
Abstract The dynamics of lysozyme in the picosec-

ond timescale has been studied when it is in dry and

hydrated powder form and when it is embedded in

glycerol, glycerol–water, glucose and glucose–water

matrices. The investigation has been undertaken

through elastic neutron scattering technique on the

backscattering spectrometer IN13. The dynamics of

dry powder and embedded-in-glucose lysozyme can be

considered purely vibrational up to 100 K, where the

onset of an anharmonic contribution takes place. This

contribution can be attributed to the activation of

methyl group reorientations and is described with an

Arrhenius trend. An additional source of anharmonic

dynamics appears at higher temperatures for lysozyme

in hydrated powders and embedded in glycerol, glyc-

erol–water and glucose–water matrices. This second

process, also represented with an Arrhenius trend,

corresponds to the so-called protein dynamical transi-

tion. Both the temperature where such a transition

takes place and the magnitude of the protein mean

square displacements depend on the environment. The

dynamical response of the protein to temperature is

put in relationship with its thermal stability.

Introduction

An increasing attention is currently devoted to the

study of the intriguing properties of biomolecules

when they are in the presence of organic solvents

(Klibanov 2001; Williams et al. 1995). In the past the

features of proteins have been principally investigated

when they are solved with water, which is the classic

physiological milieu, while it is now becoming more

and more clear that some crucial properties, such as

thermal and chemical stability, can be greatly im-

proved by properly choosing their molecular environ-

ment (Bell et al. 1995; Klibanov 2001; Hill et al. 2005).

In this respect, one can roughly distinguish two dif-

ferent classes of media, i.e. plasticizers and stabilizers.

The former class is made of compounds that enhance

the protein flexibility (Gregory 1995; Tsai et al. 2000;

Paciaroni et al. 2002). In terms of the well-known

Conformational Substates theory, plasticizers allow the

jumping among different nearly isoenergetic wells of

the protein potential energy hypersurface (Frauenfel-

der et al. 1991). Indeed, water is the archetype of

plasticizers, as it is crucial to activate the dynamics of

biomolecules on wide temporal and spatial ranges

(Doster et al. 1989; Gregory 1995). On the other hand,

stabilizers prevent protein to jump between the con-

formational substates, thus inhibiting the relative
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dynamical processes (Cordone et al. 1999; Gottfried

et al. 1996). From the dynamical point of view, pro-

teins solvated with stabilizers show a sensibly slowed

relaxational dynamics also at physiological tempera-

tures (Austin et al. 1975; Hagen et al. 1995; Caliskan

et al. 2004) and a significantly reduced molecular

mobility (Tsai et al. 2000). Polyols, in particular sugars,

are well-known stabilizers, whose properties have been

often exploited to preserve structure and functionality

of biomolecules in food, biotechnological and phar-

maceutical sciences (Wolkers et al. 2001; Brumfiel

2004; Hill et al. 2005). For instance, proteins used for

therapeutic purposes are often prepared in the solid

state for reconstitution as parental solutions, as

injectable suspensions, or as dry powders for inhala-

tion (Wang 2000; Carpenter et al. 2002; Lee 2002).

Biological damages caused by potentially detrimental

freezing, drying and heating processes can be avoided

by embedding biomolecules and cells within simple

carbohydrate compounds (Burke 1986; Crowe et al.

1996, 1998). In fact, it has been suggested that such a

stabilization likely proceeds through the formation of a

glassy matrix of high viscosity and low mobility around

the protein surface (Green and Angell 1989; Buitink

and Leprince 2004). The prevalence of a plasticizer or

a stabilizer component has the effect of, respectively,

decreasing or increasing the glass transition tempera-

ture of the matrix surrounding the biomolecule (Green

and Angell 1989; Rasmussen and MacKenzie 1971).

This is supposed to be related to the corresponding

decrease or increase of the bioprotective action of the

matrix (Green and Angell 1989). However, it has been

observed that the interaction of the matrix with the

protein surface groups via direct hydrogen bond is an

additional factor to take into account in determining

its bioprotective effectiveness (Allison et al. 1999;

Carpenter and Crowe 1988). Even though a number of

studies have been performed to investigate how plas-

ticizer and stabilizer media affect the protein structure

(Liao et al. 2002), the overall scenario is incomplete

without the understanding of the way they influence

the protein dynamics. Many efforts in the last decade

were done to shed light on this matter (Cordone et al.

1999; Tsai et al. 2000; Paciaroni et al. 2002, 2003;

Caliskan et al. 2002). The protein dynamics seems to

be slaved to the environment (Fenimore et al. 2004;

Reat et al. 2000; Caliskan et al. 2004; Paciaroni et al.

2002), even if this point is still debated (Weik et al.

2005; Parak and Frauenfelder 1993; Kleinert et al

1998). More in detail, bulk-solvent and hydration shell

fluctuations would determine, respectively, large-scale

protein motions, similar to the a-relaxations of glasses,

and fast protein fluctuations, reminiscent of the

b-relaxations of glasses (Fenimore et al. 2002, 2004).

These motions are attributed to the dynamical regime

that affords proteins the flexibility for biological

activity (Fenimore et al. 2004) but which also develops

into the large-scale collective motions that lead to

high-T unfolding (Tsai et al. 2000, 2001; De Francesco

et al. 2004). On the other hand, the low-temperature

dynamical response of proteins and their stability seem

to be related to the degree of fragility of the glassy

matrices where they are embedded (Magazù et al.

2004; Caliskan et al. 2004). Very recently, a new insight

on the intimate coupling of the protein with the

surrounding environment has been provided with the

discovery of a quantitative relationship between

the local protein relaxational dynamics and the bulk

viscosity of the enclosing glassy matrices (Cornicchi

et al. 2005).

As neutron scattering spectroscopy is very sensitive

to the single-particle motions of hydrogen atoms (Bée

1988), such a technique gives invaluable information

on the dynamical behaviour of proteins, where hydro-

gen atoms are abundantly and almost homogeneously

distributed, in the nano- and picosecond time window

over the Angstrom spatial scale (Smith 1991). Here we

report a neutron scattering investigation on the

molecular mobility of lysozyme in the presence of

different environments, such as water, glycerol and

glucose. In these media, where lysozyme is active and

stable (Rariy and Klibanov 1997; Lamy et al. 1990), we

characterized the extent of the protein mean square

displacements (MSD) and we were able to carefully

quantify the variation of the protein dynamical re-

sponse to temperature and water content changes.

Materials and methods

Samples’ preparation

Salt-free lyophilized lysozyme from chicken egg white

has been purchased from Sigma-Aldrich (St. Louis,

MO). As deuterium has a neutron scattering cross-

section much lower than hydrogen (Bée 1988), we

maximized the signal from the protein relative to

the solvent by using only fully deuterated glucose

(Euriso-Top, Saclay, France), deuterated glycerol

(Sigma-Aldrich) and heavy water (Sigma-Aldrich) in

samples’ preparation.

In order to avoid the exchange of protons between

enzyme and surrounding environment, the exchange-

able hydrogens of the protein have been D-substituted

by leaving in solution 1 g of lysozyme in 20 ml of D2O

at room temperature for 1 day. Using this procedure
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we can affirm that the spurious contribution to the

incoherent quasielastic scattering due to the proton

exchanging with the solvent is less than 1% of the total

signal (Gregory and Lumry 1985). The solution was

then freeze-dried into a powder and further dehy-

drated under vacuum in the presence of phosphorus

pentoxide (P2O5) for several hours reaching a water

content of a few percent.

The embedded-in-glycerol and embedded-in-glu-

cose lysozyme samples were prepared by dissolving the

freeze-dried protein and an equal weight of additive in

D2O and by lyophilizing them again to obtain a mix-

ture of dry lysozyme + glycerol and lysozyme + glu-

cose in proportion in weight 1:1.

The samples were subsequently hydrated by putting

them in the presence of a KCl saturated solution of

D2O and varying the equilibration time. The water

content w (w = g D2O/g lysozyme) was determined by

weighing the sample before and after the hydration

process. We recall that in the samples with a deuter-

ated excipient (glycerol or glucose) the quantity w

denotes equivalently the ratio g D2O/g excipient, as

lysozyme and glycerol or glucose are present in the

proportion in weight 1:1. With such a procedure we

obtained the following samples: lysozyme powder at

0w and 0.4w; lysozyme in deuterated glycerol at 0w and

0.4w; lysozyme in deuterated glucose at 0w and 0.4w.

Incoherent neutron scattering

Thermal neutron scattering is a powerful tool to di-

rectly probe protein internal motions. In a neutron

scattering experiment the relevant quantity is the

dynamical structure factor S(Q, E), which represents

the probability for an incident neutron to be scattered

by the sample with energy and momentum transfer

E = �hx and �hQ, respectively. S(Q, E) is the Fourier

transform of the time-correlation function of the den-

sity fluctuation in the system, which provides informa-

tion on both the structure and the dynamics of the

investigated system through its Q- and E-dependence.

In our experiments, the dynamical structure factor de-

pends only on the modulus of the momentum transfer,

as our samples are isotropic. Moreover, the dominant

contribution to the revealed signal is due to non-

exchangeable protein hydrogen atoms, whose neutron

cross-section is by far higher than that of any other

atom, and is almost exclusively incoherent in nature

(rinc = 79.90 barns, rcoh = 1.76 barns) (Bée 1988).

In our measurements the neutron-scattered intensity

has been recorded within a narrow energy channel of

2 leV centred at the nominal value of the elastic peak

(E � 0). This channel corresponds to the energy

window that we took as representative of the elastic

peak and should not be confused with the energy res-

olution that has usually a larger value (see below). In

the incoherent approximation it can be described by

the law (Bée 1988; Paciaroni et al. 2002):

SðQ;E � 0Þ � e� u2h i
G

Q2

A0ðQÞdðEÞ
h i

� LdiffðQ;EÞ � RðQ;EÞ ð1Þ

The expression within square brackets describes the

contribution of protein internal motions to the elastic

peak. In general, such motions also give rise to a

broadening of the elastic peak, and a finite sum of

quasielastic structure factors multiplied by properly

normalized Lorentzian functions must be added to

Eq. 1 (Paciaroni et al. 2002). However, we neglected

the signal from the relevant quasielastic term, within

the hypothesis that it is much broader than the energy

resolution. The Gaussian term is the so-called Debye–

Waller factor, which describes the Q-dependence of

the elastic intensity due to the vibrational atomic MSD

u2
��

G
: A0(Q) is the elastic incoherent structure factor

(EISF), which represents the space-Fourier transform

of the scatterers distributions taken at infinite time,

averaged over all the possible initial positions. Through

its characteristic Q-dependence, information on geo-

metry and type of motion of the scatterers can be

obtained. We schematized the dynamics of protein

hydrogen atoms with the so-called double-well jump

model. Such model is an oversimplified description of

the complex protein energy landscape. Nevertheless, it

has been successfully employed in describing the

picosecond dynamics of protein powders in different

environments, such as water (Doster et al. 1989; Paci-

aroni et al. 2005) and glycerol (Paciaroni et al. 2002).

Within this framework, the protein protons are con-

sidered dynamically equivalent and their motions are

schematized as jumps between two distinct sites with a

free energy difference DG. The corresponding EISF is

A0ðQÞ ¼ 1� 2p1p2 1� sinðQdÞ
Qd

� �
; ð2Þ

where d is the spatial distance between the two po-

tential wells, and p1 and p2 are the occupation proba-

bilities of the ground and the excited state,

respectively. The internal motions are convoluted with

the term Ldiff(Q, E), which takes into account for the

global translational and rotational diffusion of the

protein as a whole in the surrounding environment,

and with the experimental resolution function R(Q, E).

This function can be approximated, in the narrow

energy interval where our data were acquired, by a
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Q-independent Gaussian function R(E) = exp(-pE2/

4r2)/2r, where the half-width at half-maximum

(HWHM) is CR ¼ 2r ln 2=
ffiffiffi
p
p

. In Eq. 1 we have

hypothesized that internal and global diffusive motions

are essentially independent, as the former are much

faster than the latter. The protein global diffusion,

whose contribution may broaden the measured elastic

peak (Gabel 2005), in Eq. 1 has been approximated with

the Fick law, thus Ldiff = DQ2/p(E2 + (DQ2)2). With

this expression both the translational and rotational

diffusion are taken into account, since rotation produces

only a slight broadening of the translational contribu-

tion (Pérez et al. 1999). Actually the Fick law, which has

been already exploited to take into account for the

global motions of lysozyme in glycerol–water mixtures

(Paciaroni et al. 2002), is only a crude approximation,

since the protein moves in a very crowded environment.

As a matter of fact, D is an effective self-diffusion

coefficient that describes, on average, the motion of the

protein as a whole, through the surrounding medium.

On such grounds, all the convolution products in Eq. 1

can be done to give rise to the relationship:

SðQ;E � 0Þ � e� u2h i
G

Q2

2r
A0ðQÞ exp

pD2Q4

4r2

� �

� erfc

ffiffiffi
p
p

DQ2

2r

� �
; ð3Þ

which has been used to reproduce the collected data

and to derive all the parameters of the fit. In principle,

to correctly evaluate the broadening of the elastic peak

due to protein global motions in the present samples,

one should perform accurate quasielastic measure-

ments. However, taking into account for the high vis-

cosity of the mixtures, the very important protein

concentration, and the dynamic range of the IN13

spectrometer, we expect that this broadening is negli-

gible, unless for lysozyme in glycerol at high w values,

where samples appear to be liquid-like. In fact, we

verified by the fitting procedure that the protein global

diffusion gives a non-negligible contribution only for

the lysozyme in glycerol at 0.4w sample.

From Eq. 3 the total and global MSD of protein H

atoms can be derived via the relationship:

u2
� �

¼ � d ln SðQ;E � 0Þ
d Q2ð Þ

� �

Q¼0

¼ u2
� �

G
þ 1

3
p1p2d2

þ D

pr
¼ u2
� �

tot
þ D

pr
ð4Þ

In this equation, u2
��

G
: is the Gaussian vibrational

MSD term, while p1p2d2/3 = u2
��

c
is the conforma-

tional contribution to MSD (Fenimore et al. 2004) and

quantifies the proton mobility due to jumping between

the two energetic sites. u2
��

tot
denotes the total con-

tribution due to the protein internal dynamics, which is

the main subject of this paper. Finally, the third term

D/pr accounts for the global mobility of lysozyme.

Neutron scattering experiment

The measurements were performed on the high-reso-

lution backscattering spectrometer IN13, at the Institut

Laue-Langevin in Grenoble (France). The energy

resolution of GR = 4.5 leV (HWHM) makes accessible

motions faster than about 150 ps. The data were col-

lected in the wide Q-range 0.3–4.5 Å–1, with an average

wave-vector transfer resolution of ~0.2 Å–1. The sam-

ple holder, a standard flat aluminium cell with inner

thickness of 1 mm, was placed at an angle of 135� with

respect to the incident beam direction. All the samples

were investigated from 20 to 320 K, acquiring the data

for 1.5–2.5 h at each temperature. The acquired data

were corrected in order to take into account for inci-

dent flux, cell scattering, self-shielding and detector

responses. Finally, the elastic intensity of each sample

relative to a given temperature was normalized with

respect to the data collected at the lowest measured

temperature (20 K). Since an average transmission of

about 91% was obtained, we neglected the multiple

scattering contribution.

Results and discussion

As we said above, in the present experiment we mea-

sured the elastic neutron scattering intensity

S(Q,E � 0) as a function of temperature for all the

investigated samples. In Fig. 1a, b we show such an

intensity for dry and hydrated samples at 150 K. The

logarithmic scale versus Q2 emphasizes the slight, but

nevertheless non-negligible, non-Gaussian trend of

S(Q,E � 0) even at such a low temperature. The inset

of Fig. 1a shows that a non-Gaussian curve (Eq. 3)

reproduces better the experimental data than a

Gaussian trend, with a resulting slightly lower v2 sta-

tistical value. Indeed the non-Gaussian character is by

far more manifest at 300 K, as it is shown in Fig. 2a, b.

The occurrence of anharmonic motions may be at the

origin of this non-Gaussian trend which, as expected, is

even more visible at room temperature in the hydrated

samples (see Fig. 2b). Recent molecular dynamics

simulation (Hayward and Smith 2002), NMR (Lee and

Wand 2001) and neutron scattering (Roh et al. 2005)

studies showed that at low temperature as well is

present a non-negligible anharmonic contribution in
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the protein dynamics, which comes principally from

reorientation motions of methyl groups (Roh et al.

2005; Lee and Wand 2001). In fact, methyl-bearing

side-chains motion makes a significant contribution to

the lysozyme neutron spectra, because ~26% of all the

non-exchangeable H atoms in lysozyme are on methyl

groups. In this picture, purely vibrational motions take

place only for temperatures up to approximately

100 K. Therefore, when we applied Eq. 3 to fit the

measured elastic intensities, we estimated the purely

vibrational Gaussian contribution with a linear trend,

whose slope has been evaluated from the behaviour of

u2ðTÞ
��

G
versus T till 100 K. We remark that, with this

new approach, the values of the double-well model

parameters and the very total MSD can be somewhat

different from the values already calculated approxi-

mating the low-temperature MSD trend with a hyper-

bolic cotangent up to ~200 K, within the framework of

the Einstein model for an ensemble of harmonic

oscillators (Paciaroni et al. 2002, 2005). The fitting

procedure directly provides the occupation probabili-

ties ratio p2/p1 as a function of T, which quantifies the

ability of mobile protein protons to jump from the

ground to the excited state, by overcoming the energy

barrier of the parabolic potential well in which they are

trapped at low temperatures. In Fig. 3 we see that the

trend of p2/p1 for both lysozyme anhydrous powder

and lysozyme embedded in glucose can be well

described with a single Arrhenius function p2/

p1 � exp(-DGLT/RT) starting from around 100 K up to

room temperature, where DGLT = DHLT–TDSLT is the

free energy change due to the jump. This Arrhenius

trend describes the anharmonic onset likely related to

methyl groups’ motions. A value of

DHLT = 4.0 ± 1.0 KJ/mol is found for both the sam-

ples, while the excess entropy DSLT/R increases from

0.8 ± 0.3 to 1.8 ± 0.3 when we consider, respectively,

lysozyme embedded in glucose and dry lysozyme

samples. On the other hand, the p2/p1 ratio of the

lysozyme solvated in glycerol sample shows the exis-

tence of two different Arrhenius-like trends. The first

one, also related to the methyl group activation, is

found in the low-temperature region above ~100 K and

is characterized by a DHLT quite similar to dry lyso-

zyme powder and lysozyme embedded in glucose and

slightly different DSLT/R (see Table 1). The weak, but

significant, dependence of DSLT/R on the environment,

shown in Table 1, implies that the temperature

response of the methyl groups’ anharmonic dynamics

can be affected by changing the environment, as it will

be discussed below. At higher temperatures p2/p1

begins to deviate from this low-T curve, then a second

Arrhenius trend exp(-DGHT/RT), with DGHT = DHHT-

TDSHT, is needed to represent the ratio up to 320 K.

This second anharmonic process corresponds to the

protein dynamical transition. Such a phenomenon

consists in a rather sudden onset of the protein

anharmonic dynamics, which takes place at a certain

temperature Td, which is around 180–200 K in

hydrated proteins (Doster et al. 1989) and is a function

of the external environment composition (Paciaroni

et al. 2002). Such an anharmonic dynamics would be, in

turn, responsible for the activation of the biological

functionality (Rasmussen et al. 1992; Ferrand et al.

1993; Roh et al. 2005). The protein dynamical transi-

tion has been observed in both molecular dynamics

simulation studies (Smith 1991; Vitkup et al. 2000) and
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Fig. 1 Normalized incoherent elastic intensities versus Q2 at
T = 150 K. Panel a: dry sample, i.e. lysozyme powder at 0w
(empty circle), lysozyme in glycerol at 0w (full triangle) and
lysozyme in glucose 0w (full circle). Inset: normalized incoherent
elastic intensity for lysozyme powder at 0w and the correspond-
ing fit with Eq. 3 (continuous line) of the text and a Gaussian
curve (dashed line). Panel b: hydrated sample, i.e. lysozyme
powder at 0.4w (full square), lysozyme in glycerol at 0.4w (empty
square) and lysozyme in glucose 0.4w (star). Solid lines are fits to
Eq. 3
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experiments performed with many techniques such as

Mossbauer (Parak et al. 1981), X-ray (Ringe and Pet-

sko 1985), and neutron scattering (Doster et al. 1989).

In dehydrated samples and when the protein is

embedded in quite rigid environments, such as a sugar

matrix, the dynamical transition is not visible, while it

has been revealed in a softer environment such as

glycerol (Tsai et al. 2000; Paciaroni et al. 2002). This

is consistent with the results of Fig. 3. In this respect,

the temperature at which the p2/p1 ratio deviates from

the first Arrhenius trend is operatively defined as the

dynamical transition temperature Td. The enthalpy and

the entropy changes we estimated for the second

Arrhenius trend are in general much higher than the

low-temperature values (see Table 1), thus suggesting

that they are related to the activation of a dynamical

process quite distinct from methyl group reorientation.

As we see in Fig. 4, also the p2/p1 ratio of hydrated

samples shows two different low- and high-tempera-

ture Arrhenius trends that can be interpreted, as in the

case of lysozyme solvated with glycerol, in terms of

methyl group-based and dynamical transition-activated

additional degrees of freedom, respectively. The DHLT

and DSLT values are rather independent of the envi-

ronment. On the other hand, when we examine the

thermodynamic parameters characterizing the anhar-

monic activation corresponding to the dynamical

transition for lysozyme in glucose–water, lysozyme in

glycerol–water and hydrated lysozyme, the relative

variation of DSHT is larger than that of DHHT. This

implies that the increase of the number of configura-

tions accessible to H atoms via jumps from the ground
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Fig. 3 Occupation probabilities ratio p2/p1 for lysozyme at 0w
(empty circle), lysozyme in glycerol at 0w (full triangle) and
lysozyme in glucose at 0w (full circle) with dashed and solid lines
representing the Arrhenius-like trends as described in the text

0 5 10 15
0.1

1 (a)
S(

Q
,E

~0
,T

)/
S(

Q
,E

~0
,T

=
20

K
)

0 5 10 15
0.1

1

S(
Q

,E
~0

,T
)/

S(
Q

,E
~0

,T
=

20
K

)

(b)

Q2 (Å-2)

Q2 (Å-2)

Fig. 2 Normalized incoherent elastic intensities versus Q2 at
T = 300 K. Panel a: dry sample, i.e. lysozyme powder at 0w
(empty circle), lysozyme in glycerol at 0w (full triangle) and
lysozyme in glucose 0w (full circle). Panel b: hydrated sample, i.e.
lysozyme powder at 0.4w (full square), lysozyme in glycerol at
0.4w (empty square) and lysozyme in glucose 0.4w (star). Solid
lines are fits to Eq. 3

Table 1 Parameters of the low- and high-temperature
anharmonic Arrhenius processes, DHLT, DSLT/R and DHHT,
DSHT/R, respectively, for the different samples

DHLT

(KJ/mol)
DSLT/R DHHT

(KJ/mol)
DSHT/R

Lys 0w 4 ± 1 1.8 ± 0.3 – –
Lys in glucose 0w 4 ± 1 0.8 ± 0.3 – –
Lys in glycerol 0w 3 ± 1 1.0 ± 0.3 18 ± 1 6.9 ± 0.5
Lys 0.4w 4 ± 1 1.0 ± 0.3 16 ± 1 6.6 ± 0.5
Lys in glucose 0.4w 3 ± 1 0.8 ± 0.3 14 ± 1 4.8 ± 0.5
Lys in glycerol 0.4w 4 ± 1 1.0 ± 0.3 15 ± 1 5.5 ± 0.5
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to the excited state plays a major role with respect to

the raise of the barrier between the two states. The

values of DHHT which we found for hydrated samples

are in agreement with those reported by Fenimore

et al. (2004) for different proteins and are attributed to

b-relaxations driven by the solvent occupying the first

hydration shell. In the framework of the double-well

model we used, the value of d = 1.1 ± 0.2 Å we found,

which is nearly constant as a function of the tempera-

ture for all the measured samples, is an estimate of the

mean spatial extent over which protein relaxations

take place. This value can be related to side-chains

torsional motions, either involving or not involving

methyl groups (Doster et al. 1989; Paciaroni et al.

2002).

In Fig. 5 we show the protein total MSD of the three

dry samples. Apart from a common vibrational trend

up to 100 K, the mobility of dry lysozyme is definitely

higher than that of lysozyme embedded in the glucose

matrix, consistent with the constraining role of the

sugar molecular network surrounding the protein sur-

face. The case of lysozyme in glycerol is different, as

lysozyme motions seem inhibited up to Td � 235 K

and then increase, likely due to the action of the matrix

which becomes able to sustain fast relaxations (Pacia-

roni et al. 2002). The trend of the protein MSD for the

hydrated samples, reported in Fig. 6, is instead more

regular. The mobility of the lysozyme atoms progres-

sively grows when we increase the plasticizing charac-

ter of the surrounding matrix, i.e. when we consider

lysozyme in glucose-water, lysozyme in glycerol-water

and hydrated lysozyme. At the same time, the

dynamical transition temperature shows a remarkable

decrease (see also Table 2). This result confirms that

around the physiological temperatures the protein

dynamics can be modulated by properly choosing the

plasticizing or stabilizing degree of the enclosing

environment.

Additional information to characterize the protein

average flexibility in the anharmonic regime is pro-

vided by evaluating the temperature dependence of

the protein configurational picosecond fluctuations, as

represented by the contribution u2
��

c
in Eq. 4. At

sufficiently high temperatures and sufficiently small

energy resolutions, the hydrogen atoms explore the

9876543

0
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Fig. 4 Occupation probabilities ratio p2/p1 for lysozyme at 0.4w
(star), lysozyme in glycerol at 0.4w (empty square) and lysozyme
in glucose at 0.4w (full square) with dashed and solid lines
representing the Arrhenius-like trends as described in the text
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Fig. 5 Total mean square displacements versus T for lysozyme
at 0w (empty circles), lysozyme in glycerol at 0w (full triangle)
and lysozyme in glucose 0w (full circle)
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Fig. 6 Total mean square displacements versus T for lysozyme
at 0.4w (star), lysozyme in glycerol at 0.4w (empty square) and
lysozyme in glucose 0.4w (full square)
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entire conformational space they can access. This

confining conformational space can be schematically

described in terms of a harmonic average potential

V(r) = br2/2, so that we may write (Fenimore et al.

2004; Paciaroni et al. 2005):

u2
� �

c
¼ kBT

3b
ð5Þ

It should be remarked that the potential used to sche-

matize the energy landscape of protein hydrogen atoms

is only apparently harmonic, as actually it consists

of multiple minima with nearly equal energy and, con-

sistent with the Conformational Substates theory

(Frauenfelder et al. 1991), anharmonic motions repre-

sent jumps among such minima. The b parameter gives

a measure of the protein rigidity, as it quantifies the

linear response of protein fast fluctuations versus T. We

remark that the b values calculated from Eq. 5 are

dependent on the instrumental energy resolution, as the

change of the accessible time-window can modify the

amplitudes of the extracted MSD (Daniel et al. 1999). If

Eq. 5 is used to describe the u2
��

c
trend above the

protein dynamical transition, b can be directly calcu-

lated. A similar approach, where the protein dynamical

features are described in terms of an effective force

constant, has been already proposed elsewhere (Zaccai

2000; Tehei et al. 2001). To provide new insights on the

connection between the protein dynamics and the bio-

molecular thermal stability, in Table 2 we report the Td

and the b values we estimated, together with the melt-

ing temperature Tm of the measured samples, which

may quantify the protein thermal stability. On a quali-

tative basis we may observe that higher Td and b values

correspond to higher Tms. This suggests that both a

retarded onset of the anharmonic motions activated

with the dynamical transition (higher Td values) and a

slower response as a function of the temperature of

such kind of dynamics (higher b values) can be crucial

features to increase the protein thermal stability. This

result is coherent with the picture of protein unfolding

as determined by large-amplitude protein thermal

fluctuations incoming above Td (Tsai et al. 2000; Tang

and Dill 1998; De Francesco et al. 2004).
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