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ABSTRACT: The dielectric properties of lysozyme aqueous solutions have been
investigated over a wide frequency range, from 1 MHz to 50 GHz, where different
polarization mechanisms, at a molecular level, manifest. The dielectric relaxation
spectra show a multimodal structure, reflecting the complexity of the protein—
water interactions, made even more intricate with the increase of the protein
concentration. The deconvolution of the spectra into their different components is
not unambiguous and is generally a delicate process which requires caution. We
have analyzed the whole relaxation region, on the basis of the sum of simple Debye-
type relaxation functions, considering three main contributions. Particular attention
has been payed to the O-dispersion, intermediate between the [-dispersion
(rotational dynamics of the protein) and the y-dispersion (orientational polariza-
tion of the water molecules). This intermediate contribution to the dielectric
spectrum is attributed to the orientational polarization of water molecules in the
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immediate vicinity of the protein surface (hydration water). Our measurements clearly demonstrate that, at least at high protein
concentrations, the §-dispersion has a bimodal structure associated with two kinds of hydration water, i.e., tightly bound and loosely
bound hydration water. In the concentration range investigated, the existence of a three-modal d-dispersion, as recently suggested, is
not supported, on the basis of statistical tests, by the analysis of the dielectric relaxations we have performed and a bimodal dispersion
is accurate enough to describe the experimental data. The amount of the hydration water has been evaluated both from the dielectric
parameters associated with the 0-dispersion and from the decrement of the loss peak of the y-dispersion. The relative weight of

tightly bound and loosely bound hydration water is briefly discussed.

1. INTRODUCTION

Water in the immediate vicinity of biomolecules, which is
generally referred to as the hydration water, Elays a crucial role in
different aspects of biological processes.” There are many
experimental techniques that allow, in principle, the investigation
of dynamics and structure of hydration water on a protein
surface, including calorimetry,2 X-ray crystallography,z' neutron
scattering,4 nuclear magnetic resonance,” time-resolved fluores-
cence, and infrared spectroscopy.® Among them, dielectric spec-
troscopy has the advantage to investigate arrangement of water in
confined systems, more generally in interfacial or restricted
environments, over a wide time scale, providing information
on the orientational dynamics of molecular dipoles and covering
all kinds of polarization fluctuations in the milli- to picosecond
time scales.

Dielectric relaxation spectra of aqueous protein solutions
generally extend over a broad frequency range, let us say from
a few kHz to tens of GHz, consisting of different, and partially
overlapping, regions, originated by different polarization mecha-
nisms, at a molecular level. If on the one hand dielectric
spectroscopy is a unique valuable technique in the investigation
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of aqueous solutions, on the other hand, the presence of rather
complex spectra does not always make easy and unambiguous
their assignment to well-defined polarization mechanisms and
the interpretation of the results requires caution.

As far as the protein solutions are concerned, several relaxation
processes were observed and attributed to molecular mechan-
isms that involve motion of side groups in the protein conforma-
tion and of various layers of strongly and/or weakly bound water.
In order of increasing relaxation frequency, the picture that has
found a general consensus, strengthened by a large spread of
investigations over the last decades, considers three main relaxa-
tion regions, named f3, §, and y dispersions.”® They are unam-
biguously associated to the motion of the macromolecule as a
whole (orientational relaxation of the protein dipole), to hydra-
tion water in the interfacial region surrounding the biomolecule
(dipoles of the water molecules in the hydration shell) and,
finally, to the orientational polarization of the water molecules
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(bulk water dipoles), respectively.7 This scenario is made even
more complicated by the presence of two further relaxation
regions, due to the electrode polarization effect (falling in the
low-frequency tail of the spectrum) and, in the presence of char-
ged proteins, to the double layer ionic polarization. The former
can be considered as an artifact, being, to a large extent, indepen-
dent of the presence of the protein phase. It depends on the
accumulation of simple ions in the proximity of the metal
electrodes which cause the rising up of an ionic, frequency depen-
dent, polarization which follows a scaling behavior ~Aw®. The
latter, i.e., the double layer ionic polarization, is originated by the
apparent dipole moment due to an asymmetric ionic distribution
of the ionic atmosphere at the protein surface, induced by the
external electric field. This ionic polarization originates the so-
called o-dispersion. Since the ionic electrode polarization effect
produces a very large dielectric response, especially for highly
conducting solutions, it may be difficult to resolve and characterize
this region of the spectrum.

At a higher level of sophistication, the 0-dispersion, attributed
to the hydration water, presents a composite structure, resulting
in two (or even three) different overlapping relaxation regions.
Recently, Oleinikova et al.” have discussed in details the structure
of the J-dispersion and, from their analysis, they suggested the
presence of three dispersion regions, numbered from low to high
frequency by 8}, 0,, and 0 dispersions. The analysis of their data,
based on Ribonuclease A in agueous solution, assigns the J;
dispersion (=5 GHz) to hydration water orientational polariza-
tion, the &, dispersion (=300 MHz) to polar side chain fluctua-
tion and, finally, the 6, dispersion (=10 MHz) to protein water
cross correlation, this latter assignment being supported by MD
simulation. However, the J-dispersion was often considered
bimodal'®"" and an alternative scenario attributes the bimodal
nature of the J-dispersion to two kinds of hydration water, ie.,
loosely bound water (at 3—S GHz) and tightly bound water (at
100 MHz). The first hydration layer, that interacts with the
solvent-exposed protein atoms, consists of water molecules strongly
bound to the roughness of the protein surface. A second layer, that
is not in direct contact with the protein surface, consists of more
loosely bound molecules which exchange with the tightly bound
water, with properties approaching those of bulk water. Finally, a
third component consists of surrounding water unaffected by the
presence of proteins.

The attribution of the J-dispersion, being of small dielectric
strength, is a difficult task anyway, depending, at least in part, on
the deconvolution technique adopted in order to isolate this con-
tribution from the whole dielectric spectrum, since data proces-
sing can easily induce systematic errors.

In this work, we report on the dielectric spectra of an aqueous
lysozyme solution in a wide concentration range, up to 125 mg/ml,
over the frequency range from 1 MHz to 50 GHz, in order to cover
the complete frequency extension of the three, 3, 8, and , dispersions.

Lysozyme is one of the earliest characterized and most studied
globular proteins. It is spheroidal in shape with highly compact
conformation and is frequently used in studies of protein hydra-
tion.>"® Despite the effects on protein—water interactions being
studied repeatedly, no fully accepted picture emerges on hydro-
dynamic interactions and protein hydration. The above-stated
features of lysozyme greatly simplify the interpretation of the
dielectric spectra and this protein can be considered a model
system which may contribute to clarify, in a well-controlled con-
dition, the structure of the dielectric spectrum in its intermediate
region, corresponding to the O-region.

We preliminarily observed on the basis of a statistical F test
that the dielectric spectra need to be analyzed by a different para-
metrization, depending on the lysozyme concentration. In parti-
cular, in the low concentration range, 2 monomodal 0-dispersion
accounts for the experimental data with enough accuracy,
whereas, in the high-concentration range, a bimodal oO-dispersion
must be necessarily introduced.

The work is organized as follows. In Section II, we discuss in
detail the analysis of the dielectric spectra and the cautions
necessary in their deconvolution. In Section III, we assign the
observed relaxation regions to different polarization mechanisms
and, from each observed relaxation, we extract the relevant
microscopic parameters associated to the protein. In this context,
the structure of the O-dispersion is discussed in depth. A
comparison of our results with literature data is also reported.
A brief conclusion is drawn in Section IV.

2. EXPERIMENTAL SECTION

2.1. Materials. Chicken egg-white lysozyme was obtained
from Sigma (St. Louis, MS) and used without further purifica-
tion. Samples (L-6876, CAS[12650—88—3]) contained lyso-
zyme crystallized three times, dialyzed, and supplied as lyophi-
lized powder, 95% protein by weight with the remainder sodium
acetate and sodium chloride. The specific activity was 50 000
units/mg. From crystallographic structure, lysozyme can be
described as an ellipsoid of semiaxes 13 and 22 A, respectively
(assial ratio 1.7). The molecular weight is 14.7 kDa and the
partial specific volume is 0.73 mL/mg. The solutions were
prepared by weighing and dissolving the protein in deionized
water (electrical conductivity less than 10 ~5 mho/cm at room
temperature). The protein concentration was varied in a rela-
tively extended concentration range from 1 to 125 mg/mL. No
buffer was used, so that the pH of the solution at an intermediate
concentration {C = 45 mg/mL) had a value of about pH = 5.5.
The protein is in its native state and bears, in these conditions, a
positive net charge of about 10 elementary charges."*

In order to ascertain the possible presence of protein aggre-
gates and to gain insight on the contribution of impurities present
in the samples investigated, we measured the electrical conduc-
tivity of the protein solutions. The d.c. electrical conductivity g,
of the aqueous protein solutions as a function of the protein
concentration, C, measured at the frequency of 1 kHz, is shown in
Figure 1. The linear dependence of the electrical conductivity on
the protein concentration rules out that protein aggregation
might occur, at least in the concentration range investigated.
Moreover, the dependence of the electrical conductivity on the
temnperature (a typical behavior for the concentration C = 45 mg/mL
is shown in the inset of Figure 1) reproduces the one of a NaCl
electrolyte solution with a molarity corresponding to the value
expected on the basis of the sample composition. This finding
ensures that the major part of the residues and impurity derives
from a concentration of sodium chloride less than 5% of the
protein weight.

2.2. Dielectric Measurements. The dielectric properties of
the protein solutions were measured in the frequency range from
1 MHz to 50 GHz, by means of two different experimental setups.
In the frequency range from 1 MHz to 2 GHz, we employed
a computer-controlled Impedance Analyzer Hewlett-Packard
mod. 4291A coupled with a dielectric cell consisting in a short
section of a cylindrical coaxial cable excited far below its cut-off
frequency. The cell was calibrated with liquids of known permittivity
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Figure 1. Electrical conductivity 0 of aqueous lysozyme solution as a
function of the protein concentration, C, at the temperature of 20 °C. The
inset shown the electrical conductivity ¢ of aqueous lysozyme solution at
the concentration C = 45 mg/mlL, as a function of the temperature T.

and electrical conductivity according to a procedure previously
reported.ls’lé

In the frequency range from 500 MHz to 50 GHz, measure-
ments were carried out by means of an Agilent N5230 Vector
Network Analyzer (VNA), together with a dielectric kit probe
Agilent 85070E. The probe is immersed in a protein solution
under investigation, contained in a glass vessel. The solution is
the electrical termination of the probe, that is a section of a
transmission line.

The analyzers, in both of the two frequency ranges investi-
gated, measure the complex reflection coefficient I'*(w), from
which the complex dielectric constant £*(w) is obtained follow-
ing the procedure reported by Bao et al,'” through the relation-
ship:

L A @)THw) - Aw)
) = @)~ )

(1)

where Aj(w) (j = 1,2,3) are frequency-dependent complex
constants which can be obtained from calibration procedure
performed with air, short connection, and Millipore water. All of
the measurements have been carried out at 20 °C, controlled
within 0.1 °C.

2.3. Analysis of the Dielectric Spectra. The dielectric and
conductometric properties of aqueous lysozyme solutions pre-
sent a rather complex behavior, showing dielectric spectra that
clearly derive from different and, partially overlapping, polariza-
tion mechanisms. The a priori decision to establish how many
different mechanisms, and consequently how many independent
dielectric relaxations, are present is a difficult task and the
procedure employed in the deconvolution of the spectra, no
matter which they are, requires caution. Only in a second stage, a
statistical test can offer some kind of support. Usually, one starts the
analysis with a simple Debye function and carefully increases the
number of relaxation processes and the free fitting parameters,
simultaneously considering the use of more complex functions,
such as Cole—Cole or Cole—Davidson relaxation functions.

Whereas the presence of the - and y-dispersion are well
established, the problem arises in establishing how many sub-
dispersions are present in the frequency interval where the so-
called J-dispersion falls. Following the hypothesis of maximum
simplicity, we decided to analyze the d-dispersion as due to a

single relaxation mechanism (in the low protein concentration
range) and as due to double relaxation mechanisms (in the high
protein concentration range). Accordingly, the above stated
hypothesis, the whole relaxation function, modeled according
to simple Debye-type relaxations, reads as follows:

Agg Ags Ae, 0o
w + : + - + - 5
I+iwtg  1+iwrs  1+iwt,  iwg
(2)

in the low lysozyme concentration (roughly up to 50 mg/mL)
and,

e*(w) = ¢

Ag A Ag
8*(6()) = &+ ﬂ eél : 0,
1+tiwtg  1+4iwts, 1+ iwTs,
Ae o
L — (3)

1+iwt, iwg

in the high lysozyme concentration (from S0 to 125 mg/mL).
Here, Ag;and 7; (j = B, 6, and y) are the dielectric increment and
the relaxation time of the various relaxation precesses considered,
&.. the high-frequency limit of the permittivity and o, the d.c.
electrical conductivity. Finally, &, is the permittivity of free space
and w the angular frequency of the applied electric field.

We are aware that this choice is a little bit arbitrary and that
other possibilities could be certainly investigated. In particular,
we point out that the Debye relaxation functions might be
replaced more generally by Cole—Cole relaxation functions,
with the introduction however of three further (in the first case,
eq 2) and four further (in the second case, eq 3) parameters.

However, in the analysis of these data, where two different
models involving a different number of parameters are applied, it
is important to find a statistical test to decide whether a model is
significantly better than the other to describe the same set of m
observations. To decide this, the error sum S for each model
(here denoted as S, and Sg),

S = I/Vvi(Xiobs _ Xica.lcd)Z (4)

HM§

can be used to calculate the function,

(Sa = Sp)(m —p)
Ss(q —p)

where p and g are the number of free parameters of models A and
B, respectively, which is assumed to be distributed according the
F statistical function F(q — p,m — g, &), with (g — p) and (m — p)
degrees of freedom. The weights have been assumed to be
proportional to the inverse of the squares of the single experi-
mental values. The values of F at @ = 95% confidence level,
obtained in the two above data analyses, in spite of the scattering
of the experimental values, attest that the relaxation function,
eq 2, allows a “better” description of the experimental results than
the one obtained on the basis of the relaxation function, eq 3, in
the low-concentration range, let us say up to 45—50 mg/mL. In
the higher concentration range, the opposite is true, and relaxa-
tion function eq 3 furnishes a better description of the data.
Considering this statistical approach, we analyzed the di-
electric spectra on the basis of a dielectric model consisting of
three dielectric dispersions (3, 6 and y-dispersions, respectively)
in the low-concentration range, up to 45—S0 mg/mL and con-
sisting in four dielectric dispersions (8, d,, §, and y-dispersions,

f(m,p, q) = (%)
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Figure 2. Dielectric spectra of lysozyme aqueous solution (C =28 mg/mL)
as a function of frequency at the temperature of 20 °C. Upper panel: the
permittivity £'(w) in the frequency range from 1 MHz to 50 GHz. The
full lines represent the calculated values on the basis of eq 2. The inset
shows in an enlarged scale the low-frequency tail of the spectrum and its
deconvolution by two single Debye-type relaxation functions. Bottom
panel: the dielectric loss in the same frequency range. The inset shows
the deconvolution of the spectrum in its low-frequency tail.

respectively), in the high-concentration range, from 50 to
125 mg/mL. This choice is certainly not the unique possible
choice, but it satisfies the requirement of the minimum number
of parameters needed to obtain a meaningful (and consistent)
description of the data, over the whole concentration range
investigated.

Before proceeding any further, we want to comment a little bit
more deeply the reliability of the data we present. The whole
spectrum is acquired from two different experimental set ups,
working in two different, but partially overlapping, frequency
ranges. We obtained a very satisfactory agreement for the permit-
tivity &' (w) over the frequency range common to the two
instruments, in spite of the fact that necessarily two different
calibration procedures should be employed. As far as the di-
electricloss &' (w) is concerned, this quantity is derived from the
total dielectric loss by subtracting the purely conductivity con-
tribution, i.e., by subtraction the quantity 0o/(€o®). This means
that an independent measurement of the d.c. conductivity is
required. We have measured the d.c. conductivity of the samples
investigated at the frequency of 1 kHz and this value has been
used for the extraction of the dielectric loss from the total
dielectric loss also in the higher frequency range. The agreement
is quite good. However, since the overlapping region falls around
the frequencies between 500 MHz and 1 GHz, where there is the
occurrence of the d-dispersion, an incorrect combination of the
data deriving from the two different instruments might cause a
distortion of the spectrum, with the appearance (or the disap-
pearance) of more than one contribution in the & region.
Moreover, we have accurately checked that, even if the d.c. con-
ductivity g, should be changed, at least within reasonable limits,
this effect does not imply the need to vary the number of the
conjectured dispersions. Moreover, the permittivity &'(w) and
the dielectric loss £’(w), obtained from the total electrical
conductivity o(w), satisfy the Kramer—Kronig relationship,'®
ensuring the correctness of the procedure employed.

Permittivity g'(m)

, 7

104 10" 107 10" 10” 10" 10" ',«’[ 8

] e~ i

Dielectric loss ¢"(w)

v

(1 T il
10 10 10 10

1

10
Frequency v [Hz]

Figure 3. Dielectric spectra of lysozyme aqueous solution (C = 110 mg/mL)
as a function of frequency at the temperature of 20 °C. Upper panel: the
permittivity £'(w) in the frequency range from 1 MHz to 50 GHz. The
full lines represent the calculated values on the basis of eq 3. The inset
shows in an enlarged scale the low-frequency tail of the spectrum and its
deconvolution by three single Debye-type relaxation functions. Bottom
panel: the dielectric loss in the same frequency range. The inset shows
the deconvolution of the spectrum in its Jow-frequency tail.

3. RESULTS AND DISCUSSION

Dielectric spectra have been analyzed by means of the above
stated relaxation functions (egs 2 and 3) according to the protein
concentration. Typical dielectric spectra (both the permittivity
¢'(w) and the dielectric loss £’ (w)), together with their spectral
deconvolution, are shown in Figure 2 (for the low-concentration
range, C = 28 mg/mL) and in Figure 3 (for the high concentra-
tion range, C = 110 mg/mL).

The loss spectra shown in the bottom panels of Figures 2 and 3
indicate that, without imposing any relaxation model, two relaxation
processes emerge centered at about 10 MHz (f-relaxation)
and 10 GHz (y-relaxation). Simultaneously, a negative excess
polarization appears for the bulk water relaxation without ex-
hibiting a significant shift of the loss peak frequency. In the whole
concentration range investigated, in addition to the - and
y-dispersions, we observed an intermediate §-dispersion which
is characterized to be monomodal in the low-concentration range
(up to about SO mg/mL) and bimodal in the high-concentration
range (from about 50 to 120 mg/mL).

A satisfactory estimation of the parameters Ag, and v =
1/(277) for each relaxation regions considered has been ob-
tained using a nonlinear least-squares fitting procedure based on
the Levenberg—Marquardt algorithm’ for complex functions.
The method allows simultaneous fits of the permittivity &' (w)
and the dielectric loss £/ (w) with the same set of free parameters
by minimizing the deviation D,

b= ﬁ[(é; (El(wi) - écdcd(‘”i))z
+ 2": (" (@) - gzaxcd(wi))z)]l/z (6)

i=1
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Figure 5. Dielectric increment Aeg of the S-dispersion of lysozyme aqueous
solution as a function of the protein concentration C. The inset shows the
relaxation frequency vg as a function of the lysozyme concentration C.

where n is the number of data points in the dielectric spectrum, m
is the number of free fitting parameters and &.;4(w;) and
Ecaicd ' (@;) are the real and imaginary parts of the fitting function
values at frequency @, respectively. Details of this procedure are
fully discussed elsewhere.'”'® Briefly, we have made a preliminary
simultaneous fit of the permittivity & (w) and the total di-
electric loss &, (w) = &'(w) + 0p/(iwey) with 7 (eq 2) or
8 (eq 3) free parameters and with the only constraint that all the
parameters should be positive. The value of g, thus obtained is
then subtracted from the measured conductivity o(w), the
dielectric loss is evaluated and a new set of parameters from
the simultaneous fit of both the permittivity ¢'(®) and dielectric
loss €”(w) are now obtained. This procedure is iterated until a
reasonable minimization is reached and the parameters Ag, v,
and 0 converge to stable values. A further check of the goodness
of the fit we performed can be found in the values we have
obtained for the parameter 0y which, within the derived uncer-
tainties, agree with the value measured directly in the low-
frequency limit.

The accuracy in the evaluation of the dielectric parameters, i.e.,
the dielectric increment A¢ and the relaxation frequency v,
depends on the magnitude of the dielectric relaxation (..,
mainly on the protein concentration) and on the algorithm
employed in the fitting procedure. An accurate analysis based on
different initialization conditions in the Levenberg—Marquardt
method results in uncertainties of the order of 1% in the dielectric
increment Ag and 2—3% in the relaxation frequency v, in the
more unfavorable situations.

The dielectric parameters, i.e., the dielectric increment A¢ and
the relaxation frequency v associated with the different relaxation
regions we have observed, deduced from the fitting of eqs 2 and 3
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Figure 6. Dielectric increments Ae associated with the two compo-
nents Ags; and Ags, of the d-dispersion of lysozyme aqueous solution
as a function of the protein concentration C. Due to the small strength of
the §,-dispersion, values in the low concentration range are affected by
large uncertainties and consequently we have assumed a linear depen-
dence over the whole concentration interval. The inset shows the
relaxation frequencies vs; and ¥s; as a function of the lysozyme
concentration C for the two relaxation regions.

to the experimental spectra are shown in Figures 4 and 5, as far as
the 8- and y-dispersion are concerned and in Figure 6 for the
S-dispersion.

In what follows, we will analyze in detail each relaxation region
and we will discuss the meaning of the parameters characterizing
the protein solution we have obtained.

3.1. Parameters Extracted from the f-Dispersion. The
knowledge of the dielectric parameters of the S-dispersion, the
dielectric increment Agg and the relaxation time 75 = 1/(27v),
allows us to evaluate the hydrodynamic radius R of the protein and
its electrical dipole moment 4. In an orientational process con-
trolled by the hydrodynamic friction with the solvent, the relaxation
time of a globular (spherical) protein of hydrodynamic radius R in a
medium of viscosity 77 is given by the Debye expression,*°

= 4Ry
P KT

(7)

with KT the thermal energy. Assuming for the aqueous medium
viscosity a value of 77 = 0.90+10 > Pa s (at 298 K), eq 7 yields R =
17.9 A, largely independent of the protein concentration. This value
is in good agreement with previous results.”! The independence of
R of the protein concentration, contrarily to what happens in the
hydrodynamic radius estimated by means of dynamic light scatter-
ing measurements, is attributed to the minor influence of protein—
protein interactions on rotational dynamics compared to the
diffusional dynamics,”* where electrostatic interactions due to the
net charge of the protein dominate.**

The form factor derived from small-angle neutron scattering
experiments on lysozyme solutions at different concentrations™*
furnishes for the two semiaxes of the prolate ellipsoid values of
a =219 Aand b = 13.5 A, respectively. The value of the
hydrodynamic radius R we have estimated from dielectric
measurements compares, in the limit of the spherical approxima-
tion, with these data reasonably well.

The effective dipole moment of the lysozyme in solution,
within the Onsager—Oncley model,” is related to the dielectric

increment Aé&g by the relation,
02 = 2&0KpTAgg
e NAC

(8)

where N, is the Avogadro number and C the protein concentra-
tion. The dipole moment y.g of the protein depends on its
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Figure 7. The effective dipole moment u of lysozyme in aqueous
solution at the temperature of 25 °C, as a function of the concentration
C, derived from the dielectric strength of the 5-dispersion. The inset
shows the protein—protein Kirkwood factor.

environment, since a reaction field exists even in the absence of
an external field, leading to an increase of the dlpole moment as
compared with that of the isolated molecule.”® Equation 8
represents a generalization of the Debye theory, taking into
account internal field effects. There are, however, other slightly
different expressions based on slightly different assumptions in
the dielectric model adopted. For example, a widely used expres-
sion considers the dielectric increment Agg corrected with
parameters of the whole dispersion according to the relationship,

: _ 980KBT(2€S + &,O)Af/j (9)
Het &:(€w + 2)NAC

where & and ¢.. are the low-frequency and the high-frequency
limit of the permittivity € associated to the S-dispersion. However,
these expressions do not differ too much from one another.*®
From eq 8 and the values of the dielectric increment Agg
already obtained, the values of the apparent dipole moment of
the lysozyme molecule in solution can be properly evaluated. The
results are reported in Figure 7. As can be seen, eq 8 evidences an
apparent decrease of the dipole moment y# with the protein
concentration. The apparent dipole moment is related to the one
of the isolated protein ¢ by the Kirkwood relationship ,uapp =
gio” where g is the protein—protein orientational correlation
factor. The effective dipole moment 4, can be determined by
extrapolation of the apparent dipole moment to zero protein
concentration. The linear regression of the data yields ¢y = 208 £
2.8 D, with a linear correlation of R = —0.9741. The de-
pendence of the Kirkwood parameter g on the lysozyme con-
centration is given in the inset of Figure 7. This parameter
decreases with increasing protein concentration. Oleinikova
et al.® attributed this peculiar feature to the strong antiparallel
dipolar correlation between protein molecules, favored by thelr
relatively high dipole moments. According to South and Grant,”
the major contribution to the dipole moment arises from the
rotational relaxations of the protein molecule as well as from
effects associated with the migration and redistribution of proton
at the protein surface, as described by Kirkwood and Shumaker.”®
A further contribution to dipole—dipole interactions arises from
the tendency of lysozyme to cluster at concentrations lower than
20%, as evidenced from small-angle neutron scattering measure-
ments.”** The results obtained from the fit of neutron scattered
intensity clearly evidence that the protein interparticle distance
is systematically smaller than the mean distance expected from
protein concentration (~C ~1/3) The formation of small

equilibrium clusters in lysozyme solutions (C = 40 mg/mL, pH =
7.8) due to a combination of long-range repulsion and short-
range attraction interactions has been also confirmed by Stradner
et al.*® on the basis of small-angle X-ray (SAXS) and neutron
(SANS) measurements.

3.2. The Hydration Water. The d-dispersion manifests as due
to the orientational relaxation of dipoles of water in the hydration
shell. Its deconvolution into two well-separated components
induces us to attribute the §,-component (roughly at 100 MHz)
to tightly bound water and the d,-component (roughly at 4—
S GHz) to loosely bound water. The hydration shell is hetero-
geneous at a molecular level and further distinction on the
structure of the hydration water could be attempted on the basis
of dielectric measurements.

The hydration number, reflecting the total number of water
molecules affected by the protein, can be deduced either from
the strength of the J-dispersion or from the strength of the
y-dispersion. In this latter case, the amplitude of the y-dispersion
decreases with the increase of the protein concentration and this
decrease is more marked than the one simply due to the presence
of the protein in solution, suggesting that further water molecules
do not contribute to the y-dispersion, making its strength Ae,,
lower than the one simply attributable to the presence of the
protein.>*' Oleinikova et al’ suggested that a very simple
method consists in the comparison of the dielectric increment
Ags to the one Ag,, of the y-dispersion, this ratio being propor-
tional to the ratio of water content in the shell around the protein
and the water in the unaffected volume. As a matter of fact, as
pointed out by Mashimo et al,*” the dielectric strength is a
measure of the water content multiplied by square of its dipole
moment. If the polarity is not much changed by the protein, then
the ratio Ags/Ae,, will be equal to the ratio of bound to free water.

Another option is to estimate the hydration water from the
strength of the O-dispersion, on the basis of the interfacial
polarization model of heterogeneous systems. Because of the
bimodal structure of the d-dispersion, at least in the high concen-
tration range, this approach offers the possibility to differentiate the
behavior of tightly bound and loosely bound water.

In the light of the heterogeneous system dielectric model, the
protein solution can be considered as a collection of spherical
particles of complex dielectric constant &,*(w) = &,(w) +
0,/(igow), covered by a concentric shell of complex dielectric
constant &t (w) = en{w) + 04/ (igpw) and uniformly distributed
in a continuous medium of complex dielectric constant £,*(w) =
£m(@) + G,/ (igow). The complex dielectric constant £*(w) of
the whole system is given by the following:

2(1 - ®@)e (w) + (1 + ZCIJ)eZq(w)
2+ @) () + (1 — P)e. (w)

eq
where the equivalent complex dielectric constant £..*(w) of the
shelled particle is given by the following:

2(1 - @,)ep (w) + (1 + 2<1>P)£;(a))

e¥(w) = enlw) (10)

e () = ¢ (w T < 11
Here, @ = (N,/V)(47/3)(R, + d)* is the volume fraction of

the shelled partlcles (protems covered with the hydration shell)
and @, =R,*/(R, + d)° the volume fraction of the bare protein
with respect to the volume which encompasses the hydration
water. N,/V is the numerical concentration of the proteins
of radius R and d is the thickness of the hydration shell. The
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Figure 8. The hydrated volume fraction @ of protein solution as
a function of the concentration C, obtained from the analysis of the
o-dispersion, following the method of Yokoyama et al.® The continuous
line represents the values of volume fraction of bare protein solution.
The inset shows the hydration number obtained from the hydrated
volume fraction ®.

volume fraction @, can be expressed through the relationship
@, = ©o/D, where Oy = (N,/V)(47/3)R} = Cup is the
volume fraction of the bare protein, with C the concentration
of the protein in g/mL and vy its partial specific volume expressed
in mL/g. Within this approach, we do not differentiate the
dielectric behavior of different kinds of hydration water and we
attribute to the hydration shell, as a whole, a unique value &, of
the dielectric constant.

This approach, aimed to obtain the volume @ from the experi-
mental data in the region where the d-dispersion falls, was
adopted, in particular, by Wei et al.* Using their method, the
amount of hydration water in the solution and then the hydration
number (ie., the number of hydrated water molecules per each
protein molecule) can be easily obtained from the difference
between the total mass of water (My,/V) and the one of the free
water (Mywy/V) per volume V. This difference is given by the
following:

Mw My
7T = =0 =p(1- D) (12)
where p and p, are the densities of the solution and of the
aqueous phase (oo = 0.9971 g/mL at 25 °C), C is the protein
concentration expressed in g/mL. Consequently, the hydration
number is given by the following:

Mw  Mywe\ My
Nooq = | WY w2 13
e (V v )MWOC (13)

where Mo and M,,;, are the molecular weight of water and
protein, respectively. In this approach, as pointed out by Wei
et al,,>* the evaluation of Niyq is based only on the measurement
of the low-frequency limit of the permittivity £’(w) and on the
density p of the solution. Other quantities, such as the dry
volume of the protein, are not necessary.

In eqs 10 and 11, the following approximations hol
&f(w) = &, = 5.6 and g (w) = &, = 2.5. The procedure
suggested by Yokoyama et al.® allows us to evaluate the fractional
volume @, and hence the hydration number, considering the
dielectric increment Aes = Ags; + Ags, derived from the

solution of eqs 10 and 11. The results are shown in Figure 8,

26
d,%%

where we report the fractional volume @ of the hydrated protein
solution (compared with the fractional volume @, of the bare
proteins in solution) and the hydration number Ny4 calculated
according to eq 13. We obtain a number of water molecules per
lysozyme molecule of about Niya 525. This value is, to a first
approximation, constant over the whole concentration range
investigated. The slight increase of Nhyq at the lower concentra-
tions (inset of Pigure 8) is attributable to the large uncertainties
in the evaluation of Aes where the dielectric strength progres-
sively reduces as the protein concentration approaches zero.
Considering that lysozyme has 79 polar residues, encompassing
weakly polar, meanly polar and ionizable residues, we estimate an
average hydration number per amino-acid residue of about 6.6.
As far as the volume fraction @ is concerned, its value is in very
good agreement with the ones derived by Yokoyama et al.® for
lysozyme solution in low concentration regime (up to 35 mg/
mL), whereas the value of Ny,,4 we obtain is a little bit higher.
However, the analysis carried out by Yokoyama et al.® extends
over a narrower frequency range (from 0.2 to 20 GHz) than the
one investigated here and consequently the relaxation function
employed models basically the d-dispersion only (or probably
the 0,-dispersion only) and partially the y-dispersion. On the
basis of the decrement of the permittivity measured at a single
frequency (5.13 GHz), Rejoul-Michel et al.*® evaluated a hydra-
tion number of about 450 water molecules per lysozyme mole-
cule, which corresponds to 1.25 layers of bound water. The value
of Ny we have found represents the number of hydration water
overall involved in the vicinity of the protein surface. Considering
that the inner hydration shell engages about 346 water molecules
per protein, corresponding to the fully monolayer coverage of the
protein surface, as observed from small-angle neutron scatter-
ing,36 our result indicates the presence of a further amount of
hydration water. This water is just what the d,-dispersion takes
into account.

3.3. The &;-Relaxation Region. In the present case, at the
higher lysozyme concentrations, we have found that a further
contribution, denoted as 6,-dispersion, manifests, indicating the
presence of a fraction of hydration water that is loosely bound,
with a relaxation frequency intermediate between the one of free
water and strongly bound water. This contribution is too small to
be experimentally evidenced in the lower concentration range, up
to approximately 45—50 mg/mL, where the J-dispersion ap-
pears to be monomodal.

The question now arises how to identify of the amount of this
contribution with respect to the total hydration water. In order to
do this, it may be helpful to first derive the ratio between the
dielectric increment Aégs, of the 5-dispersion to the one (Ags, +
Aes,) of the total 6-dispersion. This quantity is assumed to be a
measure of the ratio between the loosely bound hydration water
to the total hydration water and hence a measure of the number
Nﬁyd of loosely bound water per protein molecule. Figure 9
shows the dependence of Ags,/(Ags; + Aggs,) and Nﬁyd as a
function of the protein concentration C. It must be noted that the
amplitude of the ,-dispersion is rather small, particularly at the
lower concentrations, with values of the dielectric increment
Aégs, smaller than one dielectric unit. This causes a large uncer-
tainty in the evaluation of the hydration number Nﬁyd when the
protein concentration is smaller than 45—50 mg/mL. In order to
compensate for this difficulty, we have considered a linear
dependence of Ags, on the concentration C over the whole
concentration range investigated and we have estimated N}I(yd on
the basis of this linear dependence (see inset of Figure 9). However,
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Figure 9. The ratio A,/ (Ags; + Agsy) as a function of the protein
concentration C. This quantity represents the loosely bound to the total
bound hydration water ratio. The inset shows the hydration number
thd per protein molecule as a function of the concentration C. Full
circles: values calculated on the basis of the measured dielectric strength
at higher protein concentration; open squares: values calculated on the
basis of the assumed linear dependence of Agg, in the lower concentra-
tion interval.

when the protein concentration 1s large enough, Nhyd tends to a
constant value of the order of Nhyd = 150.

Yokoyama et al.® have evaluated the amount of the hydration
water on the basis of a three-dimensional protein structure
considering the accessible surface area of both polar and apolar
atoms exposed on the protein molecules. They associate the
number of tightly bond water molecules N},yd to the water
accessible to polar atoms (N, O) and the number of loosely
bound water molecules Nhyd to water accessible to hydrophoblc
surface (—CH,) of the protein. These values are N4 = 150 and
Nhyd = 180, respectively. Our results reasonably agree with
a picture that considers a tightly bound hydration shell with a
thickness close to a layers of water followed by a further layer of
more loosely bound water layer.

3.4, Bulk Water Relaxation. The dielectric properties of water
at microwave frequencies have been reviewed by Kaatze et al. 37,38
on the basis of available literature data. These authors found that
a simple Debye-type function is appropriate to describe the
dielectric behavior, characterized, at a temperature of 20 °C, by a
dielectric increment Ag = (74.59 £ 0.35) and by a relaxation
time 7 = (9.36 £ 0.05) ps, obtained by a nonlinear regression
analysis of the literature data. These values agree reasonably well
to the ones we have measured on pure water and, moreover, to
the ones obtained from extrapolation to zero protein concentra-
tion. In the presence of protein, as already indicated by the nega-
tive excess loss spectrum of the y-relaxation, Ae,, always exhibits
smaller values than expected from analytical water concentration.
The definition of hydration water we have adopted includes all
the water molecules that do not contribute to the free-water
relaxation, at least, from a dielectric point of view.

Using the values of Ag,, as a function of the protein concen-
tration C, we estimated the effective hydration number on the
basis of the Cavel equation®~*' (for spherical molecules):

2¢e +1 N,C,

Aw:'—'— 14
£ ¢ KBTSO'M ( )

which connects the dielectric increment A¢ to the concentration
C,, of the relaxation species through the static permittivity ¢, the
effective dipole moment 4 = to/(1 — Q. f.,) of water, with i its
permanent dipole, @, its polarizability and f,, the reaction field
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Figure 10. The dielectric increment Ae,, as a function of the protein
concentration C derived from the analysis of the y-dispersion. The
continuous line represents the ideal bulk-water amplitude calculated
(eq 15) from the analytical water concentration under the assumption
that all water molecules in the solution contribute to the bulk water
process with the same Kirkwood dipole—dipole orientational correlation
factor of pure water. The inset shows the hydration number calculated on
the basis of eq 16 as a function of the protein concentration C.

factor. KT is, as usual, the thermal energy and N, the Avogadro
number. Equation 14, normalized to pure water, yields the
apparent water concentration C,,(C)

e = G (19

where we put Ag,(0) = 74.5 (at T = 20 °C). Equation 15 allows
us to deduce the concentration of water molecules contributing to
the bulk water relaxation and the effective hydration number:

ORI »

as the number of water molecules per protein that cannot
contribute to the bulk water relaxation process due to the hydration
effect. Figure 10 shows the dielectric increment Ag,, derived from
the analysis of the y-dispersion on the basis of a Debye relaxation
function compared to the dielectric increment calculated from
eq 15, considering the analytical water concentration. The hydra-
tion effect results in a hydration number Ny,4 of the order of about
500 water molecules per protein molecule, independent of the
protein concentration. This value, derived from the total amount of
water affected by the presence of the protein, is in reasonable good
agreement with the one derived from the -dispersion.

Some final comments are in order. The bimodal character of
the d-relaxation of water near a biomolecule is rather universal,
even if its explanation is still controversial. Further insights on the
O-processes, and on their consequent assignment, have been
obtained from investigations on hydrated lysozyme powders
(hydration of the order of h = 0.35, measured in g of water per
g of dry protein), since in these conditions, protein tumbling
(B-relaxation) is strongly slowed down and there is no bulk water
(y-relaxation) at these hydrations. This hydration level corre-
sponds to the point at which the first hydratlon shellis completed
and bulk water begins to accumulate.® Recently, Khodadadi
etal,* on the basis of combined neutron scattering and dielectric
spectroscopy measurements, found, at temperatures higher than
250K, two different contributions. The fastest of these is ascribed
to water of protein hydration (with characteristics similar to
those observed in aqueous protein solutions). A process with a
similar relaxation time has been reported by Chen et al.** on the
basis of a neutron scattering investigation on hydrated Iysozyme
(h = 0.30), where the independence of the relaxation time of the

Npya =
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scattering wave vector is a print for the assignment of the process
to the hydration water.

The assignment of the slowest relaxation process is a little bit
more controversial. Although it is generally attributed to water of
hydration tightly bounded to the protein surface,** ** one
cannot exclude, in principle, that this process could result from
a cross term in the relaxation of dipoles of hydration water and
dipoles of the protein.”'' These hypotheses are supported by
simulations and NMR measurements that have evidenced that
water molecules are moving on a time scale 2—3 times slower
than bulk water.” Moreover, most of the hydration water
exchange with the bulk on a time scale shorter than 50 ps.*® A
model that reconciles the different point of view has been
proposed by Nandi and Bagchi,® in terms of a two-state model,
based on a dynamical equilibrium between the loosely bound and
the tightly bound water molecules. The model shows that only
the loosely bound water (termed free water by Nandi and
Bagchi®') contributes to the relaxation process (fastest compo-
nent), while the slow relaxation depends substantially on the
strength of hydrogen bonds. However, since the dynamics of the
bound water is coupled to the biomolecular rotation, in this
model, the slowest component of the dispersion re-experiences
the protein tumbling. In this context, the bimodality of the
dielectric relaxation must be attributed to the reorientational
response of the hydration water (both loosely and tightly bound
water). This water in the immediate vicinity of the protein is
appropriately termed biological water.

4. CONCLUSIONS

Dielectric spectroscopy is a valuable tool for studying the
structure and the dynamics of protein solution. However, the
resulting spectra, extending over a wide frequency range and
presenting a multicomponent structure are not always easy to be
interpreted. The deconvolution of the spectra into the single
components, and the subsequent assignment to different polar-
ization mechanisms at a molecular level, is generally a difficult
task, where caution is obligatory. We have investigated the dielec-
tric properties of lysozyme aqueous solution over an extended
frequency range covering the interval from 1 MHz to 50 GHz. In
this frequency window, basically three different relaxations occur,
associate to a protein tumbling, characterized by a reorientation
time of the order of 10—1S5 ns, to a relaxation of the hydration
water, with times on the order of 0.05—3$ ns, and, finally, to the
orientational polarization of the water molecules, at times of the
order of 8—10 ps. While the attribution of the two outer
relaxation processes is well-defined, and consequently unambiguous,
for the analysis of the spectra, the situation is a little bit more
intricate, as far as the intermediate relaxation, associated to the
hydration water, is concerned.

In this work, we analyze in detail the structure of this
intermediate frequency range and, on the basis of a statistical
analysis, we observed a monomodal and a bimodal relaxation
spectrum, depending on the protein concentration. In the low-
concentration regime (up to about 50 mg/mL), a single Debye-
type relaxation function is able to account for the experimental
data with enough degree of accuracy, so that more sophisticated
analyses are neither substantiated nor required by the data.
Contrarily, in the high concentration interval, we are forced to
introduce a further Debye-type relaxation function, evidencing
the bimodal nature of the dispersion. From the complete decon-
volution of the spectra, we have evaluated the amount of the

water affected by the presence of the protein (hydration water)
and characterized the hydration numbers as far as the two
different species of hydration water (tightly bound and loosely
bound hydration water) are concerned. In our opinion, the
analysis suggested here forms an option consistent with the
experimental data. There are two types of hydration water mole-
cules in lysozyme solution, which are strongly and weakly
associated with the protein molecule. Only the strongly asso-
ciated water was distinguishable over the whole protein concen-
tration range investigated, while the weakly associated water was
observable, at least from dielectric methods as those employed
here, only at higher protein concentrations. The total amount of
hydration water has also been obtained from the loss spectrum of
the free water (y-dispersion), whose decrease is more marked
than the one simply due to the presence of the protein in solu-
tion. The two approaches furnish results in rather good agree-
ment and allow us to identify and characterize the hydration
water in lysozyme aqueous solutions, at least from a dielectric
point of view. However, it is important to emphasize that other
definitions are possible, based on different experimental meth-
ods, such as IR and calorimetric measurements.”> Comprehen-
sive dielectric data on the hydration property of more or less
organized biostructures are still lacking and the appearance of a
contribution to the hydration water depending on protein
concentration deserves to be further investigated.
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