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The behaviour of globular proteins in a streamline flow of a solution is determined by two effects: (1) the flow induced orientation of 
their principal axis parallel to the flow direction and (2) the rotational Brownian motion acting against this orientation. As a result, 
the orientation of the protein principal axes is anisotropic in space and can be described by the distribution function which fulfils a 
diffusion-type equation. When the external stress field disappears, the anisotropy in the principal axes space distribution vanishes 
because of the rotational Brownian motion of proteins. The time in which the initial orientation decreases by the factor of e-1 is called 
the overall motion correlation time. For dilute solutions, it can be determined if the intrinsic viscosity, molecular mass and axial ratio 
of the proteins in solution is known. The intrinsic viscosity has been measured using an Ubbelohde-type capillary microviscometer 
immersed in a water-bath controlled thermostatically for four globular proteins. The obtained numerical values of the overall 
motion correlation time are in the following range: from 622 ns (10C) up to 111 ns (550C) for human IgG immunoglobulin, from 121 
ns (10C) up to 33.6 ns (450C) for human serum albumin, from 65.7 ns (10C) up to 14.3 ns (550C) for ovalbumin, and from 13.2 ns 
(10C) up to 2.43 ns (550C) for hen egg-white lysozyme. 

INTRODUCTION 
 

Hydrodynamic properties, such as sedimentation 
coefficient, intrinsic viscosity, translational and 
rotational diffusion coefficient, and rotational 
correlation times are commonly employed sources of 
information about the overall structure and dynamic 
behavior of proteins in solution. In particular, the 
rotational correlation times are important in 
understanding of many aspects of molecular processes 
(Wüthrich, 2003). In the case of a globular protein in 
solution, the rotational correlation times can be 
determined for the “free” water molecules (bulk water), 
hydration water molecules (water molecules tightly 
bound to the protein surface), protein side chains or the 
rotation of a protein as a whole (Kakalis & Kumosinski, 
1992). In the latter case, the rotational correlation time is 
called the overall motion correlation time. 

 For a rigid rotator, the components of the Cartesian 
tensors such as the dipole moment (rank-1 tensor) or the 
polarizability (rank-2 tensor), are constant in the 
molecular frame. However, the observations are 
conducted from the laboratory frame. Here, because of 
the rotation of a molecule, the components of the 
Cartesian tensors depend on time. The correlation 
function describes such a dependence, however not for a 
single molecule but for the whole ensemble. In practice, 
it is convenient to express the components of the 

Cartesian tensors by a linear combination of the 
spherical tensors and then to study the correlation 
functions of the latter to unify the results. 

Let us assume, that at the time t = 0, in the molecular 
frame connected with a given molecule, the components 

of the spherical tensor of rank n are ( )o
k

nY Ω  and let us 

denote the components of this tensor at time t, 

determined in the original frame, by ( )Ωk
nY . The 

correlation function is then defined as 
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where (*) marks a complex conjugation and the square 
brackets denote averages over the all possible changes 
of orientation of the molecular frame after the time t as 
well as over all possible initial orientations of the 
molecular frame with respect to the laboratory one. The 
correlation function (1) is used to define the rotational 
correlation times: 
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Re means that only the real part of the integral is taken 
into account. These correlation times can be obtained 
from the theoretical models of molecular reorientation. 
However, the experiments give information only about 
the effective correlation time τn, which is connected with 

k
nτ  by the relation (Monkos, 1977): 
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Let us write the above equation for the most 

interesting cases with n = 1 and n = 2. In the former one:  
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This effective correlation time can be obtained, for 
globular proteins, from dielectric spectroscopy (Moser et 
al, 1966; Miura et al, 1994; Kabir et al, 2003). For the 

symmetric top molecules k
n

k
n

−= ττ  and relation (4) can 
be reduced to the form: 
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The symbol ϑ1 denotes an angle between the dipole 
moment of the molecule and its axis of symmetry. For 
instance, for bovine serum albumin ϑ1 = 500 (Moser et 
al, 1966). When the dipole moment and the axis of 
symmetry of the molecule overlap, the effective 

correlation time τ1 is equivalent to 0
1τ ; when the dipole 

moment is perpendicular to the axis of symmetry of the 

molecule τ1 is determined by 1
1
±τ . For n = 2, in the case 

of the symmetric top molecules, the relation (3) gives: 
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This time can be experimentally determined, for 
globular proteins, with the help of the fluorescence 
depolarization method (Vos et al, 1987; Gryczynski et 
al, 1988; Bucci & Steiner, 1988; Takeda & Yamamoto, 
1990; Takeda et al, 1991), EPR spectroscopy (Ebert et 
al, 1981; Steinhoff 1990), perturbed angular correlations 
of the γ-ray method (Danielsen et al, 1991) or  NMR 
spectroscopy (Endre & Kuchel, 1986; Kakalis & 
Kumosinski, 1992; Belton, 1994). In the latter case, the 
symbol ϑ2 means the angle between the electric field 
gradient inside a molecule and its axis of symmetry. It is 
well known that the rotational correlation times are 

connected with the rotational diffusion coefficient DR by 
a simple relation: τn = [n(n + 1) DR]-1. So, in theory, τ1 = 
3τ2. 

In the present study, the overall motion correlation 
time τR, equivalent to τ2, was determined on the basis of 
Maxwell effect. The intrinsic viscosity, which is needed 
for the calculation of τR, was measured using an 
Ubbelohde microviscometer for human serum albumin 
(HSA), human IgG immunoglobulin (HIgG), ovalbumin 
and hen egg-white lysozyme (HEWL). The numerical 
values of τR were obtained over a wide range of 
temperatures: from the vicinity of the freezing point up 
to the temperature of thermal denaturation of the 
globular proteins investigated. All values of τR were 
obtained for proteins in dilute solutions. 

 
 

MATERIALS 
 

Highly purified HSA, hen ovalbumin and HEWL were 
purchased from Sigma Chemical Company and HIgG 
from Polish Chemical Reagents factories, and were used 
without further purification for all the measurements. 
From the crystalline form the material was dissolved in 
distilled water and then the solutions were filtered 
through filter papers in order to remove possible 
undissolved fragments. The samples were stored at 40C 
until  viscometry measurements, when they were 
warmed from 50C to 450C for HSA and from 50C to 
550C for the others proteins, with a step of 50C. The pH 
values of such prepared samples were as follows: 7.0 for 
HSA, 5.6 for HIgG, 6.4 for ovalbumin and 7.0 for 
HEWL. These values fluctuated slightly with different 
protein concentrations.  

 
 

VISCOMETRY 
 
Viscosity was measured with an Ubbelohde-type 
capillary microviscometer with a flow time for water of 
28.5 s at 250C. The microviscometer was calibrated 
using cooled boiled distilled water. It was placed in a 
water-bath controlled thermostatically and the 
immersion heater was capable of maintaining the water 
temperature to ±0.10C. The same microviscometer was 
used for all measurements and was mounted so that it 
always occupied the same position in the bath. 
Measurements started after a several minut delay to 
ensure that the system had reached equilibrium. The 
solution to be studied was passed through the 
microviscometer before any measurements were made. 
Flow times were recorded to within 0.1 s.  

The viscosity measurements were made from 50C to 
450C (or 550C) in 50C intervals. Such a range of 
temperatures was chosen because above 450C for HSA, 
and above 550C for the other studied proteins the 
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thermal denaturation occurs. Beyond the temperature of 
denaturation the secondary structure of albumin 
becomes partially irreversible (Takeda et al, 1991) and 
the proteins show a highly pronounced tendency to 
aggregate (Katakam & Banga, 1995; Yoshioka et al, 
1997). This heat-induced aggregation reverses upon 
cooling. 

Solution densities were measured by weighing. 
Protein concentrations were determined by a dry weight 
method in which the samples were dried at high 
temperature for several hours. 

 
 

RESULTS AND DISCUSSION 
 

A stimulated birefringence in liquids or solutions can be 
induced by an external electric field (Kerr effect) or 
magnetic field (Cotton-Mouton effect) as well as by the 
mechanical force like shear stress in a streamline flow 
(Maxwell effect). The latter appears when the molecules 
of a flowing liquid or particles dissolved in a solution 
are non-spherical and have anisotropic polarizability 
(Cwietkow et al, 1968). In a non-flowing liquid, because 
of Brownian motions, the distribution of the principal 
axis of molecules in space is isotropic, and - despite of 
anisotropy of the molecules - the liquid is optically 
isotropic. When a liquid flows, the hydrodynamic forces 
cause the additional translational and rotational motions 
of molecules and the distribution of the principal axis of 
molecules in space becomes anisotropic. 

At low temperatures, when the Brownian motion is 
negligible, the most probable direction of the principal 
axis of a molecule is that parallel to the direction of the 
flow. At higher temperatures, the stimulated orientation 
of molecules induced by the flow of a liquid is 
weakened because of the rotational Brownian motion of 
molecules. As a result, the privileged direction of the 
molecules orientation makes some angle with the 
direction of the liquid flow, which depends on the 
velocity gradient and on the shape of the molecules. 

In the steady-state, the orientation of the molecules 
principal axis is anisotropic in space and can be 
described by the distribution function of all possible 
directions, which fulfils a diffusion-type equation 
(Cwietkow et al, 1968). If the external forces 
stimulating the liquid flow disappear, the anisotropy of 
the distribution of the principal axis in the space 
vanishes because of the rotational Brownian motion of 
molecules. The time in which the initial orientation 
decreases by the factor of e-1 is called the overall motion 
correlation time τR and it is connected with the rotational 
diffusion coefficient by the relation τR = (6DR)-1 
(Cwietkow et al, 1968). So, τR is equivalent to the 
rotational correlation time τ2.  

For dilute solutions, τR can be obtained from the 
following relation (Cwietkow et al, 1968; Acuña et al, 

1987; Ferrer et al, 2001): 
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where M and R denote the molecular mass of the 
dissolved protein and the gas constant, respectively; [η] 
and ηo mean the intrinsic viscosity and the solvent 
viscosity at temperature T; F(p) is a function of the axial 
ratio p = a/b of dissolved protein modeled as a prolate 
ellipsoid of revolution with one long semi-axis (a) and 
two shorter semi-axes (b). The above function can be 
presented in the form F(p) = ν/6Π, where ν is a Simha 
factor (Simha, 1940) and Π is the Perrin function 
(Perrin, 1934). 

The exact formula for ν obtained by Simha for tri-
axial ellipsoids includes elliptic integrals which can be 
soluble numerically. However, for prolate ellipsoids of 
revolution the relation between ν and p can be described 
by the asymptotic formulae (Harding, 1997): 
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for (1.1 ≤ p < 2), and 
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for (2 ≤ p < 10). The Perrin function, in turn, has the 
following form: 
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The relation (7) allows a calculation, in a simple and 
convenient way, of the overall motion correlation time 
for different type of molecules in dilute solutions. It has 
been applied, among others, to human fibrinogen 
(Acuña et al, 1987), food biopolymers (Kokini, 1994), 
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hetero-polysaccharide pullulan (Dais & Viachou, 2001), 
scleroglucan (Vlachou et al, 2001) and bovine serum 
albumin (Ferrer et al, 2001). 

To calculate the overall motion correlation time from 
equation (7), the molecular mass of the proteins is 
needed. However, for hydrated and unhydrated globular 
proteins this quantity is not the same. In physiological 
conditions, proteins are in water and the protein-water 
interactions are one of the dominant factors which 
influence their structure, function and dynamics. Water 
molecules in protein solutions may be classified into 
three categories: (1) buried internal, (2) ordered on the 
protein surface and (3) disordered (Wade et al, 1991). 
Internal water molecules are of particular significance 
because they fill the cavities inside proteins and play an 
important role in the process of folding of the protein 
polypeptide chain and in maintaining its stability. They 
are considered as integral parts of a protein. The ordered 
water molecules are linked through hydrogen bonds to 
the oxygen and nitrogen atoms or to the polar groups on 
the protein surface. The disordered water molecules 
belong to the bulk water. The above was clearly 
revealed by dielectric spectroscopy (Miura et al, 1994; 
Miura et al, 1995; Yokoyama et al, 2001; Kabir et al, 
2003). 

In the dielectric spectrum of a protein solution several 
ranges of dispersion can be distinguished. The first one, 
called β-dispersion, is observed in the range of  0.1 – 1 
MHz and is connected with the orientational relaxation 
of dipoles of the whole proteins. The second one, called 
δ-dispersion, is due to the orientational relaxation of 
water molecules in the hydration shell or side chains of 
protein. Water molecules surrounding apolar moieties 
have relaxation frequencies about 0.1 GHz; those in the 
vicinity of polar moieties have greater mobility and 
relaxation frequency in the range (4 – 8) GHz (Kabir et 
al, 2003). The last range, called γ-dispersion, is in the 
microwave frequency range (about 17 GHz at 200C) and 
corresponds to the orientational relaxation of bulk water 
dipoles. 

The most direct method to elucidate the details of the 
protein hydration shell in the crystal state is high-
resolution x-ray and neutron scattering (Pérez et al, 
1999; Zanotti et al, 1999; Perkins, 2001; Chatake et al, 
2003). Especially, the neutron scattering method with a 
resolution of  1.5 – 1.6 Å gives information about both 
localization of water molecules on the protein surface 
and about their spatial orientation. However, the best 
method of high-resolution investigation of protein 
hydration in solution is NMR (Denisov & Halle, 1995a, 
1995b; Wüthrich, 2003). 

The above mentioned methods have shown that  
proteins in solution are surrounded by one or two shells 
of water molecules having quite different physical 
properties than those of bulk water molecules (Gregory 
et al, 1993; Denisov & Halle, 1995a, 1995b; Svergun et 

al, 1998 Pouliquen & Gallois, 2001). As appears, the 
first hydration shell has an average density about 10% 
larger than that of the bulk water; “bound” water 
molecules have rotational correlation times 3 to 6 orders 
of magnitude longer than those in bulk water and 
different heat absorption. Protein hydration is usually 
defined as a process of successive adding of water to a 
dry protein, until reaching the level of hydration beyond 
which further addition of water produces no change and 
only dilutes the protein (Steinbach & Brooks, 1993). 
The level of protein hydration is usually marked by δ 
and denotes the amount of grams of water associated 
with the protein per a gram of the protein. This quantity 
does not depend on temperature (Takeda et al, 1991; 
Miura et al, 1994; Ferrer et al, 2001) and concentration 
(Menon & Allen, 1990) of a solution. The “bound” 
water molecules migrate with the protein and therefore 
contribute to its hydrodynamic mass and volume. In 
particular, the molecular mass of the hydrated protein M 
= Mp(1 + δ), and Mp is the molecular mass of the 
unhydrated protein. Moreover, these water molecules 
should contribute to the hydrodynamic friction – in the 
translational and rotational movements of the protein – 
in the same way as the protein atoms. So, the amount of 
water from the hydration shell should be taken into 
account in the calculation of any hydrodynamic 
parameter depending on the mass or volume of the 
protein studied. 

HEWL is a small globular protein of the molecular 
mass Mp = 14.32 kDa (Squire & Himmel, 1979). It can 
be treated as prolate ellipsoid of revolution with the 
main axes a = 4.5 nm and b = 3 nm. It gives the axial 
ratio p = 1.5. The effect of HEWL hydration has been 
exhaustively studied by several authors (Gregory et al, 
1993; Steinbach & Brooks, 1993; Pérez et al, 1999; 
Yokoyama et al, 2001). As appears, HEWL remains 
inactive at the level of hydration lower than 0.2 g 
water/g protein. The onset of activity  occurs around 0.2 
g water/g protein but the full hydration of HEWL is 
achieved at δ = 0.38. It gives the molecular mass of 
hydrated HEWL M = 19,762 kDa. A comparison of the 
solution and the crystal infrared spectra has shown a 
very close similarity of the structure of HEWL in 
solution and in crystals (Hadden et al, 1995). Moreover, 
an analysis of the viscosity of HEWL aqueous solutions 
showed that its axial ratio remains almost unchanged in 
solution (Monkos, 1997). 

Ovalbumin is the major globular protein of chicken 
egg white. The crystal structure of the protein, as 
revealed by X-ray crystallography, indicates that the 
ovalbumin  molecule is approximately a tri-axial 
ellipsoid with overall dimensions 7 × 4.5 × 5 nm and a 
molecular mass Mp = 45 kDa (Stein et al, 1991). The 
level of hydration for ovalbumin δ = 0.36 (Young, 1963) 
and it gives the molecular mass of hydrated ovalbumin 
M = 61.2 kDa. Analysis of viscosity of ovalbumin 
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solutions has shown (Monkos, 2000) that the hydration 
shell around the ovalbumin  molecule is not uniform; 
water molecules cover some part of the protein surface 
leaving the other part uncovered. As a result, the 
hydrated ovalbumin is more elongated than unhydrated 
one, and can be approximated by an ellipsoid of 
revolution with the axial ratio p = 2.74 (Young, 1963). 

HSA is the major protein component of blood plasma 
and plays an important role mainly in the transport of a 
wide variety of substances. In the crystal state it is a 
heart-shaped molecule with a molecular mass Mp = 
66.479 kDa (He & Carter, 1992; Dockal et al, 1999). 
However, in solution, the HSA conformation is 
commonly approximated by an ellipsoid of revolution, 
but to interpret the experimental data quite different 
values of main axes have been used by different 
investigators (Monkos, 2004 and references therein). 
From the hydrodynamic point of view the hydrated HSA 
can be treated as a prolate ellipsoid of revolution with 
the main axes 16.4 nm and 4.2 nm (Monkos, 2004).  
Careful measurements of the level of hydration gave δ = 
0.379 (Baranowska & Olszewski, 1996) and it yields to 
the molecular mass of hydrated HSA M = 91.675 kDa. 

Immunoglobulins IgG, IgA, IgM, IgD and IgE 
constitute about 20% of the total plasma proteins. Of the 
above five classes, the IgG immunoglobulins make 
approximately 75% of the total serum immunoglobulins 
(Goodman, 1991). The basic unit of IgG is a four 
polypeptide chains structure, with a molecular mass Mp 
= 156 kDa, comprising two identical light chains and 
two identical heavy chains which are folded in three 
well-defined globular structures, two Fab fragments and 
one Fc fragment (Al-Lazikani et al, 1997). The level of 
hydration is different for Fab and Fc fragments: δ = 0.5 
and 0.7, respectively (Harding, 2001). It gives – for the 
whole IgG molecules - the average value of hydration δ 
= 0.567 and the molecular mass of hydrated IgG 
immunoglobulins M = 244.4 kDa. HIgG molecules in 
solution behave as prolate ellipsoids of revolution with 
the axial ratio p = 5.34 (Young, 1963; Monkos & 
Turczynski, 1999). The above given axial ratios for the 
proteins investigated have been used in calculations of 
the values of the function F(p) from equation (7). The 
values obtained are presented in Table 1. 

 
Table 1. Values of the unhydrated molecular mass Mp, the level of hydration δ, the hydrated molecular mass M, the axial ratio p, 
the Simha factor ν from equation (8) and (9), the Perrin function Π from equations (10) – (12) and F(p) = ν/6Π  for the proteins 
studied 

Protein Human IgG 
immunoglobulin 

Human serum albumin Ovalbumin Hen egg-white 
lysozyme 

Mp [kDa] 156 66.479 45 14.32 










proteing

OHg 2δ  0.567 0.379 0.36 0.38 

M [kDa] 244.4 91.675 61.2 19.762 
p 5.34 3.95 2.74 1.5 
ν 6.22 4.61 3.48 2.64 
Π 0.352 0.270 0.199 0.122 

F(p) 2.95 2.85 2.92 3.60 

 
The intrinsic viscosity c/lim][ sp

c
ηη

0→→→→
==== , where the 

specific viscosity ηsp = ηr –1 and c is the solute 
concentration in kg/m3. The relative viscosity ηr = η/ηo 
and η denotes the viscosity of a solution. The usual 
procedure for treating viscosity data consists of plotting 
the ηsp/c against concentration and extrapolating it to the 
intercept which is equal to [η]. In the present paper 
another method, proposed earlier (Monkos, 1996), is 
used. It was successfully applied for lysozyme (Monkos, 
1997; Monkos, 2001), some mammalian IgG 
immunoglo-bulins (Monkos & Turczynski, 1999), 
ovalbumin (Monkos, 2000) and HSA (Monkos, 2004). 
The numerical values of [η], obtained by using this 
method, at temperatures from 10C up to 550C (up to 
450C for HSA) are gathered in Table 2. 

The molecular mass and the axial ratio of hydrated 
proteins as well as the experimentally obtained intrinsic 
viscosity allow calculation of the overall motion 
correlation time from equation (7). The numerical values 
of τR for all investigated proteins are presented in Table 
2. As seen, the temperature greatly influences the global 
rotational motion of proteins. For instance, HIgG 
rotational motion at t = 550C is about 5.6 times faster 
than at t = 10C. For a given temperature, τR depends on 
the molecular mass of the protein in a direct way as in 
equation (7) and indirectly through the intrinsic 
viscosity. As seen from Table 2, the higher the 
molecular mass of the protein the higher the intrinsic 
viscosity. 
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Table 2. Numerical values of the intrinsic viscosity [η] obtained from experiment and the overall motion correlation time τR 
calculated from equation (7) for the proteins studied. 

 Human IgG 
immunoglobulin 

Human serum albumin Ovalbumin Hen egg-white lysozyme 

t [C] [η]×103 
[m3/kg] 

τR [ns] [η]×103 
[m3/kg] 

τR [ns] [η]×103 
[m3/kg] 

τR [ns] [η]×103 
[m3/kg] 

τR [ns] 

1 9.88 622 4.96 121 4.13 65.7 3.16 13.2 
2 9.80 595 4.95 116 4.11 63.1 3.13 12.6 
3 9.73 569 4.93 112 4.10 60.6 3.11 12.0 
4 9.66 545 4.91 108 4.08 58.3 3.08 11.5 
5 9.59 522 4.90 104 4.07 56.1 3.05 11.0 
10 9.26 426 4.83 86.3 4.01 46.7 2.94 8.95 
15 8.95 353 4.78 73.1 3.95 39.4 2.83 7.40 
20 8.67 296 4.73 62.7 3.90 33.7 2.74 6.21 
25 8.41 251 4.69 54.4 3.86 29.2 2.66 5.27 
30 8.17 215 4.66 47.6 3.82 25.4 2.59 4.52 
35 7.95 186 4.63 42.1 3.78 22.4 2.54 3.93 
40 7.75 162 4.62 37.4 3.75 19.8 2.49 3.44 
45 7.57 142 4.61 33.6 3.73 17.7 2.45 3.05 
50 7.41 126 - - 3.71 15.9 2.42 2.72 
55 7.27 111 - - 3.70 14.3 2.41 2.43 

 
Unfortunately, there are not many experimental 

reports on the overall motion correlation time of 
globular proteins, in literature. For HEWL at 200C the 
values: 7.2 ns (Vos et al, 1987), 7.4 ns (Belton, 1994) 
and 8 ns (Halle & Davidivic, 2003) have been reported 
and at 210C the value 4.7 ns (Kakalis & Kumosinski, 
1992) has been obtained. The value 6.21 ns (at 200C) 
obtained in the present paper lies in the middle of this 
range. For bovine serum albumin (a sister molecule to 
HSA) the rotational correlation time τ2 values: 40 ns 
(Ferrer et al, 2001) or 41.7 ns (Bucci & Steiner, 1988) at 
200C, and 76 ns (Moser et al, 1966) at 250C have been 
obtained. They are of the same order of magnitude as for 
HSA. 

Proteins are dynamic systems. Besides the global 
rotational motion, in each individual protein molecule 

different sorts of motions appear: local vibrations of 
atoms and groups, changes of relative positions of whole 
domains, rotations of side chains and so on. For most 
experimental techniques a separation of these motions is 
not a trivial problem. Usually, the obtained correlation 
times represent the overlay of different motions: a global 
reorientation and one or more localized motions 
(Danielsen et al, 1991; Vlachou et al, 2001; Dais & 
Vlachou, 2001). The Maxwell effect partially allows 
such a separation (because the results depend only on 
one sort of molecular motion) and gives an opportunity 
to study – in a simple and convenient way – a global 
rotational motion of a protein. 

 
REFERENCES 

 
Acuña A. U., González-Rodríguez J., Lillo M.  P.  &  Naqvi  

K.  R.  (1987).  Protein  structure probed  by  polarization  
spectroscopy.  II.  A  time-resolved  fluorescence  study  of  
human fibrinogen. Biophys. Chem., 26, 63-70. 

Al.-Lazikani B., Lesk A. M. & Chothia C. (1997). Standard 
conformations  for  the  canonical structures of 
immunoglobulins. J. Mol. Biol., 273, 927-948. 

Baranowska H. M. & Olszewski K. J. (1996). The hydration of 
proteins in  solutions  by  self-diffusion coefficients NMR 
study. Biochim. Biophys. Acta, 1289, 312-314  

Belton P. S. (1994). NMR studies of protein hydration. Prog. 
Biophys.  Molec.  Biol.,  61,  61-79. 

Bucci  E.  &  Steiner  R.  F.  (1988).  Anisotropy  decay  of  
fluorescence  as  an  experimental approach to protein 
dynamics. Biophys. Chem., 30, 199-224. 

Chatake T., Ostermann A., Kurihara  K.,  Parak  F.  G.  &  
Niimura  N.  (2003).  Hydration  in proteins observed by 

high-resolution neutron crystallography. Proteins, 50, 516-
523. 

Cwietkow W. N.,  Eskin W.  Je.  &  Frenkel S.  Ja.  (1968).  
Structure  of  macromolecules  in solutions. WNT: Warsaw. 

Dais P. & Vlachou S. (2001). 13C nuclear magnetic relaxation 
study of segmental dynamics of the heteropolysaccharide 
pullulan in dilute solutions. Biomacromolecules, 2, 1137-
1147. 

Danielsen  E.,  Bauer R.  &  Schneider D.  (1991).  Rotational  
correlation  times  of   peptides determined by perturbed 
angular correlations of γ-rays. Eur. Biophys. J., 20, 193-201. 

Denisov  V.  P.  &  Halle B.  (1995a).  Protein  hydration  
dynamics  in  aqueous   solution:  A comparison  of  bovine  
pancreatic  trypsin  inhibitor   and   ubiquitin   by   oxygen-
17   spin relaxation dispersion. J. Mol. Biol., 245, 682-697. 

Denisov V. P. & Halle B. (1995b). Hydrogen exchange and 
protein  hydration:  The  deuteron spin relaxation 
dispersions  of  bovine  pancreatic  trypsin  inhibitor  and  
ubiquitin.  J.  Mol. Biol., 245, 698-709. 



13 Determination of the rotational correlation time 

Dockal M., Carter D. C. & Rüker F. (1999). The three 
recombinant domains of human  serum albumin. J. Biol. 
Chem., 274, 29303-29310. 

Ebert B., Schwarz D. & Lassmann G. (1981). Study of 
Brownian rotational  motion  in  dense solutions of 
hemoglobin. Studia biophysica, 82, 105-112. 

Endre Z. H.  &  Kuchel  P.  W.  (1986).  Viscosity  of  
concentrated  solutions  and  of  human erythrocyte 
cytoplasm determined from NMR measurement of 
molecular correlation  times. Biophys. Chem., 24, 337-356. 

Ferrer M. L., Duchowicz R., Carrasco B., Garcia de la Torre J. 
&  Acuña  A.  U.  (2001).  The conformation of serum 
albumin in solution:  A  combined  phosphorescence  
depolarization-   hydrodynamic modeling study. Biophys. J. 
80, 2422-2430. 

Goodman J. W. (1991). Immunoglobulin structure and 
function. [In:] Stites D. P. &  Terr A. I. (Eds.), Basic and 
clinical immunology (pp. 109-121). Prentice-Hall 
International Inc. 

Gregory R. B., Gangoda M., Gilpin R. K. & Su W. (1993). 
The influence of hydration  on  the conformation of 
lysozyme studied by solid-state 13C-NMR  spectroscopy.  
Biopolymers,  33, 513-519. 

Gryczynski I., Cherek H. & Lakowicz J. R. (1988). Detection  
of  three  rotational  correlation times  for  a  rigid  
asymmetric  molecule  using   frequency-domain   
fluorometry.  Biophys.  Chem., 30, 271-277. 

Hadden J. M., Chapman D. & Lee D. C. (1995). A comparison 
of infrared spectra of  proteins in solution and crystalline 
forms. Biochim. Biophys. Acta, 1248, 115-122. 

Halle  B.  &  Davidivic   M.   (2003). Biomolecular hydration:   
from water dynamics to hydrodynamics. Proc. Natl. Acad. 
Sci. USA, 100, 12135-12140. 

Harding S. E. (2001). The hydration problem in solution 
biophysics: an introduction. Biophys.Chem., 93, 87-91. 

He X. M. & Carter D. C. (1992). Atomic structure and  
chemistry  of  human  serum  albumin. Nature, 358, 209-
215. 

Kabir S. R., Yokoyama K., Mihashi K., Kodama T. & Suzuki 
M. (2003). Hyper-mobile water is induced around actin 
filaments. Biophys. J., 85, 3154-3161. 

Kakalis L. T. & Kumosinski T. F. (1992). The dynamics  of  
water  in  protein  solutions:  The field dispersion of 
deuterium NMR longitudinal relaxation. Biophys. Chem., 
43, 39-49. 

Katakam  M.  &  Banga  A.  K.  (1995).  Aggregation   of   
proteins   and   its   prevention   by carbohydrate excipients: 
albumins and γ-globulin. J. Pharm. Pharmacol., 47, 103-
107. 

Kokini J. L. (1994). Predicting the rheology of food  
biopolymers  using  constitutive  models. Carbohydr. 
Polym., 25, 319-329. 

Menon R. S. & Allen P.  S.  (1990).  Solvent  proton  
relaxation  of  aqueous  solutions  of  the serum proteins α2 
– macroglobulin, fibrinogen, and albumin. Biophys. J., 57, 
389-396. 

Miura N., Asaka N., Shinyashiki N. & Mashimo  S.  (1994).  
Microwave  dielectric  study  on bound water of globule 
proteins in aqueous solution. Biopolymers, 34, 357-364. 

Miura N., Hayashi Y.,  Shinyashiki  N.  &  Mashimo  S.  
(1995).  Observation  of  unfreezable water  in  aqueous  

solution  of  globule  protein   by   microwave   dielectric   
measurement.  Biopolymers, 36, 9-16. 

Monkos K. (1977). PhD Thesis, Silesian University, Katowice. 
Monkos K. (1996). Viscosity of bovine serum  albumin  

aqueous  solutions  as  a  function  of temperature and 
concentration. Int. J. Biol. Macromol., 18, 61-68. 

Monkos  K.  (1997).  Concentration  and  temperature  
dependence  of  viscosity  in  lysozyme aqueous solutions. 
Biochim. Biophys. Acta, 1339, 304-310. 

Monkos K. & Turczynski B. (1999). A comparative study on 
viscosity of human,  bovine  and pig IgG immunoglobulins 
in aqueous solutions. Int. J. Biol. Macromol., 26, 155-159. 

Monkos  K.  (2000).  Viscosity  analysis  of  the   temperature   
dependence   of   the   solution conformation of ovalbumin. 
Biophys. Chem., 85, 7-16. 

Monkos K. (2001). Temperature dependence of the Mark-
Houvink-Kuhn-Sakurada  exponent for lysozyme in aqueous 
solutions. Curr. Top. Biophys., 25, 75-80. 

Monkos  K.  (2004).  On  the  hydrodynamics  and  
temperature  dependence  of  the   solution conformation of 
human serum albumin from  viscometry approach. Biochim. 
Biophys. Acta, 1700, 27-34. 

Moser P., Squire P. G. & O’Konski C. T. (1966). Electric 
polarization  in  proteins – dielectric dispersion and Kerr 
effect studies of isoionic bovine  serum  albumin.  J.  Phys.  
Chem.,  70, 744-756. 

Pérez  J.,  Zanotti  J-M.  &  Durand D.  (1999).  Evolution  of  
the  internal   dynamics  of  two globular proteins from dry 
power to solution. Biophys. J., 77, 454-469. 

Perkins S. J. (2001). X-ray and neutron scattering analyses  of  
hydration  shells:  a  molecular interpretation  based  on  
sequence  predictions and  modeling fits. Biophys. Chem., 
93, 129-139. 

Perrin  F.  (1934).  Mouvement  brownien  d’un  ellipsoide:  
dispersion  dielectrique  pour  des molecules ellipsoidales. J. 
Phys. Radium Ser. VII. 5, 303-304. 

Pouliquen D. & Gallois Y. (2001). Physicochemical properties 
of structures  water  in  human albumin and gammaglobulin 
solutions. Biochimie, 83, 891-898. 

Simha R. (1940). The influence of Brownian movement on the 
viscosity of  solutions. J. Phys.Chem., 44, 25-34. 

Squire P. G. & Himmel M. E. (1979). Hydrodynamics and 
protein  hydration. Arch. Biochem. Biophys., 196, 165-177. 

Stein  P.  E.,  Leslie  A.  G. W.,  Finch  J.  T.  &  Carrell   R. 
W.  (1991).  Crystal  structure  of uncleaved ovalbumin at 
1.95 Å resolution. J. Mol. Biol., 221, 941-959. 

Steinbach P. J. & Brooks B. R. (1993). Protein hydration  
elucidated  by  molecular  dynamics simulation. Proc. Natl. 
Acad. Sci. USA, 90, 9135-9139. 

Steinhoff  H.  J.  (1990).  Residual  motion  of  hemoglobin-
bound  spin   labels   and   protein dynamics:  viscosity  
dependence  of  the  rotational  correlation times. Eur. 
Bioiphys. J., 18, 57-62. 

Svergun D. I., Richard S., Koch M. H. J., Sayers Z.,  Kuprin S.  
&  Zaccai G.  (1998).  Protein hydration in solution: 
Experimental observation by x-ray and neutron scattering. 
Proc. Natl  Acad. Sci. USA, 95, 2267-2272. 

Takeda K. & Yamamoto K. (1990). Fluorescence lifetime and  
rotational  correlation  time  of bovine serum albumin – 
sodium dodecyl sulfate complex labeled with 1-
dimethylaminonap-thalene-5-sulfonyl chloride: effect of 



 Karol Monkos 14 

disulfide bridges in the protein  on  these  fluorescence    
parameters. J. Protein Chem., 9, 17-22. 

Takeda  K.,  Yoshida  I.  &  Yamamoto  K.  (1991).   Changes   
of  fluorescence  lifetime  and rotational correlation time of 
bovine serum albumin labeled  with  1-dimethylaminonaphtha- 
  lene-5-sulfonyl  chloride  in  guanidine  and thermal 

denaturations. J. Protein Chem., 10, 17-23. 
Vlachou S., Politou A., Dais P., Mazeau K. & Taravel F. R.  

(2001).  Structure  and  dynamics of the branched 
polysaccharide scleroglucan in dilute solutions studied by 
1D and 2D  NMR  spectroscopy. Carbohydr. Polym., 46, 
349-363. 

Vos K., van Hoek A. & Visser  A. J. W. G.  (1987).  
Application  of  a  reference  convolution method to 
tryptophan fluorescence in proteins. Eur. J. Biochem., 165, 
55-63. 

Wade R. C., Mazor M. H., McCammon J. A. & Quiocho F. A. 
(1991). A molecular  dynamics study of  thermodynamic 
and  structural  aspects  of  the  hydration  of  cavities  in  
proteins.  Biopolymers, 31, 919-931. 

Wüthrich K. (2003). NMR studies  of  structure  and  function  
of  biological  macromolecules (Nobel Lecture). J. Biomol. 
NMR, 27, 13-39. 

Yokoyama K.,  Kamei  T.,  Minami  H.  &  Suzuki  M.  
(2001).  Hydration  study  of  globular proteins by 
microwave dielectric spectroscopy. J. Phys. Chem B., 105, 
12622-12627. 

Yoshioka S., Aso Y. & Kojima S. (1997). Softening 
temperature of lyophilized bovine  serum albumin and  γ-
globulin  as  measured  by  spin-spin  relaxation  time  of  
protein  protons. J. Pharm. Sci., 4, 470-474. 

Young E. G. (1963). Occurrence,  classification,  preparation  
and  analysis  of  proteins.  [In:] Florkin  M.  &  Stotz  E.  H.  
(Eds),  Comprehensive   biochemistry  (pp. 1-55).  
Amsterdam:    Elsevier. 

Zanotti J-M., Bellisent-Funel M-C. Parello J. (1999). 
Hydration-coupled dynamics in proteins studied by neutron 
scattering and NMR: The case of  the  typical  EF-hand  
calcium-binding parvalbumin. Biophys. J., 76, 2390-2411. 


