations and librations inside the
cage. At long times, longer than 1.0
ps, the cage eventually relaxes and
the trapped particle can migrate
through the rearrangement of a
large number of  particles
surrounding it. Thus, there is a
strong coupling between the single . o

. . . S. H. Chen, C. Liao, F. Sciortino, P. Gallo, P.
particle motion and the density Tartaglia, Phys. Rev. E 59, 6708 (1999)
fluctuations of the fluid.
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Model for the Translational Dynamics
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S. H. Chen, C. Liao, F. Sciortino, P. Gallo, P. Tartaglia, “Model for single-particle dynamics in
supercooled water”, Phys. Rev. E59, 6708 (1999)
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RCM Analysis of QENS spectra

S.-H. Chen, et al. PNAS 103, 9012 9016 (2006).
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Evidence for dynamic crossover at 220 K in Protein Hydration Water
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Is Lysozyme Dynamics Controlled by the Hydration Water?
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The increase in the Dynamics of Lysozyme takes place at

the same temperature as the fragile-to-strong transition of
the hydration water.

s

S.-H. Chen, et al. PNAS 103, 9012-9016 (2006).
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Coincidence of Dynamical Transitions in a Soluble Protein and Its Hydration
Water: Direct Measurements by Neutron Scattering and MD Simulations

Kathleen Wood, Tt Andreas Frolich,T-1 Alessandro Paciaroni,¥ Martine Moulin,$ Michael Hartlein,$
Giuseppe Zaccai,’ Douglas J. Tobias,*!' and Martin Weik*-T
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Figure 1. Mean square displacements of ns — ps motions in maltose

binding protein (H—MBP—D:0 sample: eray circles) and in its hydration
water (D—MBP—H:0 sample; black diamonds). Dynamieal transitions
(changes in slope of temperature-dependent mean square displacements)
in the protemn and 1in its hvdration water take place at similar temperatures

e (~220K). J. AM. CHEM. SOC. 2008, 130, 4586—4587
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In general

e Atlow T globular proteins exist in a glassy state having no conformational
flexibility and show hardly any biological activities.

 For hydrated proteins above about 200 K, the flexibility is restored, able to
sample more conformational sub-states, thus becoming biologically active.

O This “dynamical transition” is universal to all biopolymers. Believe to be
triggered by their strong coupling with their hydration water, which shows a
similar “"dynamical transition™ at approximately the same temperature.

0 We show experimentally that this sudden switch in dynamical behavior of
hydration water on Lysozyme, B-DNA and RNA occurs precisely at 220 K
and can be described as a Fragile-to-Strong dynamic crossover (FSC).

O At FSC, the structure of hydration water makes a transition from
predominantly high density form (HDL), a more fluid state, to predominantly
low density form (LDL), a less fluid state, derived from the existence of a
second critical point at an elevated pressure.
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Comparison of FSC in DNA and Protein hydration

water
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:%‘S CSGI and Dept. of Chertistry, University of Florence

Comparison of the temperature
dependence of the average
translational relaxation times of
hydration water:

(A) in hydrated DNA
(B) in hydrated Protein.

They both show a cusp-like
dynamic crossover phenomenon
at temperatures around 220 K.
Dash line and solid line are a
VFT law and an Arrehnius law
fits respectively.

S.-H. Chen et al., “Experimental Evidence of
Fragile-to-Strong Dynamic Crossover in DNA
Hydration Water,” JCP 125, 171103 (2006).
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Other evidences of the FSC: NMR

TH-PGSE NMR' ; /
’ ./“/'/ T > T,: Non-Arrhenius behavior
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"Mallamace, F. et al. J. Chem. Phys., 2007, 127, 045104 EVIDENCE OF FSC at ~ 227 K

Cag\g 2Chen, S.-H. et al. Procl. Natl. Acad. Sci. 2006, 103, 9012
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Other evidences of the FSC:

In DSC a well defined “freezing” peak appears at 225K
only when h<0.4 and the bulk water peak vanishes.

Low temperature (273-183K) FT-NIR spectra (first
overtone of OH stretching mode 6000-7200 cm -') do
not show any hexagonal ice formation in samples with
h<0.4. The band maximum frequency shifts showing a
discontinuity at 225K.

Appearance of a well-defined boson peak.
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T, as a Function of Pressure
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Tracking of T, in Hydration Water of Lysozyme Along the Widom Line

Emanating from the Second Critical Point of Water
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High T Region
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QENS Spectra of H,O Hydrated Lysozyme
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QENS Spectra of D,0O Hydrated Lysozyme
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QENS Difference Spectra of H,0O and D,O Hydrated
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Standard Lorentzian Fit of the Spectra
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"Observation of high-temperature dynamic crossover in protein hydration water and its relation to
reversible denaturation of lysozyme" submitted to JCP.
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Analysis of Linewidth Based on Jump Diffusion Model
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MD Experimental Detalls

2 L,Hsozg me molecules

proteln was wmodeled with oPLS-AA force flelo

424 water wwolecules

water was wodeled with T1P4P-Bw force fleld

h=o0.23

hydration Level, grams protein/grams water

NPT ensemble

20 trajectories of 50 ns, from 180 to 280 K
g CPU = g trajectories in about 2 weeks
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AT Water Diffusion Constant L
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Water Translational Relaxation Time from ISF
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Conclusions

1. NMR studies of lysozyme hydration water show the

existence of two dynamic crossovers in the protein
hydration water.

. Below the low-temperature crossover, at about 220 K, the

hydration water displays a fragile-to-strong dynamic
crossover, resulting in the loss of the protein conformational
flexibility.

. Above the high-temperature crossover, at about 346 K,

where the protein unfolds, the dynamics of the hydration
water appears to be dominated by the non-hydrogen-
bonded fraction of water molecules.

. Our recent experiment done in BASIS confirms the

existence of the high temperature dynamic crossover in
protein hydration water.
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The Complete Picture
Strong-to-Fragile-to-Strong
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