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Dielectric relaxation and NMR spectrum of water in biological systems such as proteins, DNA, and reverse
micelles can often be described by two widely different time constants, one of which is in the picosecond
while the other is in the nanosecond regime. Although it is widely believed that the bimodal relaxation
arises from water at the hydration shell, a quantitative understanding of this important phenomenon is lacking.
In this article we present a theory of dielectric relaxation of biological water. The time dependent relaxation
of biological water is described in terms of a dynamic equilibrium between the free and bound water molecules.
It is assumed that only the free water molecules undergo orientational motion; the bound water contribution
enters only through the rotation of the biomolecule, which is also considered. The dielectric relaxation is
then determined by the equilibrium constant between the two species and the rate of conversion from bound
to free state and vice versa. However, the dielectric relaxation in such complex biomolecular systems depends
on several parameters such as the rotational time constant of the protein molecule, the dimension of the
hydration shell, the strength of the hydrogen bond, the static dielectric constant of the water bound to the
biomolecule, etc. The present theory includes all these aspects in a consistent way. The results are shown
to be in very good agreement with all the known results. The present study can be helpful in understanding
the solvation of biomolecules such as proteins.

. Introduction dispersion terms as followsg:8k

Many biological systems such as proteins and enzymes are A
inactive without water. For a complete knowledge of the _ 1 Az Ag Ay
. . e(w)=¢€,+ - + - + - + .
function of such systems, an understanding of the structure and ltiwr, l1+iwr, 1+iwry; l+iowr,
dynamics of the aqueous environment surrounding the concerned

biomolecule is thus essential. The properties of water moleculesyith ., denoting the infinite frequency dielectric constant of
in the vicinity of a biomolecule differ appreciably from those  py |k water, A; the relative weight of a given relaxation type,
of bulk water:™* The water molecules enclosed within the  andy, is the respective time constant; andr; are the relative
solvation shell present in the immediate vicinity of the biomol- \yeight and time constant associated with the orientational
ecule are termed “biological water”. The dynamics and structure motion of the biomolecule. For a typical protein solution such
of biological water near proteins, DNA, and in reverse micelles a5 the myoglobirwater systemy; is about 74 n&# (Ay, 72)
have been the subject of intense research over several décéides. g (s, 73) correspond to the relaxation of biological water
Dielectric spectroscopy and nuclear magnetic resonance specassociated with the protein. Although these two relaxation
troscopy (NMR) are the two most extensively used techniques phenomena are quite different, they have approximately equal
to understand the interaction of water with proteins. Both of weights. The relaxation times are abawt= 10 ns andrz =
these two methods essentially probe molecular orientational 4q ps, respectively. This behavior is nearly universal and is
relaxation. Itis now known that the hydration shell surrounding typically referred to as the bimodality of the reorientational
a protein molecule comprises different types of watérFew  regponse of biological water. In Table 1, we show a few
water molecules remain rigidly bound to the protein for a very examples of the bimodal nature of reorientational dynamics of
long time. In the immediate vicinity of the surface of the pjplogical water as observed by dielectric relaxation and NMR
protein, there are water molecules that experience much fastersydies. Finally,A4 corresponds to the relative weight of the
rotational and translational diffusion rate than the water (qtational relaxation of bulk water, and is the corresponding
molecules directly bound to the biomolecule. Thus, biological rejaxation time equal to 8.3 ps. This bimodal behavior is typical
water is believed to consist of two kinds of water molecules, gnd has been observed with DNA, with water enclosed within

usually referred to as “bound” and “free”, depending on their the cavities of cyclodextrin, and also in the aqueous medium
momentary states of existence. There is, of course, dynamicof reverse micelies.

exchange between the two species.

On the basis of the experimental studies of the dynamic
behavior of water near biomolecules, it has been established
that the frequency dependent dielectric constant of the combined
biomolecule-water system can be written as a sum of four

Many workers have reviewed the results of dielectric
measurements on proteimater system&:3 The earliest
measurement of the dielectric properties of proteimter
system was made by Oncfeyho concluded that the carboxy-
hemoglobin molecule is associated with a rotational relaxation
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TABLE 1: Examples of the Observed Relaxation Times for quantitatively, which is somewhat surprising given the impor-
Water Associated with Several Biomolecules Probed by tance of the problem.

Dielectric Relaxation (DR) and NMR Methods The objective of this article is to present a quantitative theory
exptl system relaxation times of dielectric relaxation of biological water based on a dynamic
method studied observed for water refs equilibrium between the free and bound water molecules. The
DR myoglobin ~10 ns,~40 ps Grant et dl. theory is based on the assumption that a dynamic exchange

solution between the free and bound water states, controlled by the
DR lysozyme ~1us,~20ps Harvey et strength and the number of hydrogen bond(s) between the water
NMR gg\c/)vt?:rrmsferin ~15ns Koenig et &7 molecgle and the biomolecule, dgtgrmines the obseryed dynam-
solution ics. Since the dynamics of the rigidly bound water is coupled
NMR  hemoglobin ~15ns Koenig et al? to the biomolecular rotatiot,® this aspect has also been
solution included in our study.
DR metmyoglobin  ~10ns Singh et &. Our results are found to be in very good agreement with the
DR %‘?VN"g\?r 1 U ~10 ps Mashimo et a known experimental results. A merit of the present explanation
solution is that it is based on a molecular picture and that it provides
DR 18 biomaterials 1 usy10 ps Mashimo et &t guantitative explanation of the presence of two widely separated
NMR  lysozyme ~1us,~10 ps Fullerton et &. time scales.
powder The organization of the rest of the paper is as follows. In
NMR 'ysoéyme ~lus~100ps  Peemoeller et &. the section Il we describe the dynamical model of bound and
NMR E?‘,m;rn 320 ps, Usha et 4. free Waf[er. In the section I we present. the theo.retical
powder formulation and describe the equation of motion governing the
NMR  several ~10 ns,~20 ps Halle et a#® dynamical equilibrium between bound and free water. Section
proteins IV includes the calculation of the frequency dependent dielectric

function of biological water from the momentnoment cor-
that proteir-bound water exhibits a range of relaxation time relation function, and in section V we present the ingredients
constants. They concluded that these time constants arenecessary for the theoretical calculation. In the section VI we
associated with distinct processes such as the rotational motiondiscuss the results. In the section VIl we present a scheme of
of the protein and of biological and bulk water. Studies of calculation of the frequency dependent dielectric function of a
Schawan and coworke?s)f Takashima and co-worket8and protein solution. This is followed by brief concluding remarks.
of Hoekstra! also revealed distinct relaxation times of biological
water and confirmed the results of Grant et al. Pethig and co- Il. Dynamical Model of Free and Bound Water Near a
worker$ concluded that the primary hydration layer is strongly Biomolecule

bound and rotationally hindered and the microwave dielectric | s section we shall first discuss the essential features of
behav_lor is predominantly |nf|ue_nced_ by thermally activated o+ model. We term the water molecules enclosed within the
water w;_t?ge secondary layer of biological water. Several other g\ ation shell present in the immediate vicinity of the biomol-
gtudleé have_addressed the origin of the distinct relaxation oqjje as “biological water”. This “biological water” comprises
times observed in microwave experiments. two components: one is “free water” and the other is attached
Computer simulations can provide useful insight into the to the biomolecule by a strong hydrogen bond and rotates only
structure and the energetics of the solv@niOn the basis of  in a coupled fashion with the slowly rotating biomolecule. The
Monte Carlo simulation of small peptides and proteins, it has |atter species is termed “bound water”. Beyond this solvation
been concluded that water molecules far from the protein move shell the water molecules behave as ordinary water, and we term
over larger distances and are more ordered than those near itthem “bulk water”. A pictorial description of the model is given
Many of the water molecules close to the protein are consider- in Figure 1. Thus, our model consists of three parts. First, it
ably lower in energy than those of bulk water. is assumed that the “free water” molecules are free to rotate
Two completely different schools of thought exist regarding and to contribute to the dielectric relaxation process. The bound
the existence of the two distinct time scales. The first approach water are at least doubly hydrogen bonded, so they can rotate
advocates restricted slow orientational relaxation of partly bound only in concert with the biomolecule. Second, the following
water molecules. Yet, it is known that the concentration of the dynamic exchange between the free and bound water species
partly bound, singly hydrogen-bonded water molecules within €Xists at all times:
the hydration shell in the immediate vicinity of the biomolecule L
is low. Mashimo et al* pointed out that if the single hydrogen- [H2Olee stae™ [H2Olbouna state @)
bonded species were present to a large extent, the variation i
the magnitude of the slow relaxation time constant would have
been much larger than that observed experimentally. Moreover,
the low-frequency absorption is of pure a Debye type, which ke oo
. . - (RT
also excludes the existence of two or more polar species. K= k= € 2)
Koenig et ak” pointed out that the inclusion of the partly bound 1

species in the theoretical model does not help to better \yhereAG? is the difference in the hydrogen bond free energy,
response in terms of the partly bound water molecules is the dynamic exchange between the bound and free water species
controversial. at a globular protein surfacek; andk; are the rate constants

The alternative explanation is based on assuming a dynamicof the exchange between free and bound states. Third, the effect
equilibrium between the free and bound water. However, this of the rotation of the biomolecule is included in the theoretical
approach has not been developed to treat the dielectric relaxatiorscheme.

Mhe equilibrium constant for the dynamical equilibrium between
the free and bound water can be written as follows:
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A strength and the number of hydrogen bonds. The activation
| energy of desorption from the surface of the biomolecule is
Bound water l Bulk denoted byAG*.
molecule l Solvent

I1l. Theoretical Formulation

:)o The following general diffusion equations feature the coupled
dynamic behavior of free and bound water molecules

Free water

molecule Ip(€21, 1) .
ot

D\Il?v Vszpf(Qf! ) = (L2 1) fkl(Qf — Q) dQ, +
SRy — Q)R 1) dQ,, (3)

Ipp(Rp, 1)
. —pp(€2, 1) sz(Qb — Q) dQ; +

fkl(Qf — Qu)pr(€2, 1) dQ; + ngghz Pu(€25, 1) (4)

whereDY, is the rotational diffusion constant of the free water
molecule and th®, is the rotational diffusion constant of the

A Spherical biomolecule. Note that here “free” and “bound” refer to the
biomolecule two constituents of the biological water.
Figure 1. Schematic representation of the dynamic exchange between To proceed further we assume that the orientation of the
bound and free water species at the globular protein surkaesdk, molecule does not change during the freebound reaction

are the rate constants for exchange between free and bound state. Onlysee eq 1). That is, we assume that the rate constgis —

very few water molecules are single hydrogen bonded. The bound ande) andkx(Qp — Q) are local and can thus be approximated
free water molecules are the two components of the “biological water”. by the respective functions

'
ky(€f — Qp) = 0(L; — Q)
Ky ky(Q, — Q) = (R, — ) (%)
/_k? We assume that the shape of the biomolecule is spherical and
DE is isotropic. The above equations are then simplified as
> follows:
S
W Ipe(€2, 1)
— F A
8 reeoftme . D\évvgfzpf(gfv 1) — k(€21 1) + kopp(Q1, 1) (6)
z water
s ’ (@ D)
Ipp($2p,
¢ J . —kopp(Rp, 1) + Kyof(Rp, 1) +
T Bound State DBV 2 Q ) (7
of water RYQ, Pp(€25, 1) (7)
> From the egs 6 and 7 we can easily derive the following two
Reaction Coordinate differential equations for the free and bound water species:

Figure 2. Schematic potential energy diagram showing the free water )
state, bound water state, and activated complex for the dynamic 9°p(€2;, t)
equilibrium [H:Olfree state= [H2O]bound stav€rsus the reaction coordinate. —————

—— + [0+ DY + ky + k, + 1(1 +
The AGP is the difference in the free energy of a hydrogen bond of a ot

water molecule between a biomolecule and a solvent viatete AG* 5, 00¢(€24, 1) W12 o B

is the energy of activation. 1)DR]T =+ [I(I + 1k,Dg + I7(1 + 1)’DDg +
The orientations of the free and bound water molecule are k(I + 1)Dg] p(Q, 1) =0 (8)

given by Q¢ and Qy, respectively. We introduce two time

dependent densitieg(Q2s, t) and pi(Qp, t) to describe the 32Pb(9b' ) 5 00p(Rp, 1)

fluctuating densities of the free and bound water molecules in ———— + [k, + k, + I(I + 1)DR]T +

the hydration shell. Note that the orientation of the bound state

is determined by the orientation of the biomolecule itself because (1 + 1)legpb(th) =0 (9)

of its coupling to the biomolecule by hydrogen bonds (see Figure

1). In Figure 2, we have depicted a schematic potential energy The orientation and time dependent densiyQs, t) can be
profile for the dynamic equilibrium between the bound and free expanded in terms of spherical harmonics as follows:
water states. The bound water molecules are in a lower energy

state compared to their free state. This energy difference is (R 1) = Z a{m(t)YIm(Qf) (10)
denoted byAGP. This energy difference is determined by the ]
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wherea{m(t) are the expansion coefficients and tg(Q;) are
the spherical harmonics of rarkand projectiorm.
Thus, we have a solution of the form where tBgandC,
() = [C,e M+ Cye ™ (11)
are the coefficients of two relaxation modes; andn, have
the following forms:

—_— — 2 —
n'l X VX —4Y (12)
2
_ 2 _
= X+ VX2 — 4y (13)
2
where
X=[I( + 1)DE + k, + k, + I(l + 1)Dg] (14)
and

Y =[I( + 1)DYk, + 1*(1 + 1)’DYDi + I( + 1)k,DF] (15)

Similarly, for the bound water species, we have a solution
of the form
a0 =[Cse ™ +C,e ™ (16)

where theCz; andC, are the coefficients of the two relaxation
modes. nj, andn, have the following forms:

o= — -M - 2M2 — 4N (17)
= — -M + 2M2—4N (18)
where
M = [k, + k, + I(1 + 1)Dg] (19)
and
N =T[lI(l + 1)k,Dg] (20)

For a typical proteinDE is very small. For example, for
myoglobin,DS is about 10 s71, while the rate constants and
k. are on the order of 20-10" s™'. Thus, al(t) can be
written as follows:

an(t) = [Coe ™+ C] (1)
We evaluate the constar@s, C;, Cs, andCy4 from the following
relations. Att = 0 we obtain

C,+C,=1=C;+C, (22)
At t = oo, we obtainaﬁn(t) = 0. Consequently,
C;=1, C,=0 (23)

From the equation of conservation of densities for free and
bound species we obtain

[[IC;n; + Cyny] + [p,ICsN5] =0 (24)
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Figure 3. Schematic representation of the shell of biological water
and bulk water for which the frequency dependent dielectric function
are calculated in section IV. The Cet€ole plots and the plot of'
against frequency are shown in Figures 5 and 6, respectively.

Here, we have approximateg(t = 0) = [pand pp(t = 0) =
Copl) where thelpiJand [ppCare the average number densities
of the free and bound species, respectively.

We can evaluate the constants from the above relations to
obtain

() =[C e ™+ C,e™ (25)

and

al,(t) =[e™™]

IV. Calculation of the Frequency Dependent Dielectric
Function of Biological Water

(26)

For a system composed of bound and free water molecules,
the momentmoment correlation function of the system can
be written as follows:

N.\2 N.\2
CMM(t>=N2[(Nf) (07 (0)H (ﬁ’) mb(tmb(mqw (27)

where the orientation and time dependent dipole moment for
the free water molecules j& and that for bound watefy,. Nt
andN, are the number of free and bound water molecules per
mole \Ns + Np = N). Thus,

CMM (t) = Nzluz[an(Cl e*ﬂ'j_t + Cz e*ﬂEt) + an(e—ngt)(e—t/rE)]

=N e we ) twe e et

wherens andn, are the respective number fractions of free and
bound speciesw; = n2Cy, Wp = n2C;, andws = np? are the
relative weights of the relaxation modes.

For simplicity we assume that the biomolecule is spherical,
having a radiusR,. The biomolecule is surrounded by a
solvation shell, which is composed of biological water. This
is also assumed to be of spherical shape. This geometry is
depicted in Figure 3. The relaxation behavior of the hydration
shell is characterized by a frequency dependent dielectric
functione®(w). The value of the dielectric function at zero and
infinite frequencie are denoted bgf and €2, respectively.
Beyond this solvation shell the water molecules behave as
ordinary water and are termed bulk water. In the present study,
we assume that the bulk water has a frequency dependent
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dielectric functioneW(w). Similarly, the value of the dielectric
function at zero and infinite frequency are denotedeffyand
eV respectively. eV(w) is characterized by a Debye type
relaxation with time constant. All of these parameters have
values known for bulk water.

For uniform polarization geometries, the net dipole moment
per unit volume of the hydration shell resulting from an external
field with frequencyw is related tOGSB and the macroscopic
electric field inside the shelE,(t) through the following
relation?®

[*(w) — €]

[n,(t) (o) = 4n (29)

VsheIIEz(t)
where Ve is the volume of the hydration shell. Again, we

can derivelin(t)[g) from the autocorrelation function of the
net dipole moment in the absence of the field as follows:

MG =~ 7./ B~ 1) GIOmOE (30)

The cavity field of the hydration shell is obtained from the
electrostatic boundary value calculatiéthas follows:

c 3¢ (w)
E(t) = ———E(x 31
(1) 2V + (c0)(t) (31)
EL(t) is related toE(«)(t) by the following relation:
3€W
E) =~ ) (32)

26W(a)) + EB(w)

On the basis of these equations, we can write the following
relation between the normalized momentoment correlation
function ¢(t) and thee®(w):

[®(w) — €2ll2€"(w) + enl[2¢€l — €2

[2€"(w) + ®(w)][€d — e2l[2€l + €]

L[ qo0] = (33)

where L denotes the Laplace transform, with the Laplace
transform variable = iw. This is the same general relation
derived by Titulaer and Deutch many years &}oNext, we

Nandi and Bagchi

TABLE 2: Parameters Necessary for the Calculation of the
Dielectric Relaxation Parameters from Microscopic Theory,
Calculated Rate Constants for the Dynamic Exchange
between the Free and Bound WaterK; and k), and
Dielectric Relaxation Times for Slow and Fast Relaxation
Processes; and 73)2

AG® k; x 10722(s™) kp x 1072(s7Y) 11 x 102(s) 73 x 1012 (s)
-1.4 0.13 0.3x 102 482x 1 15.17

—2.0 0.05 0.4x 1073 3.15x 10®  4.25x 10
—-2.8 0.01 0.23«< 104 4.41x 10¢ 1.66 x 1%
—4.0 0.15x 1072 0.4x 107 2.52x 10° 1.26x 1C¢°

a|n each case, the number fraction for bound water and free water
is 0.5 and 0.5, respectivelyAG* is 1.5 kgT in all the cases.

The rotational diffusion constant for the free water near the
biomolecule is approximated by the bulk value. The rotational
diffusion coefficient of free wateDjy near the biomolecule
may be somewhat different from the bulk value. It has been
concluded that at the macromolecular surface, the solvent motion
is only slightly modified by the protei® The self-diffusion
coefficient of water at the surface of lysozyme is reduced by
less than a factor of 10 at distances closer than 10 A from the
surface?® However, to our knowledge, there is no report of
the DY value of water near a biomolecule, and we have taken
it to be same as that of bulk (0.22 1012 s71).

From the dielectric relaxation measurements of different
protein solution®kit is known that two nearly equal popula-
tions of total protein hydration are responsible for the slow (in
nanoseconds) and fast (in picoseconds) relaxation modes of
biological water. However, owing to the stabilization by the
hydrogen bond, the bound water molecules are expected to be
more abundant than the free water species. In the present study,
we have taken the mole fraction of bound and free water as 0.5
and 0.5, respectively.

The energy per hydrogen bond can vary widely from one
biomolecule to another. For example, different peptide groups
are associated with hydrogen bond energies, ranging fr@rd
to —1.4 kcal/mol for polar, uncharged groups and frert.5
to —2.8 kcal/mol for charged grou3. According to the model
proposed by Mashimo et at,a bound water molecule is
engaged in two hydrogen bonds. One is a}®--O] bond,
which forms a water multimer, and the other hydrogen bond is
engaged in binding the water to the biomolecule. For the bound
water molecules to be rotationally free, both these two bonds

use eq 33 to calculate the frequency dependent dielectric,ye g he broken. The total energy of these two bonds is the

function of biological water.

V. Calculation of the Rate Constants and the Choice of
the Hydrogen Bond Strength Necessary for Theoretical
Calculation

In this subsection we discuss the calculation and/or determi-

nation of the parameters, i.e., the rate constapendk, and

other parameters such as the rotational diffusion coefficient

(D‘é"), the excess hydrogen bond energy of water with the
biomolecule (over that in the bullk}G?, the activation energy
AG* (see Figure 2), and the mole fraction for bound and free
waterm, and ny, respectively.

From the activated complex theotywe have

g o AGH(RY)

k=7

(34)

where is theAG* = (AG* + AG?), kg the Boltzmann constant,
h the Planck’s constanR the universal gas constant, afidhe

activation energy that has to be overcome in order to give full
orientational freedom to the water molecule. In the present
study we have shown results for dielectric relaxation, consider-
ing the total hydrogen bond energy as varying over a wide range.

VI. Numerical Results

In the Table 2 we present the calculated values of the rate
constants associated with the dynamic equilibrium between free
and bound water, the relative weights, and the time constants
for the slow and fast relaxation processes. In the first column
the values for the total hydrogen bond strength of the doubly
bound water molecules are given. As pointed out in section
V, different peptide groups have energy per hydrogen bond
ranging approximately from-1.0 to—2.8 kcal mof’. We have
varied the magnitude oGP as input from—1.4 to —4.0 kcal
mol~1. Note that the two hydrogen bonds attached with the
bound water molecule may have different energies because one
is attached to the biomolecule and the other to the neighboring

temperature. By use of the two equations given above, the ratewater in the hydration shell. We need to consider the total bond-

constantsk; andk; can be easily calculated.

breaking energy of two bonds.
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0 02 04 06 08 1.0
(E-1)/(Eo-1)
% 50 100 150 200 Figure 5. Cole—Cole plot, calculated from the frequency dependent
t dielectric function of biological water (see section IV for details). The
(ps) total hydrogen bond energy is2.0 kcal/mol. The mole fractions for

Figure 4. Plot of normalizedCuw(t) againstt (in ps) for different bound and free water are 0.5 and 0.5, respectively. The stdjiarid
hydrogen bond energies involving biological water (for details see infinite (¢2) frequency dielectric constant of biological water are taken
section IV). The solid line corresponds to a total hydrogen bond energy as 30 and 5.2, respectively. The static and infinite frequency dielectric

of —1.4 kcal/mol, and the dashed line corresponds to a total hydrogen constant of the bulk water are takenafs= 78.36 and:Y = 5.2. The
bond energy of-2.0 kcal/mol. The mole fractions for bound and free  pebye relaxation time constant of bulk wateris= 8.27 psAG* =
water are 0.5 and 0.5, respectively, for both pl&t&* = 1.5gT. 1.5gT.

It is clearly seen that as the strength of the hydrogen bond
increases, the magnitude of the rate conskaaiso increases. 100
Naturally, as the strength of the hydrogen bond is increased,
the water molecules prefer to exist as bound species. The
relaxation time constant of the slow relaxation component
therefore increases. At the lowesE® value 1.4 kcal mot?), ,
the relaxation time constant for the slow component is 482 ps, 50
while at the highesAGP° value 4.0 kcal mot?) it becomes
2.5 ms.

Thus, the two-state model presented here indicates that the 25}F
slow component observed in the dielectric measurements of
biomolecules can indeed emerge from a fast dynamic exchange 0 L \ | |
between bound and free water molecules. The strength and the 0.1 1 10 100 1000 10,000
time constant of the slow component are determined by the Frequency (MHz)
strength of the hydrogen bonds by which the bound water 80
molecule is attached to the biomolecule and also by the relative L 78 (b)
stability of the two species. - L

In Figure 4 we show the results for the normalized moment g 7%
moment correlation functionGum(t)) for different hydrogen - €
bond energies. The plot @um(t) versus time shows a strong 75
bimodal decay. The initial relaxation is very fast, in the range ,
of tens of picoseconds, while the later decay occurs on a €
nanosecond time scale. This bimodal behavior is in excellent
agreement with the results reported in the literatufé8 With 70
increase in the strength of the hydrogen bond, the relaxation
becomes increasingly slower, as expected.

Next, we describe the dielectric relaxation of biological water.

The Cole-Cole plot is shown in the Figure 5. This also clearly

demonstrates the bimodal nature of the relaxation. In Figure 6 65 ——L——1
0 2000 4000

we have plotted the real part of the frequency dependent

dielectric function and compared it with a typical experimental Frequency (MHz)

result. The experimental result associated with the dielectric Figure 6. Plot of the real part of the frequency dependent dielectric

relaxation of biological water is illustrated by in the function of biological water€®(w)) against frequency. Part a is taken

experimental graph (see Figure 6a). In the theoretical figure from ref 8h. The area indicated by dashed lines represents the relaxation

- . - - - regime that is of interest in the present study. Part b shows the real
(graph 6b) only this part is shown, with an inset to illustrate part of the frequency dependent dielectric function calculated from the

the behavior at I_OW frequenCIeS. Note that the agreem_ent present theory (see section V). The time constantnd thers are

between the two is SatISfaCtory. We show in the next section 10.3 ns and 40 ps, respectivé[y]'he rest of the parameters are the

that biomolecular rotation can profoundly influence the dielectric same as in Figure 5.

relaxation in the low-frequency (megahertz (MHz) regime, if

the biomolecule has a large dipole moment by itself, for attached to the protein at different polar grodpsWe can

example, in lysozyme. estimate the residence times of hydration water for different
Different residence times in the subnanosecond range havehydrogen bond strengths. The values calculated from the rate

been observed with NMR for surface hydration water molecules constants presented in the Table 2 are within the nano- to

(a)

T4+

0 40 80
Frequency (MHz)

T T T 7

A1

1
8000 10,000

1 1

1
‘6000
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7777

Protein
<

case, the calculation of the frequency dependent dielectric
function can be carried out using spherical geométry.
However, the study of the dielectric behavior of the protein
solution fromCwuwm(t) is difficult owing to uncertainties in the
number of different species involved in the calculation. Nev-
ertheless, one can at least qualitatively predict the features of
the dielectric spectrum. The relaxation behavior of the second
term inCum (t) (which represents the contribution of biological

water) is expected to be affected significantly by the contribution
of bulk water (in the high-frequency regime), as well as the
protein motion (in the low-frequency regime). The bulk water
/ contribution is expected to be largBlk is very large) and
water

Biological dominant. The contribution to the relaxation from the orien-

tational motion of the protein should also be significant, owing
////// to the large dipole moment of the protéth. Thus, if we
4 calculate the frequency dependent dielectric function f&m-

Figure 7. Schematic representation of a protein solution for which (t), it is expected that the contribution from biological water
the momentmoment correlation function is given by eq 37. For details  should lie between the fast motions of the bulk water and the
see section VII of the text. slow motions of the protein. This is exactly the so-calléd “

dispersion” observed in conventional dielectric measuren$énts.

subnanosecond regime. It has been observed that the residenggoever, note that dominance of the relaxation spectrum by
time of water of hydration increases with increasing hydrogen ine pulk water makes experimental studies difficult.
bond strength of the amino group.

VIII. Conclusion
VII. Relationship to the Conventional Dielectric ) ] ]
Experiments on Protein Solutions Let us first summarize the main results of the present study.

We have shown that the typical bimodal behavior of the

The above theoretical discussion and the numerical calcula-dielectric relaxation of water associated with the biomolecules
tions are applicable only to the biological water surrounding can be explained in terms of dynamic exchange between free
the biomolecule. In reality, however, these biomolecules exist and bound water species and the strength of the hydrogen bonds.
in solution. Therefore, one cannot isolate the contribution of The dynamic model shows that only free water contributes to
the biological water to the observed dielectric relaxation the relaxation process, and the observed slow relaxation depends
associated with the bulk water and the biomolecule. In fact, substantially on the strength of the hydrogen bonds.
this has been a stumbling block in our understanding of The theory presented here has two distinct parts. First, the
biological water, since the bulk water often masks the dynamics time dependence of the total dipole moment time autocorrelation
of the biological water. Thus, one needs a careful fitting of function has been determined by using a kinetic model of
the observed data, accounting for the different contributions. interconversion between free and bound water at the surface of
However, in order to have a successful fitting scheme, one needshe biomolecule. The parameters used to evaluate the kinetics
to have a reliable theory for the relaxation of the total moment of this model are in agreement with previously obtained results.
time correlation function. We now discuss how the theory For example, the enhanced stability of the bound water relative
developed here can be used to construct such a general theonto free water is reproduced correctly and so is the residence
which can be applied to the understanding of the dielectric time of bound water. The most important aspect of our results
relaxation of real protein solutions. is the bimodal nature of the momermoment correlation

First, note that any scheme of calculation of the frequency function; the two time constants are separated by orders of
dependent dielectric functions for a solution of a biomolecule magnitude, in good agreement with the known results. In the
such as protein must include contributions from three sources:second part we used an extension of the continuum model to
the protein rotation, the relaxation within the biological water study the frequency dependent dielectric function of the
(surrounding the protein and present within the hydration shell), biological water. The calculated Cet€ole plot shows nicely
and, of course, bulk water (see Figure 7). If one assumes thatthe bimodality of dielectric relaxation. We have also formulated
these contributions are uncorrelated with one other, then wea theory of the dielectric relaxation of protein solutions.
can write the total momentmoment time correlation function  Although the detailed quantitative analysis of this model is

as follows: difficult owing to the uncertainties involved in the experimental
parameters used as input to the theory, we can understand the
Cum(®) = NZ[nbul sz e Vo ¢ ﬂwz(Wl el W, g e ggl?ﬁi?rln gualltatlve features of the dielectric relaxation of protein
~t/a ) 2.2 :
wye (e ) + ngluge ] (35) As already mentioned, this appears to be the first theoretical

study of the dielectric relaxation of biological water. This study
whereN is the total number of the dipolar molecules in the reveals that the dielectric relaxation in the complex biomolecular
system, i.e., the sum over protein molecules, biological water, system depends on many parameters, such as the strength of

and also bulk water molecules present in the systegk = the hydrogen bonds, the protein orientational relaxation time,
Noui/N andng = Ng/N are the respective number fractions of the dipole moment of the protein, the values of the static and
bulk water and the biomolecule (protein) in the system.= infinite frequency dielectric constant of biological water, etc.

(Ni/N)2Cq, wo = (N¢/N)2C,, andws = (No/N)2. uw andug are Although a complete theory of dielectric relaxation of protein
the dipole moments of bulk water and the biomolecule, solutions is far from complete, the success of the present
respectively. Here, the dipole moment of biological water has approach is an encouraging step toward a successful theory of
been assumed to be the same as that of bulk water. In thisdielectric relaxation.
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