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Abstract The low-frequency dynamics of copper azurin
has been studied at di�erent temperatures for a dry and
deuterium hydrated sample by incoherent neutron
scattering and the experimental results have been com-
pared with molecular dynamics (MD) simulations car-
ried out in the same temperature range. Experimental
Debye-Waller factors are consistent with a dynamical
transition at approximately 200 K which appears par-
tially suppressed in the dry sample. Inelastic and
quasielastic scattering indicate that hydration water
modulates both vibrational and di�usive motions. The
low-temperature experimental dynamical structure fac-
tor of the hydrated protein shows an excess of inelastic
scattering peaking at about 3 meV and whose position is
slightly shifted downwards in the dry sample. Such an
excess is reminiscent of the ``boson peak'' observed in
glass-like materials. This vibrational peak is quite well
reproduced by MD simulations, although at a lower
energy. The experimental quasielastic scattering of the
two samples at 300 K shows a two-step relaxation be-
haviour with similar characteristic times, while the cor-
responding intensities di�er only by a scale factor. Also,
MD simulations con®rm the two-step di�usive trend,
but the slow process seems to be characterized by a
decay faster than the experimental one. Comparison
with incoherent neutron scattering studies carried out on
proteins having di�erent structure indicates that globu-
lar proteins display common elastic, quasielastic and
inelastic features, with an almost similar hydration de-

pendence, irrespective of their secondary and tertiary
structure.
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Introduction

Biological macromolecules, such as nucleic acids and
proteins, display a very complex structure which is
re¯ected in a huge variety of breathing and wiggling
motions, some of which play an essential role in deter-
mining functional properties. Several techniques such as
X-ray di�raction, MoÈ ssbauer, optical and magnetic
resonance spectroscopies, and incoherent neutron scat-
tering (INS), preferentially at di�erent temperatures,
have been applied to obtain an appropriate description
of the dynamical behaviour of proteins, each technique
providing information within di�erent spatial and
temporal windows. INS is one of the most powerful
approaches since it allows one to investigate atomic
dynamics in the pico- and nanosecond time scales, over
lengths in the 0.1±100 AÊ region, probing both vibra-
tional and di�usive motions. Actually, INS from hy-
drated proteins, such as myoglobin (Mb) (Doster et al.
1989), bacteriorhodopsin (Br) (Ferrand et al. 1993;
Fitter et al. 1997) and superoxide dismutase (Sod)
(Andreani et al. 1995) pointed out the occurrence of a
dynamical transition when the temperature increases
above 180±220 K. Below this temperature, the elastic
intensity indicated that the protein molecules behave as
a harmonic solid, while above it a marked increase in the
hydrogen atoms mean square displacements (MSD)
suggested the onset of anharmonic motions that have
been connected to the activation of transitions among
di�erent conformational substates of the polypeptidic
chain (Frauenfelder et al. 1988). A similar behaviour has
also been observed in some glass-forming systems, such
as chain polymers (Frick and Richter 1993, 1995), where
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it has been analysed in the framework of the mode-
coupling theory (MCT) (Goetze and SjoÈ gren 1992). In
this connection, it should be noted that the quasielastic
INS intensity of hydrated proteins rises just in corre-
spondence to the dynamical transition and shows a two-
step relaxation behaviour, which has been interpreted in
terms of fast local (b) and slow collective (a) motions
also predicted by the MCT (Doster et al. 1989). Quasi-
elastic scattering has been studied with model dynamical
structure factors as well, to take into account the dif-
ferent kind of di�usive atomic motions (Middendorf
1984; Fitter et al. 1997).

The inelastic INS low-temperature spectra of pro-
teins, moreover, have been shown to be characterized by
a vibrational peak centred in the range 2±3.5 meV
(Cusack and Doster 1990; Smith et al. 1990; Martel
et al. 1991; Ferrand et al. 1993; Diehl et al. 1997). The
origin of such an excess of scattering, revealed also by
Raman scattering (Brown et al. 1972; Genzel et al. 1976;
Painter et al. 1982), is not yet well understood. In the
past, the protein low-frequency spectrum has been
interpreted as the superposition of the vibrational con-
tributions of an elastic sphere (Go 1978), whose char-
acteristic frequencies should be inversely proportional to
the radius of the sphere; such a dependence, however,
has not been observed (Painter et al. 1982). On the other
hand, the modes corresponding to the vibrational peak
have been interpreted in terms of accordion-like modes
of a-helices (Chou 1985) and their frequencies have been
calculated for several proteins in the range 2.5±3.5 meV.
By this approach, however, it is not trivial to consider
the e�ects of the solvent. Recently, it has been proposed
that the inelastic peak could be related to the dynamics
of the hydration water through the librations of the
protein side-chains (Diehl et al. 1997). On the other
hand, this spectral feature is also reminiscent of the so-
called ``boson peak'' observed in the INS and Raman
spectra of amorphous disordered materials (Foley et al.
1995; Frick and Richter 1995).

It should be remarked that the general spectral pro-
tein features seem to be strictly connected to the solvent
properties, e.g. the hydration water dynamics has been
hypothesized to be coupled to the dynamics of the
protein polar side chains through the injection into the
latter of fast excitations which could, in turn, trigger
more extensive collective motions of the protein (Fan
et al. 1994; Green et al. 1994; Diehl et al. 1997). The
dynamical coupling between the hydration water and the
protein has been stressed both with several experimental
techniques (Doster et al. 1986; Iben et al. 1989; Settles
and Doster 1996; Demmel et al. 1997) and with MD
simulations (Levitt and Sharon 1988; Steinbach et al.
1991; Bizzarri and Cannistraro 1996; Bizzarri et al.
1996; Steinbach and Brooks 1996; Rocchi et al. 1998). In
this respect, MD simulations are a valuable complement
to experiments, providing a description of both the
protein and the surrounding water at microscopic reso-
lution. Such an approach is particularly rewarding when
used in conjunction with INS since both techniques

probe the dynamical properties of a protein in the same
time window. MD simulations can then be applied to
estimate the INS intensities from the calculated atomic
trajectories, allowing one to make a direct comparison
between experimental and simulated results. In particu-
lar, the combination of INS experiments and MD sim-
ulation studies has been exploited in the case of Mb, a
whole a-helix protein, and contributed to elucidate some
interesting aspects, such as the interaction between the
protein and the hydration water (Steinbach et al. 1991;
Lounnas et al. 1994; Steinbach and Brooks 1996) and
the determination of the protein internal motions (Smith
et al. 1989; Smith and Kneller 1993). In recent years,
some of the authors have been involved in a systematic
investigation of the dynamics of copper containing
proteins characterized by a b-barrel structural folding
such as the dimeric Sod and the monomeric plastocyanin
(Pc) through both an experimental (Andreani et al. 1995)
and a simulative approach (Melchionna et al. 1988;
Bizzarri and Cannistraro 1996; Arcangeli et al. 1998;
Rocchi et al. 1998). In an e�ort to extend such a study
and on the basis of previous MD simulations results,
which pointed out the presence of a broad low-frequency
inelastic peak just in the Pc hydration water (Paciaroni
et al. 1998), an INS investigation of azurin (Az), a
copper containing b-barrel protein characterized by a
3D structure similar to Pc, has been performed, with the
aim at better understanding the low-frequency dynami-
cal behaviour of the water-protein system.

In this work the preliminary results of such research,
mainly concerning the dynamical features of hydrated
Az, are reported. Two samples, one deuterium hydrated
and the other almost dry, have been studied at four
di�erent temperatures. MD simulations at the same
temperature values have been carried out as well.

Elastic, quasielastic and inelastic features of Az are
found to be similar to those of other proteins possessing
di�erent structures, and display almost the same hy-
dration dependence. These features ®nd correspondence
in glass-forming materials, especially concerning the
low-frequency vibrational behaviour, which is mainly
characterized by an excess of inelastic scattering at about
3 meV. MD simulations reproduce quite well the INS
spectral behaviour of the hydrated protein as a function
of the temperature.

Materials and methods

Preparation of the samples

The Az gene from Pseudomonas aeruginosa was cloned
from pSE420 (Invitrogen) and heterologously expressed
in Escherichia coli 7118 strain (Messing et al. 1977).
Recombinant E. coli clones were grown in standard LB
medium containing ampicillin (50 mg/ml) for 8 h at
210 K. The protein was puri®ed from the periplasmic
fraction through a FPLC apparatus equipped with a
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HiLoad 16/60 Superdex 75 column (Pharmacia) and
eluted as a single peak. The procedure was repeated to
obtain a protein purity grade higher than 98%, as
judged by SDS-PAGE electrophoresis. Az, which has a
molecular weight of 14 kDa, was lyophilized to obtain a
light blue powder and then dehydrated in a chamber in
the presence of P2O5, under vacuum, for 2 days. Hy-
dration of azurin at 0.36 g D2O/g protein was carried
out by controlled hydration in a chamber under vacuum
in the presence of a saturated KCl deuterium solution.
The water content was settled by measuring the increase
in weight of the protein sample. An almost dry sample
was obtained from a H2O hydrated sample which was
dried to below h = 0.13 g H2O/g protein.

Incoherent neutron scattering

Measurements were made on the cold neutron multi-
chopper time-of-¯ight spectrometer IN5 at the Institut
Laue Langevin (ILL). Time-of-¯ight is a general method
for ®nding the energy of a neutron by measuring the
time tF it takes to ¯y between two points (BeÁ e 1988). By
measuring the number of neutrons that arrive after tF in
the detector acceptance area X corresponding to the
scattering angle 2h, one reveals the time-of-¯ight cross
section, ¶2r(2h,tF)/¶X¶tF. From such a quantity it is
possible to derive the so-called dynamical structure
factor S(2h,m) as a function of the exchanged energy hm
(BeÁ e 1988), provided that both the distance between
sample and detectors and the incident energy are known.
The dynamical structure factor at a ®xed exchanged
momentum 2q value S(q,m) can be derived from S(2h,m)
by interpolation of the experimental data, taking into
account the kinematical law that involves q and 2h (BeÁ e
1988). Actually, the data were taken with an incident
wavelength of k = 6-AÊ , resulting in an elastic resolution
of about 60 leV (full width at half height at the elastic
peak), a range of q from 0.4 to 1.8 AÊ )1, and an accessible
energy range from approximately )1.5 meV up to 2KBT
(from energy loss to energy gain domain). The data were
corrected using standard ILL programs to take into
account incident ¯ux, cell scattering, self shielding and
detector response, referring to a vanadium standard.
The 81 spectra recorded have been binned into 12
groups to improve the counting statistics. An average
transmission of 92% was obtained. Therefore multiple
scattering or multiphonon corrections were not applied.

Spectra were accumulated for 6±8 h at the tempera-
tures T = 100, 180, 220 and 300 K for the hydrated
sample and for 3±5 h at the temperatures 180 and 300 K
for the dry sample. In any case, an amount of 300±
350 mg of sample was held in a standard ¯at aluminum
cell with internal spacing 1.5 mm, placed at an angle of
135° to the incident beam.

The incoherent scattering intensity is usually sepa-
rated into an elastic, a quasielastic and an inelastic part.
Actually, in the one-phonon scattering approximation
(Lovesey 1986), taking into account only the contribu-

tion of the hydrogen atoms which have a strong inco-
herent cross section, the following relationship holds:

S�q; m� � DWF�T ��EISF�q�d�m���1ÿ EISF�q��Sqel�q; m��

�DWF�T � q2

8pMm
n�m; T �g�m� �1�

where EISF(q) is the elastic incoherent structure factor.
The ®rst term represents the elastic scattering, which
gives information on the geometry of the volume ac-
cessible to the sample atoms at in®nite time (Lovesey
1986). Elastic scattering dependence on the energy is
represented as a delta function and the Debye-Waller
factor is:

DWF�T � � expfÿq2hu2�T �i=3g �2�
where áu2(T)ñ are the averaged hydrogen MSD. Equa-
tion 2 can be applied to estimate the atomic MSD
through a ®t of the elastic line. The quasielastic part
Sqel(q,m) represents the broadening of the elastic peak
and indicates the presence of non-vibrational, di�usive
motions in the sample. The last term, describing the
inelastic contribution, results from exchange of energy
with vibrational modes in the molecule; M is the proton
mass, g(m) is the vibrational density of states, and
n(m,T)=(exp(hm/kBT ) ) 1))1 is the Bose factor. Actually,
in the measured spectra, all the terms in Eq. 1 are con-
voluted with the experimental resolution.

MD simulation methods

Initial coordinates of oxidized Az from P. aeruginosa
were taken from the second segment of the tetramer
comprising the X-ray crystal structure at 1.93 AÊ reso-
lution (4AZU entry of Brookhaven Protein Data Bank)
(Nar et al. 1991). The MD trajectories of Az were gen-
erated by an integration step of 0.002 ps using the
GROMOS96 program package (van Gunsteren and
Berendsen 1996) including the SPC/E potential for water
(Berendsen et al. 1987). The disul®de bridge between the
cysteine residues 3 and 26 has been introduced.

To treat the copper site, according to the recent ap-
proach used for Pc (Ciocchetti et al. 1997; Ungar et al.
1997), a covalent bond between the copper and each of
the ®ve ligands was introduced to preserve the X-ray
structure. In particular, the copper ion of Az was
coordinated to two side chain nitrogens (His46 and
His117), to two side chain sulfurs (Cys112 and Met121)
and to a carbonyl oxygen (Gly45) to give a distorted
trigonal bipyramidal geometry. All the ionizable resi-
dues, with the exception of those providing the copper
ligands, have been assumed to be in the ionization state
derived according to the pH value of 5.5 of the crystal.
The charge of Cys112 was set to )0.5e, while His46,
His117, Met1121 and Gly45 are considered neutral; a
charge of 0.5e was given to the copper ion. The resulting
total protein charge is then )3e.
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The Az system at the required hydration level of
h = 0.40 g of H2O/g of protein was derived from the
fully hydrated system, equilibrated at 300 K for 150 ps,
obtained by an Az molecule centred in a truncated
octahedron from a cube of edge 63.4998 AÊ ®lled with
3600 bulk SPC/E waters. In particular, 315 waters were
extracted by removing any water molecules at a dis-
tance greater than 3.31 AÊ from any protein atom, a
minimum distance of 2.3 AÊ between the waters and the
protein atoms having been imposed. MD simulations of
Az hydrated at h = 0.40 g D2O/g of protein were
obtained by replacement of water hydrogens with
deuterium.

Cuto� radii of 8 AÊ for the non-bonded interactions
and of 14 AÊ for the long-range charged interactions were
used, respectively. Two hundred steps of energy mini-
mization with the steepest descent method, in the pres-
ence of a harmonic position restraining force with a
constant equal to 90 kJ/mol per AÊ 2, were performed.

MD trajectories of D2O hydrated Az were followed
for 600 ps at di�erent temperature: T = 100, 180, 220
and 300 K. Simulations at the various temperatures
were performed by ®rst assigning, to each atom, Max-
wellian velocities at 20, 40 and 50 K, and progressively
increasing the temperature during the ®rst 20 ps. The
temperature of the protein and of the solvent was sep-
arately coupled to an external bath with relaxation times
progressively increasing from 0.01 ps to 0.1 ps during
the ®rst 20 ps. A decreasing positional restraining force,
with a constant going from 50 kJ/mol per AÊ 2 to 5 kJ/
mol per AÊ 2 was also applied during the ®rst 20 ps. Any
residual translational and rotational motion of the cen-
tre of mass was removed from the initial velocities.
Con®gurations of all trajectories and energy were saved
every 0.01 or 0.1 ps. The neighbour pair list was up-
dated every 10 steps. The Shake constraint algorithm
(Ryckaert et al. 1977) was used throughout the simula-
tion to ®x the internal geometry of the water molecules
and to keep bond lengths of the protein rigorously ®xed
at their equilibrium values.

On the basis of the monitoring over the kinetic and
potential energy, the root mean square deviation of the
Az backbone and the gyration radius, it comes out that
all the systems have reached thermal equilibrium within
the ®rst 100 ps. After such an initial period used to
equilibrate the system, a 500 ps production run was
performed.

A measure of the protein motions' extent is provided
by the calculation of the atomic MSD, which are directly
comparable with the corresponding experimental values
obtained from the Debye-Waller factor. In fact, the
MSD of ith atom can be derived from the MD trajec-
tories through the relationship:

u2i �
1

3
�Dxi�2 � �Dyi�2 � �Dzi�2
D E

�3�

where xi, yi and zi are the di�erences between the in-
stantaneous and averaged coordinates of the ith atom
and the brackets á ñ represent a time average.

To compare the MD results with the experimental
ones, the stored trajectories of the non-exchangeable
hydrogen atoms of the protein (approximately the 80%
of the total) were exploited to calculate the self inter-
mediate scattering function I(q,t); such a function, which
is the incoherent part of the total intermediate scattering
function describing the dynamics of the spatial Fourier
components of particle density ¯uctuations of wave
vector q, can be derived through:

I�q; t� � 1=3N
XN

i�1
exp iq � �Ri�t� ÿ Ri�0��� �

* +
�4�

where Ri�t� is the position vector of the ith atom at time
t, and the brackets á ñ denote an averaging over both the
protein ensemble and the exchanged momenta q having
the same modulus q, to take into account anisotropic
e�ects. The incoherent dynamical structure factor S(q,m)
can be directly calculated by the time Fourier transform
of I(q,t):

S�q; m� � 1

2p

Z�1
ÿ1

dt expf�ÿ2ipmt�gI�q; t� �5�

In applying Eq. 5, a numerical fast Fourier transform
was used, and the calculated S(q,m) was convoluted with
a function describing the real experimental resolution
function.

In order to calculate a dynamical structure factor
satisfying the detailed balance condition, which is usu-
ally not veri®ed when the S(q,m) is calculated with Eq. 5,
a semiclassical correction was applied by multiplying
S(q,m) by the factor exp(hm/2kBT) (Kneller et al. 1995).

The vibrational density of states g�m� was derived
from the spectral density Cvv�m� of the velocity auto-
correlation function Cvv�t� (Paciaroni et al. 1998), cal-
culated for all the protein hydrogens:

g�m� � Cvv�m� � 1

2p

Z1
ÿ1

dt exp�ÿ2ipmt�Cvv�t� �6�

where Cvv(t) was obtained by considering only the non-
exchangeable hydrogen atoms which provide the largest
contribution to g(m). In addition, Cvv(t) has been multi-
plied by a gaussian damping envelope to overcome
spurious truncation e�ects and a spherical average has
been applied to take into account anisotropic e�ects
(Kneller et al. 1995).

Results and discussion

The dynamical structure factor S(2h,m) of hydrated Az,
which contains information about the sample structure
and dynamics, is dominated by the incoherent contri-
bution of the protein protons; such a quantity is shown
in Fig. 1 as a function of energy at a ®xed scattering
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angle 2h = 105° and at the four measured temperatures.
Each spectrum may be considered as the sum of three
di�erent contributions, i.e. the elastic, quasielastic and
inelastic as described in the Materials and methods
section. As can be seen in Fig. 1, the elastic peak is not a
delta function but has a well-de®ned linewidth, because
of the ®nite experimental resolution (represented with
the full line in the ®gure), such a linewidth correspond-
ing to the limit of the slowest observable motions. The
elastic intensity decreases upon increasing the tempera-
ture, according to the Debye-Waller factor behaviour
(see Eq. 2), and such a decrease is compensated for by
quasielastic and inelastic scattering.

In the Debye approximation, the low-frequency de-
pendence of the vibrational density of states (�m2) is
cancelled by the two factors n(m,T) � kBT/m and 1/m;
therefore the inelastic term that appears in Eq. 1 should
contribute as a constant to S(q,m). Indeed, the low-fre-
quency inelastic spectra show a well-de®ned excess in-
tensity around 3 meV over the simple Debye-like
behaviour, particularly visible at low temperatures. As
the temperature increases, such a peak becomes less
distinguishable, owing to the rise of the quasielastic
contribution which gradually ®lls up the low-tempera-
ture minimum. A quite similar behaviour is exhibited by
the INS spectra of the dry sample at 180 K and 300 K;
these are shown in the inset of Fig. 1 together with the
spectra from the corresponding hydrated sample. At
180 K a slight downwards shift of the inelastic peak is
observed in the dry sample, with respect to the hydrated
one (this point is better emphasized below), while at
room temperature the quasielastic contribution of the
dry sample is slightly lower than the hydrated one; such

behaviour in the quasielastic intensity has been revealed
more clearly also in other proteins (Diehl et al. 1997)
where, in addition, the dry sample exhibits an inelastic
scattering centred at about 2 meV which is more intense
than that of the hydrated one.

The decrease of the elastic intensity as a function of
the temperature observed in Fig. 1 is related to an in-
crease of the atomic mobility, as appears from the De-
bye-Waller factor represented by Eq. 2. The protein
hydrogen MSD have been obtained by ®tting the elastic
intensity in the q range from 0.4 AÊ )1 to 1 AÊ )1 at the four
experimental temperatures. Even though in the present
study the number of experimental points as a function of
the temperature is much smaller than in other INS
protein investigations, the behaviour of hydrated Az
seems to con®rm the results obtained for Mb (Doster
et al. 1989) and Sod (Andreani et al. 1995) at similar
hydration conditions, as shown in Fig. 2. In addition,
our experimental MSD data are also consistent with the
corresponding data, including the X-ray B-factors (data
not shown) as obtained by other techniques (Parak et al.
1982; Nar et al. 1991). The measured MSD point out a
harmonic trend until about 200 K, at which point a
departure from the low-temperature linear behaviour
marks a dynamical transition. The two experimental
points available for the dry sample seem to indicate a
less marked mobility, in agreement with the results
found in partially hydrated Sod (Andreani et al. 1995)
and dry Br in purple membrane (Ferrand et al. 1993).
Figure 2 shows also the MSD calculated from the non-
exchangeable hydrogen atoms trajectories of the MD
simulated deuterium-hydrated Az sample. They appear
to vary more rapidly than linearly with the temperature,
especially above 180 K. In this respect, our MD data

Fig. 1 Measured S(2h,m) of Az sample hydrated at 0.36 g D2O/g
protein and at 2h = 105° as a function of the temperature: 100 K
(open triangles), 180 K (open circles), 220 K (solid triangles) and 300 K
(solid circles). The same symbols will be used for the following ®gures.
Inset: comparison between spectra of D2O hydrated Az (solid symbols)
and dry Az (open symbols) at 180 K (squares) and 300 K (circles)

Fig. 2 MSD obtained from the experimental neutron elastic intensity
of D2O hydrated and dry samples and from MD simulations of D2O
hydrated Az (rescaled by a factor of 0.4). For comparison the MSD of
other proteins are also displayed
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might be consistent with the occurrence of the dynamical
transition as observed in the experiments. We note that
the MD results have been rescaled by a factor 0.4 in
order to show them together with the quite lower ex-
perimental points. A similar quantitative discrepancy
between the experimental and the MD computed MSD
has been already observed in hydrated Mb (Steinbach
et al. 1991) where another potential (CHARMM) has
been used, and it may originate from a too soft MD
force ®eld which could lead to an overestimate of the
atomic ¯uctuations (Parak and Knapp 1984; Paciaroni
et al. 1998). In this respect, however, also an e�ect due
to the truncation of the electrostatic interaction could be
accounted for.

The noticeable low-temperature inelastic bump re-
vealed in the hydrated Az sample is better emphasized in
Fig. 3, where the experimental data are displayed in the
S(q,m) representation at q = 1.8 AÊ )1 for all the four
investigated temperatures. In this description, which
includes an average over adjacent values of energy as
well, the hydrated sample shows a broad low-frequency
inelastic band centred around approximately 3 meV,
which is well visible up to 220 K, but merges into the
quasielastic contribution at room temperature. The in-
elastic origin of the peak is furtherly supported by the q2

dependence of its intensity, predicted by Eq. 1, as is
shown in the inset of Fig. 3 at T = 180 K. Figure 3
shows also the spectra for the dry Az sample (stars) at
180 K and at 300 K. In such a sample the inelastic peak
can be seen as well at 180 K, but peaking at about
2.5 meV, slightly downwards shifted with respect to the

corresponding hydrated sample; such an e�ect is in
agreement with the results found in a recent INS in-
vestigation of dry and hydrated Mb and lysozyme (Lys)
(Diehl et al. 1997). The presence of an excess of scat-
tering quite similar to that shown in Fig. 3, located in
approximately the same range of 2±3.5 meV, has been
seen in the low-temperature INS spectra of several
proteins at di�erent hydration conditions, such as Mb
(Smith et al. 1989; Cusack and Doster 1990; Doster
et al. 1990), Lys (Cusack and Doster 1990; Diehl et al.
1997), bovine pancreatic trypsin inhibitor (Cusack 1989;
Cusack and Doster 1990), hemoglobin and red blood
cells (Martel et al. 1991) and Br in purple membrane
(Ferrand et al. 1993). Such a peak, whose attribution
has been discussed in the Introduction, was also revealed
by Raman scattering in several proteins at room tem-
perature (Brown et al. 1972; Genzel et al. 1976; Painter
et al. 1982). In addition, an excess of scattering at the
same position has been observed in INS spectra of both
heat and acid denatured Mb (Cusack and Doster 1990)
and a mixture of hydrated amino acids (Diehl et al.
1997), indicating that the vibrations corresponding to
the peak are independent of the main-chain conforma-
tion and packing and of the monomer chemical linkage
(Cusack and Doster 1990). Such an observed indepen-
dence has lead some authors to indicate that the side
chains in the protein are responsible for the dynamical
contribution to the low-frequency spectral features
(Cusack and Doster 1990), even if such a low-energy
bump could be also related to collective motions. This
hypothesis, which reconciles the inelastic excess of
scattering to the side-chains libration dynamics, seems to
be supported by the observed dependence of the peak
position on the hydration degree. In fact, the dynamical
behaviour of the side chains, in particular near the
protein surface, is strongly a�ected by the interaction
with the surrounding water molecules (see also the In-
troduction).

On the other hand, it should be remarked that the
excess of inelastic scattering observed in proteins is
reminiscent of a similar low-frequency inelastic feature
revealed in the INS spectra of amorphous disordered
materials, where it has been usually called a ``boson
peak'' (Elliott 1992; Frick and Richter 1995). In glass-
like systems, the inelastic peak has been observed in a
range between 0.1 and 5 meV (Frick and Richter 1995)
and its intensity seems to show a q2 dependence (Frick
and Richter 1993). The similarity between proteins and
glasses in the inelastic spectral behaviour should not be
surprising because the dynamical behaviour of native
proteins shows some features that can be related to so-
called ``glassy'' dynamics (Iben et al. 1989; Angell 1995).
The protein-glass analogy, by which the dynamics of a
single protein macromolecule is interpreted in terms of
that of a many-particle glass-forming system, resides
mainly in the existence of a huge number of nearly
conformational substates, regulating the kinetic re-
sponse of the protein (Iben et al. 1989) and constituting
a potential energy hypersurface similar to that of a

Fig. 3 Experimental incoherent dynamical structure factor of D2O
hydrated and dry Az (stars) as a function of temperature at
q = 1.8 AÊ )1. Inset: experimental incoherent dynamic structure factor
of D2O hydrated Az at T = 180 K and at q = 0.5, 0.9, 1.4 and
1.8 AÊ )1 from the bottom to the top. At low q, the S(q,m) at the high
energy value has been obtained through an extrapolation, because of
the kinematical constraints
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many-particle glass-forming system (Green et al. 1994).
Even in the case of some amorphous systems such as the
polymers, the chains formed by several simple units have
been indicated as being responsible for the low-fre-
quency inelastic spectral behaviour with both correlated
motions of neighbouring polymer chains and uncorre-
lated motions of di�erent polymer chains (Buchenau
et al. 1996).

The origin of the boson peak observed in glasses has
been often attributed to some topological properties of
the system (Elliott 1992), and it has been hypothesized
that the vibrations at and below such a peak are local-
ized vibrations, coexisting and interacting with sound
waves (Buchenau 1992). It would be interesting to un-
derstand how and under which conditions a similar
picture can be applied to interpret the dynamical be-
haviour of proteins. On such a ground, it could be
speculated that, as has been supposed for the boson
peak of the amorphous materials (Zeller and Pohl 1971;
Elliott 1992; Sokolov et al. 1992), the inelastic excess of
scattering observed in INS protein spectra might origi-
nate from a structural correlation over an intermediate
range scale; these structural inhomogeneities, associated
with localized excitations, then give rise to a strong
scattering of acoustic phonons (Elliott 1992). In the
Debye approximation, a relationship between the peak
frequency m0 and the correlation length n, characterizing
the intermediate-range order, has been postulated (Elli-
ott 1992):

m0 � vs
2n

�7�

where vs is the sound velocity. It is not easy to obtain a
reliable estimate of the acoustic mode propagation ve-
locity in hydrated protein systems. However, a value for
vs has been suggested, ranging between 2000 and
4000 m/s for proteins at di�erent hydration levels
(Doster et al. 1986; Bellissent-Funel et al. 1989). By
using such values, together with a boson peak frequency
m0 � 3 meV, Eq. 7 provides a correlation length n be-
tween 14 and 28 AÊ . In this framework, it appears quite
questionable to attribute a physical meaning to such a
correlation length, especially if one considers that the
system under investigation consists of one layer of water
molecules in intimate contact with the lateral side-chains
of the protein milieu, whose spatial extention spans a
region of about 40 AÊ . It could be, therefore, speculated
that the observed vibrational peak could result from the
interaction of side-chain units which may also belong to
non-neighbour amino acids and give rise to some col-
lective motions.

The MD simulated S(q,m) of hydrated Az, which have
been obtained by calculating the Fourier transform of
the I(q,t) (see the Materials and methods section), can be
seen in Fig. 4 and reproduce qualitatively an inelastic
excess of scattering which shows a q2 dependence (not
shown). The inelastic peak, which is a clearly visible up
to 220 K, is, however, slightly shifted from 3 meV to
about 1.5 meV. The discrepancy between MD simula-

tions and experiments has also been observed in Mb
(Smith et al. 1989; Longarich and Brooks 1990; Smith
1991; Steinbach et al. 1991), where the MD simulations
were performed using a di�erent potential force ®eld
(CHARMM) (Steinbach et al. 1991). Such a downwards
shift, which could be another manifestation of a too soft
potential force ®eld, or could be related to electrostatic
truncation or intermolecular interactions between more
than three molecules, may be connected to the overes-
timate of the MSD, as it occurs in a classical harmonic
oscillator, where the amplitude of the ¯uctuations is
inversely proportional to the frequency (Steinbach et al.
1991; Diehl et al. 1997; Paciaroni et al. 1998). The
presence of the boson peak in the simulated protein can
also be put forward as evidence for an excess of low-
frequency modes in g(m) (Frick and Richter 1995). Ac-
tually, in the inset of Fig. 4, the ratio g(m)/m2, calculated
as described in the Materials and methods section, is
shown for various temperatures, revealing the presence
of a bump, located at about 1.5 meV for 100, 180 and
220 K. The density of the low-frequency vibrations in-
creases with the temperature and, as a consequence, the
maximum of g(m)/m2 is shifting to lower energies, while at
300 K, well above the temperature at which the dy-
namical transition occurs, a Debye-like behaviour is
registered in the low-frequency region. A similar be-
haviour has been found also in many di�erent glass
formers (Wuttke et al. 1995).

Figure 5 shows the INS spectra of hydrated Az after
their rescaling by the Bose factor to a common tem-
perature T = 100 K. For a perfect harmonic solid, such
a scaling should give the same spectrum at all temper-
atures, within the experimental errors. Superposition of
the spectra onto a master curve occurs only at and above
the inelastic peak for all the temperatures, suggesting

Fig. 4 MD calculated incoherent dynamical structure factor of D2O
hydrated Az for di�erent temperatures, at q = 1.8 AÊ )1. Inset: MD
calculated vibrational density of states as a function of temperature
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that in this region the vibrations are harmonic (Frick
and Richter 1993). The S(q,m) are superimposable,
however, for all the energies at 100 K and 180 K, where
the elastic peak shows no broadening; at 220 K a little
quasielastic scattering contribution appears as a hardly
visible broadening of the elastic peak. At 300 K the
quasielastic contribution becomes much more intense
and the increases in the elastic linewidth re¯ects the
onset of di�usive anharmonic motions. By analogy with
the experimental case, the harmonic behaviour has been
studied also in the MD semiclassically corrected S(q,m)
which have been rescaled by the Bose factor. The spec-
tra, displayed in the inset of Fig. 5, show a harmonic
dependence above approximately 2 meV for all the
temperatures. In this case, however, the spectra at 100 K
and at 180 K are not superimposable and, by increasing
the temperature, both the quasielastic and the inelastic
scattering rise until 300 K where the ®rst one becomes
the main contribution.

The quasielastic scattering, which results from very
complex di�usive atomic motions, is quite di�cult to
analyse. In previous INS studies it was proposed that the
various kinds of atomic motion can be represented
through an ad hoc Sqel(q,m) expressed as the sum of lo-
rentzian contributions, and the experimental data were
consequently ®tted following such a model (Andreani
et al. 1995; Fitter et al. 1997). Such an approach is
usually applied in conjunction with a quite good ex-
perimental resolution, which is not attained under the
experimental conditions in the present work. On such a
ground, the quasielastic part has been analysed follow-
ing a procedure already applied in an INS investigation

of Mb (Cusack and Doster 1990; Doster et al. 1990),
which is based on the hypothesis that harmonic and
anharmonic motions are statistically independent
(Cusack and Doster 1990; Doster et al. 1990). In this
approach, the quasielastic contribution at temperature
T can be estimated by a careful subtraction of the
vibrational part from the total spectrum:

ST
qel�q; m� � ST �q; m� ÿ ST

VIB�q; m� �8�
Because of their harmonic behaviour, low-temperature
spectra at T0 can be used to approximate the vibrational
component at higher temperature T, through the rela-
tionship (Cusack and Doster 1990):

ST
VIB�q; m� � ST0�q; m�DWF�T �n�m; T �=DWF�T0�n�m; T0�

�9�
Such a procedure has been applied to the experimental
S(q,m) of hydrated and dry Az and to the simulated of
hydrated Az, using as low-temperature harmonic in-
tensities the spectra at 100, 180 and 100 K. In Fig. 6a
the experimental quasielastic contribution is shown for
hydrated Az and dry Az at T = 300 K. The two sam-
ples show the same trend and the corresponding inten-
sities di�er only by a scale factor.

According to a MCT based description of the protein
dynamical behaviour (Doster et al. 1989, 1990), quasi-
elastic scattering can be interpreted as the superposition
of the fast b local motions of particles caged in a heat
bath of nearest neighbours and of the slow a collective
motions arising from the rearrangement of the cages
(Goetze and SjoÈ gren 1992). On such a ground, it has been

Fig. 5 Experimental incoherent dynamical structure factor of D2O
hydrated Az for di�erent temperatures, at q � 1.8 AÊ )1 obtained after
rescaling by the Bose factor to a common temperature T � 100 K.
Inset: MD calculated dynamical structure factor after rescaling by the
Bose factor

Fig. 6a, b Quasielastic contribution to incoherent neutron scattering.
a Quasielastic intensities of D2O hydrated and dry samples are plotted
at q = 1.8 AÊ )1 and T = 300 K together with the result of the ®t with
the two-power law of Eq. 10. b Quasielastic intensities of D2O
hydrated experimental and simulated Az are plotted at q = 1.8 AÊ )1

and T = 300 K
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proposed that the quasielastic contribution can be rep-
resented by a model function containing two power law
components (Doster et al. 1989, 1990; Diehl et al. 1997)
which describes slow and fast dynamical processes:

S�q; m� / Amÿ1ÿb � Bmÿ1�a �10�
It should be noticed that in the case of the Brownian
motion of large particles suspended in a solvent com-
posed of many small particles, the two coe�cients
should be b = 1 and a = 1, corresponding respectively
to the lorentzian function describing the di�usion of the
large particles, and to the white noise resulting from the
faster dynamics of the solvent. In Fig. 6a are shown also
the lines representing the ®t of the experimental data
with Eq. 10 for the two samples. Even though the cal-
culated values a and b are quite scattered (a = 0.45
� 0.15, b = 0.5 � 0.15 for hydrated Az and
a = 0.40 � 0.15, b = 0.55 � 0.15 for dry Az), it can
be observed that the curves corresponding to the two
power laws intersect at nearly the same energy
(approximately 0.4 meV) in both the samples, indicating
that the characteristic times involved in the di�usive
motion processes are independent of the hydration. In
addition, these values are comparable with those derived
for Mb (Doster et al. 1990), a whole a-helix protein,
suggesting that globular proteins could have character-
istic relaxational times of a and b processes, which are
quite similar, irrespective of both their secondary and
tertiary structure and their hydration degree. In Fig. 6b
the experimental and MD computed quasielastic con-
tribution at room temperature are shown. The simulated
scattering agrees quite well with the experimental one,
especially between 0.4 meV and 1 meV, while at low
energies the two curves display di�erent trends. Since in
such a low-energy range the spectra are determined by
the slow collective motions, it could be suggested that
also this discrepancy could be ascribed to an underesti-
mate of the long-range interatomic potential energy
which would soften the dynamics of the mechanisms
related to the collective motions.

Conclusions

INS experiments and MD simulations of D2O hydrated
and dry Az have been carried out as a function of the
temperature. Elastic, quasielastic and inelastic features
of Az are similar to other proteins with di�erent
secondary and tertiary structure. In addition, almost
the same hydration dependence is exhibited. The MSD
derived from experimental Debye-Waller factors and
from MD simulations are consistent with a dynamical
transition at approximately 200 K. In both the hy-
drated and dry sample the quasielastic INS at 300 K is
characterized by a two-step relaxation behaviour and
the corresponding intensities di�er only by a scale
factor, showing similar characteristic relaxational times.
Experimental spectra of the hydrated sample at low

temperatures show the presence of a vibrational peak
around 3 meV. Such an inelastic excess of scattering,
which seems to originate from harmonic vibrations, is
reminiscent of the boson peak observed in amorphous
disordered materials. The MD simulation reproduces
quite well the inelastic bump, but with quantitative
di�erences concerning its position. The discrepancies
observed between the experimental and MD calculated
INS spectra can be attributed to di�erent e�ects related
to a too soft potential force ®eld, or to electrostatic
truncation. It is interesting to remark that a potential
force ®eld able to reproduce the INS results could
entitle one to exploit MD simulations to investigate, at
an atomic level, the nature of the dynamical processes
related to the inelastic peak. In this connection, the
vibrational motions corresponding to such a peak
could be analysed in detail, for example by screening
the spectral contribution from every single protein
atom.
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