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ABSTRACT We observed low-frequency Raman spectra of tetragonal lysozyme crystals and DNA films, with varying water
content of the samples. The spectra are fitted well by sums of relaxation modes and damped harmonic oscillators in the
region from ;1 cm21 to 250 cm21. The relaxation modes are due to crystal water, and the distribution of relaxation times is
determined. In wet samples, the relaxation time of a small part of the water molecules is a little longer than that of bulk water.
The relaxation time of a considerable part of the crystal water, which belongs mainly to the secondary hydration shell, is an
order of magnitude longer than that of bulk water. Furthermore, the relaxation time of some water molecules in the primary
hydration shell of semidry samples is shorter than we expected. Thus we have shown that low-frequency Raman measure-
ments combined with properly oriented samples can give specific information on the dynamics of hydration water in the ps
range. On the other hand, we concluded, based on polarized Raman spectra of lysozyme crystals, that the damped oscillators
correspond to essentially intramolecular vibrational modes.

INTRODUCTION

Water molecules play an important role in the function of
proteins, nucleic acids, and other biological macromole-
cules, by maintaining their tertiary structure. The structure
of the hydration shell of biomolecules in an aqueous solu-
tion is considered to be similar to that of ions. There are two
kinds of hydration shell: the primary hydration shell and the
secondary hydration shell (Eisenberg and Kauzmann, 1969;
Kuntz and Kauzmann, 1974). The water molecules in the
primary hydration shell are bound directly to solute mole-
cules, and are further classified into internal water and
peripheral water for protein molecules. The water molecules
in the secondary hydration shell have a character interme-
diate between those of the primary hydration shell and bulk
water. The relaxation time of water molecules in these
hydration shells has been determined by NMR and dielec-
tric relaxation measurements. The observed nature of relax-
ation is slightly different, depending on the methods. The
order of relaxation time of water in the primary hydration
shell was reported to be 1026 s (Kuntz and Kauzmann,
1974). Recently it was suggested that there are water mol-
ecules with shorter relaxation timest of 10210 s in the
primary hydration shell (Pethig, 1992, and references therein;
Otting and Wunthrich, 1989; Brunne et al., 1993). On the
other hand, the dielectric relaxation time of bulk water at
room temperature is 0.83 10211 s (20 GHz) (Eisenberg and
Kauzmann, 1969), and the relaxation time determined by
low-frequency Raman scattering is 0.73 10212 s (Mizogu-

chi et al., 1992). This difference suggests that Raman mea-
surements detect a kind of relaxation that is different from
dielectric relaxation.

The structure of biological macromolecules in an aqueous
solution is considered to be essentially similar to that in a
crystalline state, because sufficient water molecules are
contained in a crystal. Crystal water is also classified into
groups that correspond to the hydration shells in an aqueous
solution. The location of some water molecules is deter-
mined by x-ray crystallographic analysis. These water mol-
ecules correspond mainly to those in the primary hydration
shell and partly to those in the secondary hydration shell. It
should be noted, however, that not all of the water mole-
cules in the primary hydration shell are determined by x-ray
analysis. Recently, low-temperature x-ray studies on protein
crystals have given a more precise picture of hydration
shells (Young et al., 1993; Kurinov and Harrison, 1995). On
the other hand, low-temperature calorimetry of biomol-
ecules is a powerful tool for estimating the number of
nonfreezing water molecules. Nonfreezing water is re-
garded to be the same as the bound water in the primary
hydration shell (Kuntz and Kauzmann, 1974).

The estimation of the relaxation time of hydration water
by Raman spectroscopy was already done in the course of
freezing of DNA gel (Tominaga et al., 1985). Under the
assumption of a coupling between a relaxation mode of
water molecules and the lowest-frequency oscillation mode
of DNA, they obtained the relaxation time by fitting the
low-frequency region. The relaxation times of the primary
and secondary hydration water in DNA films were also
obtained from the Brillouin shift as 10211 s and 10212 s,
respectively (Tao et al., 1987). Weidlich fitted the low-
frequency Raman spectra of calf thymus DNA films at
various relative humidity conditions by sums of several
damped harmonic oscillators (Weidlich, 1989; Weidlich et
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al., 1990). He ignored the central component, the shape of
which strongly depends on the water content of the film.

Here we used lysozyme crystals and DNA films to clarify
the low-frequency dynamics of hydration water and macro-
molecules by Raman spectroscopy. Making use of large-
size transparent lysozyme crystals and well-ordered DNA
films, in addition to the improvement of spectrometers, we
successfully obtained nontrivial Raman spectra in the range
from ;1 cm21 at room temperature.

We tried to determine the relaxation time of water mol-
ecules in these samples by fitting low-frequency Raman
spectra from 1 cm21 to 250 cm21 to a simple sum model of
relaxation modes and damped harmonic oscillation modes.
The relaxation time was obtained on the samples with
different water content. We expect to obtain mainly the
dynamical feature of hydration water with a relaxation time
of 10212 to 10211 s.

As for the noncentral component, the low-frequency Ra-
man spectra of proteins contain broad bands in 10–200
cm21 (Brown et al., 1972; Genzel et al., 1976). The spectral
shape depends on the protein state (e.g., solution, crystal-
line, denatured, or dried). The origin of the low-frequency
response is not yet clear, although some calculations have
been carried out (Colaianni and Nielsen, 1995). Lysozyme
is a typical globular protein, which is easily crystallized in
a tetragonal form a with space group of P43212 (Steinrauf,
1959). This crystal symmetry is convenient for analyzing
the polarized Raman spectra. We obtained polarized spectra
in various scattering geometries. We estimate the role of
intermolecular interaction on the low-frequency Raman
spectra, by comparing the spectra with different phonon
propagation directions.

EXPERIMENT AND ANALYSIS

Lysozyme crystals were grown in a solution with a NiCl2 density gradient
(Ataka, manuscript in preparation). The crystal data determined by preces-
sion photographs are crystal form tetragonal,a 5 79.0(9) andc 5 37.2(2)
Å. They coincide with those of lysozyme crystals grown from a NaCl
solution (Steinrauf, 1959) within experimental errors. The growing faces,
(1 1 0), (121 0), and (1 0 1), are the same as those of NaCl-lysozyme
crystals.

The crystal size used for Raman measurements was about 23 2 3 2
mm3. Three types of lysozyme crystals were used; one is as grown crystal
whose water content is estimated to be;34 w/w % (Steinrauf, 1959) (a wet
crystal); the second is a slowly semidried crystal at 50% r.h. (a semidry
crystal); the last is a dried crystal equilibrated at;30% r.h. (a dry crystal).
To estimate the water content of dry crystals, we measured the weight
increase of crystals at 95% r. h. for several days. The water content of dry
crystals was determined to be 8–9 w/w %, that is,;1/5 of wet crystals.
This coincides with the value reported by Morozov et al. (1988).

The scattering geometries adopted in this study are shown in Fig. 1
together with the corresponding Raman tensor components of point group
422 crystals, which corresponds to the space group P43212. We examined
several different scattering geometries for each Raman tensor component,
to obtain the dependence of the Raman spectra on the phonon propagation
directions.

A film of oriented salmon testes NaDNA (Fluka) with a thickness of 0.1
mm was prepared with a wet spinning method (Rupprecht, 1966). It
contained;1% NaCl by dry weight (Rupprecht and Forslind, 1970). The
film was kept in a closed cell with a saturated salt solution to maintain

desired relative humidities. We obtained depolarized spectra with right
angle scattering geometry.

Raman spectra at room temperature were obtained with a double grating
spectrometer of Jobin-Yvon U-1000, with photon counting electronics. The
spectral resolution was,0.5 cm21 for the,10-cm21 region and;2 cm21

for the 10–250-cm21 region. The excitation was made by a 488-nm line of
an Ar ion laser, with laser power less than 10 mW at a sample point. We
confirmed, by changing the slit width, that the central component is not due
to elastic scattering.

Raman spectra are analyzed in the following way. Raman intensity is
represented as

I~v! 5 B~v!x0~v! (1)

B~v! 5 n~v! 1 1, n~v! 5 $exp~hv/kT! 2 1%21 (2)

Is~v! 5 x0~v!/v (3)

whereI(v) andx0(v) are observed Raman intensity and the imaginary part
of dynamic susceptibility, respectively.B(v) is the temperature factor. The
symmetrized intensityIs(v) is defined in Eq. 3. The Raman spectra of
lysozyme crystals and DNA films are assumed to be represented by sums
of several damped harmonic oscillation modes (DHO) and relaxation
modes. Thenx0(v) is written as follows:

x0~v! 5 O
i

Div0i
2 giv

~v0i
2 2 v2!2 1 v2gi

2 1 O
i

Rivti

1 1 v2ti
2 (4)

FIGURE 1 Raman scattering geometries for each Raman tensor compo-
nent.4 or3 represents the direction of incident and scattered light.7
represents the polarization direction of light. A1:x(zz)y denotes that the
scattering geometry with thez polarized incident light from thex direction
and thez polarized scattered light in they direction belongs to the Raman
tensor componentazz, which corresponds to the A1 symmetry vibration.
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Di, v0i, andgi are the oscillation strength, frequency, and damping constant
of the ith damped harmonic oscillator, respectively.Ri and ti are the
intensity and relaxation time of theith relaxation mode, respectively.

We carried out a least mean-squares fit on bothx0(v) and Is(v), to
obtain the best-fit parameters that represent well both the central and
noncentral regions.

RESULTS

Some examples of the Raman spectra of a wet lysozyme
crystal in various scattering geometries are shown in Fig. 2.
The principal axes of the Raman tensor of the crystal, which
are represented byx, y, andz, are parallel to [1 1 0], [121
0], and [0 0 1]. This situation is convenient for separating
each Raman tensor component. We measured two scattering
geometries,x(zz)y andy(xx)z, for the A1 and B1 symmetry
modes; three scattering geometries,x(yx)z, z(yx)y, and
x(yx)y, for the B2 mode; and five geometries,x(zy)z, x(zx)z,
x(zy)-x, y(xz)x andz(yz)y, for theE(x) or E(y) modes.E(x) or
E(y) modes are polar, so that we can distinguish between
transverse optical (TO) and longitudinal optical (LO) pho-
non modes. Thex(zx)z geometry corresponds to theE(y)
phonon mode propagating in thexz plane, i.e., this is a TO
phonon. Thex(zy)-x geometry corresponds to the LO pho-
non propagating along thex direction. The spectra did not
depend on phonon propagation directions. The spectra of
z(yz)y, x(zy)-x and x(zy)z, which all belong to theE(x)
symmetry, are found to be the same. For B2 modes, the
spectra show no difference between the two scattering ge-
ometries,z(yx)y andx(yx)y. The difference among the Ra-
man spectra in various scattering geometries is concluded to
be due to the Raman tensor symmetry, i.e., Raman spectra
depend only on the Raman tensor components.

In Fig. 3, the spectra of a semidry lysozyme crystal are
shown for the same scattering geometries as those in Fig. 2.
It can be noticed that the differences among these spectra
are smaller than those of a wet crystal.

The spectrum of a dry lysozyme crystal is shown in Fig.
4, together with the spectra of wet and semidry crystals in
the same scattering geometry. Note that the intensity of the
central component decreases with decreasing water content.
There is no difference among spectra of dry crystals in
different scattering geometries. This result suggests that dry
crystals lose crystallinity and become isotropic.

The Raman spectra of a wet lysozyme crystal are fitted by
sums of five damped harmonic oscillators (DHOs) and two
relaxation modes. The fitting parameters forx(zy)z geome-
try are listed in the left column of Table 1. The fitting
parameters have some minor errors due to the baseline
correction of each Raman spectrum. The frequencies and
damping constants of DHOs depend on the Raman tensor
symmetry. However, the relaxation times of relaxation
modes are independent of scattering geometries.

We cannot fit the spectra of semidry and dry lysozyme
crystals by sums of DHOs and relaxation modes. The fitting
is carried out, excluding the region below 10 cm21, i.e., the

FIGURE 2 Raman spectra of wet lysozyme crystals in various scattering
geometries.

FIGURE 3 Raman spectra of semidry lysozyme crystals in various scat-
tering geometries.

FIGURE 4 Raman spectraIs (v) of wet, semidry, and dry lysozyme
crystals in thex(zy)z geometry. The solid line, dashed line, and dotted line
correspond to wet, semidry, and dry crystals, respectively.
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central components due to relaxation modes are neglected.
The fitting parameters of DHOs are shown in Table 1.

The results of the fitting are shown in Fig. 5,a andb, for
wet and semidry crystals, respectively. For a semidry crys-
tal, the residuals between measured spectra and the addition
of DHOs are presented instead of relaxation modes.

Raman spectra of A form and B form DNA are shown in
Fig. 6, together with the fitted curves. The spectra are fitted
by sums of two or three relaxation modes and four or five
DHOs. The fitting parameters are listed in Table 2. The
fitting parameters for DHOs obtained by Weidlich (1989),
who neglected the central component, are also listed in the

same table. The spectra of A form and B form DNA are
completely fitted by this procedure.

The fitting parameters of relaxation modes with longer
relaxation times have ambiguity, because they are beyond
the apparatus resolution. However, it can be concluded that
there exist relaxation modes whose relaxation times are
longer than 13 10211 s (0.5 cm21). Despite the resolution
limit, we note that the relaxation times of a wet lysozyme
crystal and a B form DNA film are of equal order.

DISCUSSION

Low-frequency spectra are well fitted by sums of several
damped harmonic oscillators (DHOs) and relaxation modes.
We carried out the fitting based on three different models,
the coupled mode model on B-DNA proposed by Tominaga
et al. (1985), a symmetrized form of the coupled mode
model, and a simple sum model. We cannot fit the spectra
using the equation that appears as Equation 3 in Tominaga

TABLE 1 Fitting parameters for wet, semidry, and dry lysozyme crystals with scattering geometries of x(zy)z

Wet Semidry Dry

R1, t1 (s)* 20 13 10211 — —
R2, t2 (s) 0.6 1.33 10212 — —
D1, v01 6 g1

# 0.2 176 7 0.5 246 23 1.2 276 16
D2, v02 6 g2 9.8 456 48 7.4 456 50 3.0 426 29
D3, v03 6 g3 10.4 856 66 10.2 866 71 13.1 836 78
D4, v04 6 g4 1.3 1126 35 1.3 1146 42 3.6 1146 65
D5, v05 6 g5 14.2 1836 270 5.7 1326 161 3.2 1676 132

*Ri andti are the intensity and relaxation time of theith relaxation mode, respectively. Intensities are normalized with the intensity at;100 cm21.
#Di, v0i, andgi are the oscillation strength, frequency, and damping constant of theith damped harmonic oscillator, respectively.

FIGURE 5 Measured and fitted Raman spectra of lysozyme crystals. (a)
Fitting for a wet crystal. The dots and solid line represent measured and
fitted spectra, respectively. Two dashed lines correspond to the addition of
relaxation modes and the addition of DHOs. (b) Fitting for a semidry
crystal. The dots and solid line represent measured and fitted spectra,
respectively. The dashed line represents the residual between measured and
fitted spectra.

FIGURE 6 Raman spectraIs (v) of DNA films with various water
contents on a log scale. The dots and solid lines represent measured and
fitted spectra, respectively. The S mode is indicated by arrows. (a) B form
DNA at 100% r. h. (b) B form DNA at 95% r. h. (c) A form DNA at 75%
r. h. (d) disordered DNA.
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et al. (1985) and is the same as Eq. A2 in Tao et al. (1987).
This equation is valid, when the driving force works only on
the harmonic oscillator. On the other hand, the spectra can
be fitted by the Eq. 5, which is the symmetrized form of the
above-mentioned equation.

x~v! 5 D1/~xd121~v! 2 c/xr121~v!!

1 R1/~xr121~v! 2 c/xd121~v!!

(5)

wherexd1(v) andxr1(v) are the dynamic susceptibilities of
the lowest frequency damped harmonic oscillator and the
highest intensity relaxation mode, respectively. In this equa-
tion, the paremeterc, the coupling constant, is used as the
additional fitting parameter to the simple sum model. We
cannot detect the difference between the results of fitting by
the symmetrized equation and by the simple sum model.
Thus we concluded that the simple sum model is enough to
represent the spectra.

We first discuss the central components of lysozyme
crystals and DNA films. The intensity of the central com-
ponent (relaxation modes) reduces drastically with a de-
crease in water content, as shown in Figs. 4 and 6. This
observation suggests that the main part of the central com-
ponent is due to water molecules, rather than very low-
frequency lattice vibrations, or relaxation between different
conformations of protein and DNA molecules (jumping
between adjacent energy minima). Thus we continue this
discussion by assuming that the central component repre-
sents the relaxation of crystal water.

Before discussing our results in detail, we briefly sum-
marize the number of water molecules in lysozyme crystals
and DNA films. Wet tetragonal lysozyme crystals contain
33.5 w/w% water (Steinrauf, 1959), that is,;400 mol
H2O/mol lysozyme. The number of water molecules whose
positions are determined by x-ray analysis at room temper-
ature is;100, and that by low-temperature x-ray studies is
;100–200 (Young et al., 1993; Kurinov and Harrison,
1995). The number of nonfreezing waters determined by

calorimetric study on solid state lysozyme is;240–300
mol H2O/mol lysozyme (Kuntz and Kauzmann, 1974;
Mrevlishvili, 1984).

The water content of the dry lysozyme crystals is;20%
of that of wet crystals, i.e., 320 mol H2O/mol lysozyme are
lost by drying. This result indicates that part of the water
molecules, which are non-freezing and observed by the
x-ray diffraction studies, are lost by drying.

The water loss was also observed by Kachalova et al.
(1991) in the case of a hydrated triclinic lysozyme crystal.
They reported that a crystal of triclinic form loses 80% of
;230 mol water molecules/mol lysozyme in a wet crystal,
keeping crystallinity, when it is dried by silica gel. In
contrast, x-ray diffraction work (Kachalova et al., 1991) and
polarized Raman scattering (this work) indicate that crys-
tallinity is lost when a tetragonal lysozyme crystal dries. A
dry crystal has no lattice periodicity, and the location and/or
orientation of lysozyme molecules seem to be disordered.

The water content of typical A form and B form DNA
films was reported as;0.4 gH2O/g DNA (;15 water
molecules/bp) and 1.0 gH2O/gDNA (;38 water molecules
per one base pair), respectively (Falk et al., 1962; Urabe and
Tominaga, 1982; Lindsay et al., 1988). In dry DNA the
molecules are distorted (Falk et al., 1963) and the crystal
structure has collapsed (Lindsay et al., 1988). We will refer
to this sample as disordered DNA.

We carried out a differential scanning calorimetry (DSC)
measurement on lysozyme crystals and DNA films (manu-
script in preparation). When wet lysozyme crystals and B
form DNA films are cooled below250°C, ice is formed. In
contrast, semidry and dry lysozyme crystals and A form
DNA films show no ice formation. Therefore, the dry sam-
ples contain only nonfreezing water.

Now we discuss the results obtained by the fitting of
Raman spectra. The central component is fitted by the
addition of two Debye-type relaxation modes. The fitting is
unsuccessful when a single Debye mode or other modified

TABLE 2 Fitting parameters for DNA films with various water contents

B (100% r.h.) B (93% r.h.) A (75% r.h.) Disorder

R1, t1 (s)* 9 3 102 5 3 10211 6 3 10 53 10211 2 3 10 53 10211 —
R2, t2 (s) 1.8 0.93 10212 1.7 13 10212 0.9 1.63 10212 —
R3, t3 (s) 0.3 0.73 10212 0 0 —
D1, v01 6 g1

# 3.1 186 15 2.7 216 16 1.6 256 15 0.5 276 14
(186 18 226 16 266 18 286 19)

D2, v02 6 g2 1.6 406 35 0.8 376 27 0.6 356 13 0.8 376 20
(396 23 346 17 356 13 396 22)

D3, v03 6 g3 2.3 756 64 2.2 706 60 4.4 706 61 3.3 696 63
(746 55 706 61 706 57 726 67)

D4, v04 6 g4 1.5 986 51 1.8 996 54 1.1 1126 51 1.3 966 58
(966 37 936 47 956 39 956 47)

D5, v05 6 g5 0 0 0 0.6 1186 49
(1126 41 1166 36 1146 55)

*Ri andti are the intensity and relaxation time of theith relaxation mode, respectively. Intensities are normalized with the intensity at;100 cm21.
#Di, v0i, andgi are the oscillation strength, frequency, and damping constant of theith damped harmonic oscillator, respectively. The fitting parameters
obtained by Weidlich (1989) are listed in parentheses.
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Debye type mode (described by Eq. 6) is used.

x~v! 5
A

1 2 ~ivt!b (6)

The central component cannot be represented by a single
typical relaxation time. It needs at least two typical relax-
ation times which spread over one order.

We continue our discussion on the central component in
the order of wet samples to dry samples, referring both to
lysozyme and DNA.

The shortest relaxation time obtained is 0.7 ps for B-DNA
at ;100% r.h., although the intensity is very weak. The
relaxation time is similar to that of bulk water at 25°C
(0.7 3 10212 s) determined by Raman spectroscopy
(Mizoguchi et al., 1992). Furthermore, the next shortest
relaxation time of the crystal water of wet lysozyme crystals
and B-DNA films, 1 ps, is slightly longer than that of bulk
water. These results indicate that a small part of the water
molecules in wet lysozyme crystals and B-DNA films has a
character similar to that of bulk water. The intensities of the
relaxation modes mentioned above decrease when the sam-
ple is dried.

The longer relaxation time (;10211 s) obtained for wet
lysozyme crystals and B-DNA films is less than or equal to
the limit of Raman measurements, i.e., the fitted width of
the relaxation mode is of the same order as the apparatus
resolution of 0.5 cm21 at minimum. Thus we can say only
that there exist strong relaxation modes whose relaxation
times are longer than 10211 s. The intensities of these modes
are much larger than that of the mode with a shorter relax-
ation time mentioned above. Thus it is possible that these
modes correspond to the relaxation of water molecules in
the so-called secondary hydration shell. The relaxation time
is expected to be distributed in a wide range from that of
bulk water to that of bound water, and our experiments reveal
that the relaxation time of a considerable portion of water in the
secondary hydration shell is of the order of 10211 s.

This relaxation mode appears not only in wet samples,
but also in semidry lysozyme crystals and A-DNA films,
although the intensity is much smaller in these samples than
in the wet samples mentioned above. This immediately sug-
gests that water molecules whose relaxation time is about one
order of magnitude longer than that of bulk water even exist in
semidry lysozyme crystals or A-DNA films. Furthermore, we
obtain the 2-ps relaxation mode with very low intensity for A
form DNA. In these samples, freezing water does not exist, i.e.,
almost all water molecules are in the primary hydration shell.
In other words, a small part of nonfreezing water must have the
relaxation time of;10211 s.

Otting et al. (Otting and Wunthrich, 1989; Brunne et al.,
1993) estimated the lifetime of water in the primary hydra-
tion shell by NMR. They obtained;3 3 10210 s for small
protein molecules, bovine pancreatic trypsin inhibitor
(BPTI), in an aqueous solution. Dielectric relaxation mea-
surements also indicated the existence of rapid relaxation in
solid-state protein samples (Pethig, 1992, and references
therein). Our results also strongly suggest that part of the

water molecules in the primary hydration shell in solid-state
samples have a short relaxation time, comparable to that in
liquid samples.

The relaxation times of the primary and secondary hy-
dration waters obtained by Brillouin scattering for DNA
films (Tao et al., 1987) and those obtained by Raman
scattering for DNA gels (Tominaga et al., 1985) are on the
same order as the values obtained here.

We conjecture that the relaxation time of water molecules
correlates with their crystallographic temperature factor. In
lysozyme crystals, part of the water molecules in the pri-
mary hydration shell have rather large temperature factors,
and their relaxation time may be short. This consideration is
supported by the result that not all of the positions of
nonfreezing water molecules are determined by x-ray stud-
ies. These water molecules may be lost by further drying. In
addition, part of the water molecules in the primary hydra-
tion shell with smaller temperature factors can also be lost
in the drying process, judging from the large amount of
water removed by drying. Here this situation can be com-
pared to the dehydration process of Na2ATP crystals (Sug-
awara et al., 1991). The temperature factors of some of the
water molecules that are directly bound to an ATP molecule
are smaller than those of some of the water molecules
hydrated to sodium ions. In the case of Na2ATP crystals,
part of the water molecules with small temperature factors
in the primary hydration shell are lost before those with
larger temperature factors.

The intensities of the central components in dry lysozyme
crystals and disordered DNA films are very weak, but are
still observable. We consider this to be due primarily to
intermolecular motion and/or to technical ambiguity. In
these samples, there exist only water molecules strongly
bound to proteins or DNA.

We cannot find a significant difference in relaxation
times between lysozyme and DNA samples. From a Raman
spectroscopic point of view, the dynamical feature of hy-
dration water of these samples is similar.

Finally, we should note the fact that the relaxation mode
appears, even if the network of water molecules is not the
same as that of bulk water (Mizoguchi et al., 1992). There-
fore, the origin of the relaxation mode is not a relaxation of
the network structure, but a more localized relaxation of one
or a few water molecules.

We now discuss DHOs. The fitting parameters of DHOs
of DNA films show excellent agreement with the values
obtained by Weidlich (Weidlich, 1989; Weidlich et al.,
1990) (Table 2). Although there may be some ambiguities
for such broad bands, the fitting parameters of the lowest
frequency mode, which we called the S mode in our previ-
ous paper (Urabe et al., 1991), have less uncertainty. The S
mode is a well-defined mode whose apparent peak fre-
quency and the fitted frequency depend on the water content
of the sample (see also Fig. 6 and Table 2). We cannot say
whether other peaks correspond to single vibration modes.

In the case of DHOs of lysozyme crystals, the spectra of
wet lysozyme crystals are fitted by sums of five DHOs (D1,
D2, D3, D4, and D5), in addition to the two relaxation
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modes (R1 and R2). In some cases, the lowest frequency
DHO (D1) cannot be fitted because of its low intensity.

When we measure the same Raman tensor component,
the spectra and the fitting parameters are the same within
experimental errors, even if the scattering geometry is differ-
ent. In ordinary dielectric crystals, the frequency of TO pho-
nons (vTO) is smaller than that of LO phonons (vLO), accord-
ing to the simplest form LST (Lyddane-Sachs-Teller) relation:

vLO2/vTO2 5 e0/e` . 1 (7)

The result thatvTO is the same asvLO for theE symmetry
modes suggests that phonon-like intermolecular interaction
does not exist. Therefore, we conclude that there is little
long-range electric repulsion among molecules for these
modes. Furthermore, the frequencies of pure translational
and rotational motions of lysozyme molecules are thought
to be much lower than those measured by Raman scattering.
Thus the low-frequency modes are essentially intramolecu-
lar modes, although some coherence should exist. This is a
new finding deduced from our polarized Raman measure-
ments on crystalline samples.

An assembly of macromolecules exhibits many normal
modes, and low-frequency Raman spectra are thought to rep-
resent the densities of states of these normal modes (Shuker
and Gammon, 1970). It is noteworthy that the observed spectra
could be regarded as the superposition of four or five well-
resolved components, instead of a continuum.

It will be meaningful to compare these spectra with the
results of normal mode calculations of a lysozyme mole-
cule. We will discuss the origin of characteristic frequencies
in a future publication, together with the comparison of
spectra of other protein crystals.

CONCLUSION

We obtained low-frequency Raman spectra of lysozyme
crystals and DNA films in the region from 1 cm21 to 250
cm21, making use of appropriate methods of sample prep-
aration. The spectra are fitted by sums of several damped
harmonic oscillators and relaxation modes. The relaxation
modes originate from the motion of crystal water, and we
determine their relaxation time. In wet samples, the relax-
ation time of a small part of the water molecules is a little
longer than that of bulk water. The relaxation time of a
considerable part of crystal water, which belongs mainly to
the secondary hydration shell, is an order of magnitude
longer than that of bulk water. Furthermore, the relaxation
time is ;10211 s for some water molecules in semidry
samples, which include only nonfreezing water. The DHO
modes of lysozyme crystals are assigned essentially to in-
tramolecular vibrations, judging from the dependence on
the phonon propagation direction.
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