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Temperature behaviour of viscous flow with proteins
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Abstract. The paper presents the results of viscosity determinations on aqueous solutions of different
mammalian serum albumins at a wide range of concentrations and at temperatures ranging from
278 K to 318 K. On the basis of these measurements and a modified Arrhenius equation, the func-
tional dependence of the solution activation energy of viscous flow on temperature was established.
The analysis of the results obtained shows that the activation energy decreases with increasing tem-
perature according to a square function for solutions, water molecules, and the albumins studied.
The rate at which the activation energy decreases with increasing temperature is different for each
albumin and mainly depends on its hydrodynamic radius.
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Introduction

Viscous flow of both pure liquids and solutions can be con-
sidered as a thermally activated diffusion process. Like other
processes with an activation energy barrier, the dependence
of viscosity on temperature can be described by an equation
of Arrhenius-type, which has the following form:

AE

U_AQXP(RT] M)
in which n, AE, R and T are viscosity, activation energy
of viscous flow, gas constant and absolute temperature,
respectively. The pre-exponential factor A is considered
to be independent or nearly independent of temperature.
The above equation is still widely used for different liquids
such as solutions of polysaccharides (Lopez da Silva et al.
1994; Jauregui et al. 1995; de Paula and Rodrigues 1995;
Kar and Arslan 1999; de Vasconcelos et al. 2000; Desbrieres
2002; Durand 2007), proteins (Tiffany and Koretz 2002),
supramolecular polymers (Knoben et al. 2007), colloidal
suspensions (Gun’ko et al. 2006) and others (Hayakawa
et al. 1991; Bourret et al. 1994; Kamimura et al. 2006;
Magerramov et al. 2007). A very convenient way of data
presentation in this case is plotting the viscosity versus T™!
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in aIn-normal plot. The activation energy of the viscous
flow can then be calculated directly from the slope of the
straight line in the Arrhenius plot. However, it is worth
noting that the Arrhenius equation describes the viscosity-
temperature dependence only in a relatively narrow range
of temperatures. Viscosity data, when taken at a sufficiently
wide range of temperatures, show non-Arrhenius behavior
of viscosity, i.e. the dependence of Inn on T~! is non-linear.
This is observed in aqueous solutions of proteins when the
viscosity data are taken from the freezing point of a solution
up to the temperature at which thermal denaturation
of proteins occurs. In this case, the most useful relation
connecting the viscosity with temperature is a somewhat
modified Arrhenius formula (Monkos 1996), which was
successfully applied to globular and non-globular proteins
(Monkos 2007a). It appears that the modified Arrhenius
formula allows establishing the functional dependence of
the viscous flow activation energy on temperature, and it
will be discussed for some mammalian serum albumins in
aqueous solutions.

Albumins are the most abundant proteins of the mam-
malian circulatory system, but they are also present in other
tissues like a gut, liver or muscle. In the circulatory system
they fulfill several physiological functions, mainly as carriers
of many low-polar metabolites and drugs and as principal
contributors to colloid osmotic blood pressure. For under-
standing of these functions, the knowledge of conformation
of native albumins, their hydrodynamic properties and, in
particular, estimation of the energetic characteristics of
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their viscous flow is of crucial importance. In blood plasma
albumins represent more than 50% of the total proteins
and this corresponds to a concentration of about 42 kg/m>
(Gelamo et al. 2002). Mammalian serum albumins are
moderately large proteins, with nearly identical molecular
mass of about 66.5 kDa (Dokal et al. 1999). Their primary
structure is constituted by a single polypeptide chain of about
580 amino-acid residues. Albumins from different mammals
exhibit high amino-acid sequence identity with each other
(Ho et al. 1993). Despite these similarities, some differences
exist in the three-dimensional structure of the albumins.
Moreover, their physicochemical properties in solution are
quite different, which was demonstrated by different experi-
mental techniques such as dielectric spectroscopy (Moser et
al. 1966), liquid chromatography (Soltés and Sebille 1997),
electrophoresis (Miller and Gemeiner 1998), viscometry
(Monkos 2005a, b), calorimetry and fluorescence anisotropy
(Dimitrova et al. 2000; Ercelen et al. 2005), circular dichroism
(Khan and Shabnum 2001) or fluorescence spectroscopy and
modeling (Gelamo 2002).

In the present study, the results of viscosity measurements
on aqueous solutions of human serum albumin (HSA),
equine serum albumin (ESA), ovine serum albumin (OSA)
and rabbit serum albumin (RSA) at temperatures ranging
from 278 K to 318 K and over a wide range of concentrations
are presented. For each albumin the viscosity-temperature
dependence, for a fixed concentration, is analyzed on the
basis of the three parameters modified Arrhenius formula.
This formula allows determining the dependence of viscous
flow activation energy on temperature. It appears that the
activation energy decreases with increasing temperature
and this dependence is described by the square function.
The parameters characterizing this function were obtained
for each albumin studied.

Materials and Methods

The following products of the Sigma (USA) were used in
the study: HAS (A 1653), ESA (A 9888), OSA (A 3264)
and RSA (A 0639). Albumins were used without further
purification for all measurements. Aqueous solutions
were prepared by dissolving the crystallized albumins
in distilled water. To remove possible undissolved frag-
ments the solutions were treated with filter papers. The
samples were cooled in a refrigerator (up to 277 K) until
just prior to viscometry measurements, when they were
warmed from 278 K to 318 K. The pH values of thus pre-
pared solutions were as follows: 7.0 for HSA, 7.4 for ESA,
7.05 for OSA and 7.0 for RSA, i.e. they were outside their
isoelectric point (pI). The pl of the studied albumins is:
(4.7-4.95) for HSA, (4.65-4.9) for ESA, (4.6-4.9) for OSA
and (4.6-5.3) for RSA (Miller and Gemeiner 1998). The

pH values of the solutions changed slightly in the whole
range of concentrations. The above given values are the
average pH. As seen from the above values, the solutions
were studied at (or in the vicinity of) neutral pH (7.0), i.e.
in conditions in which serum albumins preserve stable
conformation (Ho et al. 1993).

Capillary viscosity measurements were conducted us-
ing an Ubbelohde-type microviscometer with a flow time
for water of 28.5 s at 298 K. It was placed in a waterbath
controlled thermostatically at 278-318 K with a precision
of 0.1 K. Flow times were recorded to within 0.1 s. The
microviscometer was calibrated using cooled boiled distilled
water and the same microviscometer was used for all meas-
urements. Measurements started after a few minutes delay
to ensure that the system reached equilibrium. For each
concentration, the solution was passed once through the
microviscometer before any measurements were made. For
most concentrations the viscosity measurements were taken
from 278 K to 318 K mainly by steps of 5 K. At tempera-
tures slightly higher than 318 K the thermal denaturation
of the studied albumins occurs and the lower the protein
concentration, the higher the denaturation temperature.
From 5 to 10 flow-time measurements were made on each
concentration. The Ubbelohde-type microviscometers guar-
antee high reproducibility of the results. The errors of the
viscosity measurements in the whole experimental range of
concentrations were less than 1.5%.

The viscosity of the studied albumins is discussed here
in the mono-disperse range, i.e. from low concentrations
up to: 369 kg/m> for HSA, 367 kg/m? for ESA, 320 kg/m*
for OSA, and 300 kg/m? for RSA. For higher concentrations
the aggregations of albumins occur and solutions become
poly-disperse. The problem is discussed in detail elsewhere
(Monkos 2005a, b). Solution densities were measured by
weighing. For this purpose, 0.3 £0.001 ml of a solution was
weighed with the precision of + 0.1 mg. Albumin concentra-
tions were determined using a dry weight method in which
the samples were dried at high temperature for several hours.
The details of the method are described elsewhere (Monkos
and Turczynski 1991).

Results and Discussion

The physical meaning of the activation energy of viscous
flow AE can be deduced on the basis of applications of the
absolute rate theory to the process of flow (Fox et al. 1956;
Vinogradov and Malkin 1980). In this theory AE is identified
as the energy required for the jump of a molecule from the
cage formed by the nearest neighbours to one of the adjoin-
ing cages or as a minimum energy required for a molecule
of the solution to escape the influence of its neighbouring
molecules. In any liquid, to move from one equilibrium
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position to the next, each molecule has to overcome the
potential energy barrier created by neighbouring molecules.
The height of this potential energy barrier determines the
value of the activation energy. It is assumed that molecules
overcome the potential energy barrier in elementary jumps.
In the absence of an external force field, these jumps occur
constantly in all directions with equal probability. The appli-
cation of the external force field causes the potential energy
barrier to decrease in the direction of the force action and
to increase in the opposite direction. In consequence, there
is higher probability of jumps in the direction of the force
action than in the opposite direction.

The value of activation energy of viscous flow AE can be
obtained experimentally from measurements of liquid vis-
cosity at different temperatures and from the slope of the line
that represents the dependence of Inn on T~1. This method
was successfully applied to many liquids when the viscosity
measurements were conducted in a relatively narrow range
of temperatures (Hayakawa et al. 1991; Bourret et al. 1994;
Lopez da Silva et al. 1994; Jauregui et al. 1995; de Paula and
Rodrigues 1995; Kar and Arslan 1999; de Vasconcelos et
al. 2000; Desbrieres 2002; Kamimura et al. 2006; Durand
2007; Knoben et al. 2007). Linear dependence of Inn on T~
means that the activation energy is constant. In fact, even in
a narrow range of temperatures, the dependence of Inn on
T~ is only approximately linear. It means that thus obtained
activation energy is only an average value from the studied
range of temperatures.

Figure 1 shows the results of viscosity measurements
for HSA aqueous solution for the concentration of ¢ =
369 kg/m®. It can be seen that the plot of Inn versus T~! is
nonlinear, which means that AE depends on temperature.
To obtain AE value at each particular temperature, a more
precise definition has to be applied. In the case of solutions,
when activation energy depends on both temperature and
concentration, it has the following form:

:Rdlm](c,T)

AE(c,T) =

(2)

So, the functional dependence of the viscosity on tem-
perature, describing such dependence from a freezing point
up to the temperature of denaturation, is necessary. Such
dependence is described by a slightly modified Arrhenius
equation (Monkos 1996):

n(c,T) = exp[— B, (c)-l— D, (C)T + Al;7(f)i| (3)
in which Bg(c), Dg(c) and AEg(c) are the parameters which
depend on the concentration of the solution.

This equation was successfully applied to the description
of viscosity dependence on temperature for many types of
proteins, for temperatures from the neighbourhood of the
solution freezing point up to the vicinity of the denaturation

3.1 3.2 3.3 3.4 3.5 3.6 3.7
T1(103K")

Figure 1. Arrhenius plot showing the temperature dependence
of the viscosity of HSA aqueous solution for the concentration
c=369 kg/m3 . « experimental points; straight lines show different
slopes at different temperatures.

temperature of the studied proteins (Monkos 2007a). Moreo-
ver, when water viscosity values are taken from standard
physicochemical tables, it is easy to show that in this case
the equation, analogous to the one above, describes very
well the viscosity-temperature dependence from 273 K up
to 373 K. The values of water viscosity obtained on the basis
of such equation differ from the experimental values by no
more than 1%. Equation (3) (or a similar one to it) can be
applied to the description of viscosity-temperature depend-
ence at a wide range of temperatures — both for solutions
and one-component liquids. In the case of solutions, the
parameters Bg(c), Ds(c) and AEg(c) have to be calculated
separately for each concentration. The function from Eq. (3)
with parameters Bg(c), Dg(c) and AEq(c) calculated on the
basis of the least squares method (Monkos 1996) gives a very
good fit to the experimental points over the whole range of
temperature for globular and non-globular proteins (Monkos
2007a) and, in particular, for the studied albumins (Monkos
2004, 2005a,b).

The function from relation (3) can then be inserted into
the Eq. (2). After differentiation and simple transformations
it is possible to obtain the temperature dependence of the
activation energy of viscous flow of a solution:

AE(c,T)= AE (c)- RD (c)T”’ (4)

It appears that the activation energy of the viscous flow for
a solution at a given concentration decreases with increasing
temperature according to the square function. At the same
time, the above formula enables clear physical interpretation
of the two parameters of the modified Arrhenius equation:
AE(c) denotes the activation energy at T = 0 Kand Dg(c)
describes the rate at which the activation energy decreases
with increasing temperature. The values of AE(c,T) for HSA
at three temperatures, calculated from the above relation,
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40 of an appropriate parameter for water and dissolved proteins,
35 the following relations for the parameters present in the
g Eq. (4), were obtained (Monkos 1996):
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Figure 2. Plot of the solution activation energy AE(c,T) versus
concentrationcat T =278 K (s), T=298 K (A)and T =318 K ()
for HSA. Experimental points were obtained on the basis of Eq. (4);
the curves show the fit according to Eq. (7) with the parameters:
a =5.093 x 105kg/m*, £ =2.15 x 10 m*/kg and AE,(T) =4.876 x
10*kJ/mol, AE(T) =19.39k]/molat T =278 K; AE,(T) =2.863 x
10* kJ/mol, AE,(T) = 16.3 kJ/mol at T = 298 K; AE,(T) = 7.103 x
10* kJ/mol, AE(T) = 14.33 kJ/mol at T = 318 K.

are shown in Fig. 2, and for RSA at T=278 K, OSA at T =
283 Kand ESA at T = 288 K in Fig. 3. In the latter, different
temperatures were chosen to avoid partial overlapping of
the results.

Viscosity measurements for previously studied proteins
showed that the parameters By(c), D(c) and AE(c) depend
on concentration in the same manner: they monotonically
increase with increasing concentration (Monkos 2007a).
Based on the assumption that each of them is a superposition

40

AE, 1 (kJ/mol)

15

0 100 200 300 400
c (kg/m?)

Figure 3. Plot of the solution activation energy AE(c,T) versus
concentration ¢ for RSA at T =278 K (s), for OSA at T =283 K (A)
and for ESA at T = 288 K (#). Experimental points were obtained
on the basis of Eq. (4); the curves show the fit according to Eq. (7)
with the parameters: a = 4.988 x 10° kg/m> and £ = 1.98 x 107
m?/kg, AE,(T) = 7.35 x 10* kJ/mol, AE(T) = 19.39 kJ/mol for
RSA; £ =2.08 x 10> m?/kg, AE,(T) =4.827 x 10*kJ/mol, AE,(T) =
18.79 kJ/mol for OSA; € =2.32 x 10> m*/kg, AE,(T) =3.507 x 10*
kJ/mol, AE,,(T) = 18.18 kJ/mol for ESA.

in which a = pyMp/M,, and = o - 1. The quantities p,, &,
M, and M,, mean water density in kg/m?, effective specific
volume of a protein and molecular masses of the dissolved
protein and water, respectively. The effective specific vol-
ume is the constant of proportionality between the effec-
tive molar volume and the molar mass of a macrosolute.
The parameters AEp, and Dy, are connected with dissolved
proteins and AE,, and D,, with water. In particular, AE,
and AE,, denote the activation energy of proteins and
water, respectively. It is worth noting that the depend-
ence of solution activation energy on concentration has,
so far, been investigated by very few authors (Jauregui et
al. 1995; Kar and Arslan 1999; de Vasconcelos et al. 2000;
Desbrieres 2002; Durand 2007). In each case the authors
showed that the activation energy of the solution increased
with increasing concentration. The functional description
of such dependence was proposed only by Durand (2007).
However, the obtained fit to the experimental values is not
the best one (see Durand 2007, Fig. 7). Contrary to this, the
Eq. (5), applied to the globular protein aqueous solutions,
describes the concentration dependence of the activation
energy at a wide range of concentrations in a very good
way (Monkos 2007a).

Atc =0, the above equations give AE (c) = AE,, and D(c)
= Dy,. At temperatures ranging from 278 K to 318 K the
values for water are: AE,, = 35.8 kJ/mol and D,, = 2.55 x
1072 KL, The pairs of parameters (AE), &) and (Dyp» &) in
equations (5) and (6) can be calculated when the molecu-
lar mass of hydrated proteins is known. This quantity is
the sum of the molecular mass of unhydrated protein M,
and the mass of hydration shell of water surrounding the
protein molecules in solution: My, = Mp(l + ), where &
means the amount of grams of water associated with the
protein per gram of protein. When the molecular mass of
hydrated proteins is known, the parameters AEP, D, and
§ in equations (5) and (6) can be calculated by using once
more the least squares method. Thus obtained values for
the studied albumins were presented in an earlier study
(Monkos 2004; 2005a,b).

The activation energy of a solution, at each individual
temperature T, can also be treated as a superposition of
the activation energy of dissolved protein molecules at this
temperature AEP(T) and water molecules at the same tem-
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perature AE,,(T). This leads to the relation analogous to that
presented in Eq. (5):

AE(c,T) = g, (r)- 26, )]+ 2£, (1) (7)

It is obvious that at ¢ = 0 the parameters in the modified
Arrhenius Eq. (3) are: Bg(c) =B,,, Ds(c) = Dy, AE4(c) = AE,,
and this gives the viscosity-temperature relationship for wa-
ter. In this case it is possible to obtain, on the basis of Eq. (2),
the relation analogous to that presented in Eq. (4). It allows
calculation of the activation energy for water molecules at
one given temperature:

AEW (T) = AEW - RDWTZ (8)

The values of the activation energy of water, calculated
from the above relation, change from AE,(T) = 19.39 kJ/mol
(T =278 K) up to AE(T) =14.33 kJ/mol (T =318 K). When
AE,(T) in Eq. (7) is given, the only unknown parameter is
AE,(T) and it can be obtained by using once more the least
squares method. The results of such calculations are shown
in Fig. 4. At the same time, Figs. 2 and 3 show that the curves
obtained on the basis of formula (7) give good fit to the values
obtained from Eq. (4).

Fig. 4 shows that the activation energy of viscous flow for
all studied albumins decreases with increasing temperature.
Taking into account the fact that the activation energy, at
any individual temperature, both for solutions (Eq. 4) and
water (Eq. 8) decreases with increasing temperature ac-
cording to the square function, it can be assumed that the
same function also describes the temperature dependence
of the activation energy for the dissolved proteins, namely:
AE,(T) =u - RwT?2. The adjustable parameters “u” and “w”
can be obtained by applying the least squares method and
taking into account the values of AE,(T) obtained for the

Table 1. Hydrodynamic parameters for the studied albumins
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Figure 4. Plot of the activation energy of viscous flow AE(T) versus
temperature for RSA (A), OSA (&), HAS (x) and ESA (s). Points
have been obtained from Eq. (7) in which AE,(T) is the adjustable
parameter. The curves show the fit accordlng to Eq. (9) with: AE,
2.72 x 10° kJ/mol and D, =309 K™ for RSA, AE, = 2.1 x 10° k]/
mol and D, =243 K" for OSA, AE, =1.84 x 10° k]/mol and D,
210K! for HSA and AEp=12x 105 kJ/mol and D, = 123 K'
for ESA.

studied albumins from relation (7). Thus obtained param-
eters are gathered in Table 1. It can be seen that, for each
studied albumin, there are only small differences between
these parameters (in the range of estimated errors) and the
values of AE, and D}, obtained earlier for these albumins. So,
we hypothesize that the following relation is fulfilled:

AE (T)=AE, - RD,T’ ©)

Fig. 4 shows a plot of the activation energy of the studied
albumins calculated from Eq. (7) vs. temperature and the
curves obtained by using Eq. (9). A very good accordance
of the fitting curves with the experimental points strongly

ESA? HSAP OSAS RSA?
£(10° m%/kg) 232 2.15 2.08 1.98
AE,, (107 kJ/mol) 1.27 £0.07 1.86 +0.08 2.13 +0.09 2.66 +0.12
u (107 kJ/mol) 1.20 +0.01 1.84 +0.01 2.10 +0.02 2.72 +0.01
D, (K1) 122 £5.9 215+9.9 245+73 320+ 18
w (KD 123 0.1 210+0.2 243 +0.2 309+ 0.3
ap, (nm) 7.16 7.41 7.75
by, (nm) 2.27 242 2.39
R}, (nm) 3.74 3.89 3.94 4

ESA, equine serum albumin; RSA, rabbit serum albumin; HAS, human serum albumin; OSA, ovine serum albumin; & , effective specific
volume; AE;, , activation energy of viscous flow; Dy, , rate of decreasing of the activation energy with increasing temperature; ap, by, , main

« »

semi-axes equine serum albumin (ESA) and rabbit serum albumin (RSA). The parameters “u” and “w” obtained as adjustable parameters
in equation AE,(T) =u - RwT?2 The hydrodynamic radius Ry, for the studied albumins calculated from relation (10). Results were taken

from the literature: ® Monkos 2005a,

b Monkos 2004, € Monkos 2005b.
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suggests that the activation energy of the viscous flow of
a protein at any concrete temperature can be calculated from
the Eq. (9), if the parameters AE}, and Dy, are known. They
should be calculated from Eq. (5) and (6). It should be noted
that the correctness of the relation analogous to (9) has also
been proved for ovalbumin (Monkos 2007b). This suggests
that, the relation (9) is a universal one, at least for proteins.

Fig. 4 shows that the rate at which the activation energy
decreases with increasing temperature differs for different
albumins. Because of that the ratio of AE,(T) at 278 K and
318 K, for each albumin, is quite different (Table 2). For
instance, for RSA AEP(T) at 278 K is about 6 times greater
than at 318 K, but for ESA AEP(T) at 278 K is only about 2.5
times greater than at 318 K. It is also worth noting that ESA
has, at 278 K, the lowest value of AE,(T) from the studied
albumins but at 318 K the value is the highest. Which factors
can be responsible for such temperature related changes of
the activation energy?

It is well-known that the activation energy of viscous
flow depends on molecular mass (Vinogradov and Malkin
1980). However, the molecular mass of mammalian serum
albumins is similar (or identical). So, in order to explain
which factors, in this case, influence the rate of the decrease
in the activation energy with increasing temperature some
other factors should be taken into consideration. It is interest-
ing to compare the changes in the activation energy of the
studied albumins with the changes in the mean energy of
translational heat motion of molecules <E>. This energy is
known to be independent of molecular mass and to be equal
to <E> = 1.5 KT (k is Boltzmann constant). At the studied
range of temperatures <E> increases from 5.76 x 1072 (T =
278 K) to 6.59 x 107! J (T = 318 K). So, at T = 318 K <E>
is only 1.14 times greater than at T = 278 K. It means that
this factor cannot be responsible for the great temperature
changes of the activation energy of albumins.

As shown in the previous paper (Monkos 2007a), the
activation energy, for a given protein, reaches the maximum
value at the pl. The pH values of the studied albumin solu-
tions were higher than their pI values. In this case, repulsive
interactions between net charges of the albumins molecules
partially balance the attractive dipole-dipole interactions
between their dipole moments and the total electrostatic
interactions between albumins molecules are weak. This sug-
gests that molecular interactions cannot explain such great
differentiation in the changes of activation energy of albu-
mins with temperature. The additional argument supporting
the above statement comes from the analysis of the intrinsic
viscosity [n] and the Huggins coefficient k;. The intrinsic
viscosity is a measure of the contribution of a protein to the
viscosity of the solution in which it is dissolved and depends
on protein-solvent interactions (Pamies et al. 2008). This
quantity, at temperatures ranging from 278 K to 318 K, was
obtained previously for all investigated albumins (Monkos

Table 2. The ratio of the activation energy of viscous flow AE,(T),
the intrinsic viscosity and the Huggins coeflicient at two tempera-
tures for the studied albumins

RSA? OSA® HSAP ESA?
AE,11/AE, 1) 6.02 9.46 6.87 2.47
lti/[nlT2 1.07 1.08 1.06 1.1
(k) 1o/ (k)71 1.03 1.04 1.07 1.05

AEp, the activation energy of viscous flow; [n], the intrinsic viscos-
ity; k, Huggins coefficient; T1 =278 K; T2 = 318 K; ESA, equine
serum albumin; RSA, rabbit serum albumin; HAS, human serum
albumin; OSA, ovine serum albumin. Results were taken from the
literature: ® Monkos 2005a, ® Monkos 2004, € Monkos 2005b.

2004; 2005a,b). The obtained values of the intrinsic viscos-
ity decrease monotonically with increasing temperature.
The ratio of [n] at 278 K and 318 K is given in Table 2. The
values of this ratio are only slightly higher than 1, and are
nearly identical for all studied albumins. The Huggins coet-
ficient, in turn, represents the quantitative measure of the
intermolecular interactions (Dreval et al. 1973). Its values
increase monotonically with increasing temperature for all
albumins studied here (Monkos 2004; 2005a,b). The ratio of
k; at 318 K and 278 K is presented in Table 2. It can be seen
that k; changes only insignificantly with temperature. This
suggests that the intermolecular interactions of albumins
in solutions outside the pI change with temperature very
slightly (if any). For solutions with strongly interacting
molecules the Huggins coefficient sharply increases with
increasing temperature (Desbrieres et al. 1996). In Table 2
the ratio of the activation energy of the studied albumins at
278 K and 318 K is also presented. It appears that the changes
of [n] and k; with temperature are very small in comparison
with the changes of AE(T) with temperature. This strongly
suggests that the temperature changes of the activation en-
ergy of albumins in solutions outside of pI are not caused by
protein-solvent and protein-protein interactions.

However, the influence of some hydrodynamic factors on the
activation energy can also be considered. At first approxima-
tion, it can be assumed that native albumin molecules are the
prolate ellipsoids of revolution with one long semi-axis (ap,) and
two shorter semi-axes (by,). The numerical values of aj, and by,
of such modeled hydrated albumins are presented in Table 1.
When considering of translational movements of proteins in
a solution it appears that the hydrodynamic radius (Ry) of
proteins plays the essential role. It is connected with the main
semi-axes according to the relation given by Perrin (1936):

R w/a,f—b,f

h —
[ 2 2
ah + ah _bh

In
bh

(10)
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The hydrodynamic radius of the studied albumins, cal-
culated from the above equation, is presented in Table 1.
The results obtained show that both AE, and D, increase
with increasing Ry. In both cases the relation is non-linear.
To establish the analytical dependence of those quantities,
measurements for proteins with broad distribution of the
hydrodynamic radius are necessary. This will be the subject
of further investigations.

All hydrodynamic methods are low-resolution ones. It
means that hydrodynamic quantities obtained for proteins
on the basis of these methods do not depend on the protein
state at the atomic level. The hydrodynamic parameters char-
acterizing proteins in solution depend rather on the overall
shape or topology of the protein. It should be emphasized
that in the vicinity of neutral pH, albumins have compact
and stable conformation. This has been proved by using the
small angle X-ray scattering (Olivieri and Craievich 1995)
and photon correlation spectroscopy technique (Sontum
and Christiansen 1997). The results of investigations based
on the phosphorescence depolarization technique and
hydrodynamic modeling, in turn, show that the size and
conformation of albumins do not change with temperature
(Ferrer et al. 2001). The protein molecules in solution are
surrounded by a hydration shell of water molecules. The
“bound” water molecules migrate with the protein and
therefore have to be taken into account in calculations
of hydrodynamic parameters characterizing the protein.
The hydration shell is an unusually dynamic structure.
Individual hydration water molecules exchange with bulk
water molecules. The mean times in which water molecules
do not change their location are in the range (1 ms-1 ns)
for water molecules buried in internal cavities and in the
range (50-100 ps) for water adjacent to non-polar groups
and polar residues on the surface of a protein (Harding
2001). Although water molecules from hydration shell are
in rapid exchange with water in bulk solution, in hydrody-
namic methods based on time-averaged properties their
sites appear to be fully occupied. Some experimental results
show that the level of protein hydration, i.e. the amount of
grams of water associated with the protein per one gram
of the protein, does not depend on temperature (Takeda et
al. 1991; Miura et al. 1994; Ferrer et al. 2001) and solution
concentration (Menon and Allen 1990). Because the size,
conformation and level of proteins hydration do not change
with temperature, the volume of proteins does not change,
either. In particular, Takeda et al. have shown, on the basis of
measurements of fluorescence anisotropy of labeled bovine
serum albumin, that the protein volume remains unchanged
up to the temperature of denaturation. Moreover, it has been
proved experimentally, for native bovine and HSA, that the
hydrodynamic radius does not depend on solution pH and
temperature (Jachimska et al. 2008). These experimental
results clearly show that the changes of activation energy of

viscous flow of proteins with temperature cannot be caused
by the temperature-induced changes of size, volume or
hydrodynamic radius of proteins because those quantities
are temperature independent.

The above presented discussion and the results of the
present paper strongly suggest that for the proteins with the
same (or similar) molecular mass and in solutions outside
their pl, the activation energy of viscous flow is mainly in-
fluenced by the value of their hydrodynamic radius. This is
an interesting problem not only in the case of viscous flow
ofliquids in physiological and non-physiological conditions
but also for other activated processes like, for instance, those
of chemical and/or biochemical reactions.

Conclusions

Viscosity of mammalian albumin solutions, analyzed at
a sufficiently wide range of temperatures, shows non-Ar-
rhenius behaviour. This means that the activation energy
of viscous flow depends on temperature. The viscosity of
aqueous solutions of these albumins at temperatures rang-
ing from 278 K to 318 K, in the vicinity of neutral pH, may
be described quantitatively by a modified Arrhenius equa-
tion. This equation, along with a precise definition of the
activation energy, allows determination of the functional
dependence of this quantity on temperature. Simple calcula-
tions shows that thus obtained activation energy decreases
with increasing temperature according to the two param-
eters square function. One of the parameters denotes the
activation energy at T = 0 K, and the other one means the
rate of a decrease in the activation energy with increasing
temperature. For the studied albumins, both parameters were
obtained from the analysis of the concentration dependence
of the parameters of a modified Arrhenius equation. The val-
ues of activation energy of the albumin molecules at a fixed
temperature can be calculated, in turn, from the analysis of
a solution activation energy on concentration at the same
temperature. Activation energy for the studied albumins,
calculated in this way decreases from 4.88 x 10* kJ/mol (at
278 K) to 7.1 x 10° kj/mol (at 318 K) for HSA, from 4.08 x
10* kJ/mol (at 278 K) to 1.65 x 10* kj/mol (at 318 K) for
ESA, from 5.39 x 10*kJ/mol (at 278 K) to 5.71 x 10° kJ/mol
(at 318 K) for OSA and from 7.35 x 10* kJ/mol (at 278 K)
to 1.22 x 10* kJ/mol (at 318 K) for RSA. The analysis of the
results obtained shows that the activation energy of viscous
flow of the studied albumins molecules also decreases with
increasing temperature according to the two parameters
square function. The values of the parameters for the al-
bumins studied show substantial differences. However, the
analysis of the results suggests that the viscous flow activation
energy of serum albumin molecules is mainly influenced by
their hydrodynamic radius.
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