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Abstract

Viscosities for solutions of glycine, DL-a-alanine, DL-a-amino-n-butyric acid, DL-valine, DL-leucine and L-serine in 5
mol kg~ ' aqueous urea have been determined at 278.15, 288.15, 298.15 and 308.15 K. The viscosity B-coefficients for
the amino acids in the aqueous urea solution have been calculated at different temperatures. The effect of
temperature on the B-coefficients is discussed on the basis of the Feakins equation. The contribution of solute to the
activation parameters (Apd™, AH ™, AS)7) for viscous flow of the solution have been calculated, together with the
Gibbs energy, enthalpy and entropy of transfer for the amino acids from the ground-state solvent to the hypothetical
viscous transition state solvent. The contributions of the charged end group (NH;", COO ™) and CH, groups of the
amino acids to B-coefficient and Ap,g* have been also estimated using the linear correlations between B-coefficient
or Apy” and the number of carbon atoms in the alkyl chains of the amino acids. All the activation parameters are
discussed in terms of the solute—solvent interactions in the ground and transition states. © 2000 Elsevier Science
B.V. All rights reserved.
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1. Introduction denaturant of proteins. The precise role of urea

in the denaturation of protein systems remains

Knowledge of the individual contributions of
all the protein constituents is needed for a proper
understanding of the significance of thermody-
namic parameters for the denaturation of pro-
teins in denaturant solutions. Urea is a strong
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unclear in spite of extensive investigations [1-3].
In order to more effectively predict the actions of
urea on secondary and tertiary protein conforma-
tions, an understanding of the interactions of
urea with less complicated molecules that model
protein side chains, e.g. amino acids or simple
oligopeptides must first be developed.

There have been many studies on the behavior
of the model compounds of proteins in aqueous
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urea solutions. Standard Gibbs energies, en-
thalpies and entropies of transfer for some amino
acids and/or peptides from water to urea solu-
tions have been investigated by Nozaki and Tan-
ford [4], Abu-Hamdlyyah and Shehabuddin [5],
and Lapanje et al. [6]. Volumes and heat capaci-
ties of amino acids in urea solutions have also
been studied by some authors [3,7-11]. Recently,
extensive work has been reported by Hakin et al.
[12] on thermodynamic properties of transfer of
glycine and some small peptides from water to
urea—water solutions. However, most of these
studies are restricted to the standard temperature
of 298.15 K and no viscosity investigations have
been reported for amino acids + urea + water
systems, although viscosity has been proven to be
a sensitive and accurate probe for solution stud-
ies. To understand the behavior of amino acids
and their groups in aqueous urea solutions at
different temperatures and to further investigate
this ongoing puzzle of urea-based protein denatu-
ration, we have studied the viscosity properties of
glycine (Gly), pL-a-alanine (Ala), DL-a-amino-n-
butyric acid (Abu), pL-valine (Val), DL-leucine
(Leu) and L-serine (Ser) in 5 mol kg~' aqueous
urea solutions at 278.15, 288.15, 298.15 and 308.15
K. The use of the first five of these amino acids
permits individual estimations of B-coefficient for
the charged end group (NH;, COO~) and the
CH, group. L-Serine was chosen to study the
effect of OH group in the alkyl chain on the
viscosity B-coefficients.

In addition, the transition state theory has been
applied to calculate the activation parameters for
the viscous flow of the amino acids and their
groups in aqueous urea solutions. The solute—
solvent and solvent—solvent interactions in ground
and transition states are discussed.

2. Materials and experimental techniques

Glycine (Shanghai Chem. Co.), DL-a-alanine
(Shanghai Chem. Co.), bL-a-amino-n-butyric acid
(Shanghai Chem. Co.), pL-valine (Fluka), DL-

leucine (Baker) and L-serine (Beijing Chem. Co.)
were twice recrystalized from aqueous ethanol
solutions and dried under vacuum at 348 K for 6
h. Then they were stored over P,Os in a desicca-
tor before use. Analytical reagent grade urea
(Beijing Chem. Co.) was used after drying under
vacuum at 328 K. Water with a conductivity of 1.2
Q" cm~" was obtained by distilling the deion-
ized water from alkaline KMnO, to remove any
organic matter. All solutions were prepared
freshly by weighing on the molality concentration
scale.

Solution viscosities were measured with a sus-
pended level Ubbelohde viscometer, which was
placed in a water thermostat (Schott, Germany)
and has a flow time of approximately 200 s for
water at 298.15 K. The temperature of the water
thermostat was controlled by a CT 1450 tempera-
ture controller and a CK-100 ultracryostat to
+0.005 K. Flow time measurements were per-
formed with a SCHOTT AVS 310 photoelectric
time unit with a resolution of 0.01 s. The proce-
dure details are given elsewhere [13]. The density
data reported in a previous paper [11] were used
in the present work.

3. Results

The viscosity B-coefficient for the amino acids
in aqueous urea solutions was obtained from the
following equation [14] using the measured vis-
cosity data for amino acid + urea + water sys-
tems:

m,=m/my=1+Bc (»

where m and 7, are viscosities of the solutions
(amino acid + urea + water) and the solvent (urea
+ water), respectively. m, is the relative viscosity,
and ¢ the molarity of amino acid in solution.
Viscosity B-coefficients were obtained by the
least-squares method and are given in Table 1
together with their standard deviations. To the
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Table 1
Viscosity B-coefficients for a-amino acids in 5 mol kg~! aqueous urea solution at different temperatures
Amino acid B (dm® mol™ 1)

278.15K 288.15K 298.15K 308.15K
Gly 0.195 + 0.001 0.190 + 0.003 0.187 + 0.003 0.1843 + 0.0006
DL-Ala 0.336 + 0.004 0.310 + 0.003 0.288 + 0.006 0.275 + 0.007
DL-Abu 0.457 + 0.004 0.416 + 0.005 0.387 + 0.005 0.369 + 0.003
DL-Val 0.550 + 0.006 0.509 + 0.005 0.471 + 0.005 0.433 + 0.004
DL-Leu 0.610 + 0.004 0.564 + 0.005 0.519 + 0.004 0.472 + 0.002
L-Ser 0.319 + 0.007 0.311 + 0.004 0.299 + 0.003 0.285 + 0.004

best of our knowledge, these data are being re-
ported for the first time.

In the mechanism of viscous flow, the displace-
ment of a liquid layer with respect to the adjacent
one can be described as the movement of the
molecules of the layer from their equilibrium
positions to the adjacent ones within the same
layer. Eying [15] considered that the jump of the
molecule from its equilibrium position to an adja-
cent one can be regarded as a process accom-
panied by overcoming a potential energy barrier.
That is to say, the process is similar to that acting
in chemical reactions. Then the molecules in their
equilibrium position are at the ground states and
the molecules in the position of the top of the
barrier are at the transition states. Based on the
Eying transition state theory, the thermodynamic
activation parameters (Gibbs energy, entropy and
enthalpy) of viscous flow for the amino acids were
evaluated by using Feakins et al. [16] extension of
Eying transition state theory:

B= (V4 —Vs4)/1000
+ (V1 4,/1000)(Apy ™ —Ap*)/RT ()

Where Vf’(b and V;,d) are the partial molar volumes
of the solvent and solute at infinite dilution, re-
spectively. ApS” is the Gibbs energy of activation

per mole of pure solvent, and is given by:
Ap” = RTIn(mgV, 4 /hN,) (3)

where 4 is Planck’s constant and N, is Avogadro’s

number. Ap)” is the contribution per mole of

solute to the Gibbs energy of activation for vis-
cous flow of the solution. Hence, Eq. (2) can be
rearranged as follows:

Apy " = Ap)” +(RT/Vy,)

x[1000B = (Vy 4 = V5,)] @)

Thus obtained Ap)” values at different tem-
peratures are recorded in Table 2.

Over the temperature range concerned, the
entropy and enthalpy of activation for viscous
flow of the amino acids in 5 mol kg~ aqueous
urea solution were calculated with Egs. (5) and
(6). The results are given in Table 3.

ASY” = —d(Apy")/dT (5)

Table 2

Activation Gibbs energies Ap%”* for viscous flow of amino
acids in 5 mol kg~! aqueous urea solution at different
temperatures

Amino acid Ap%* (kJ mol™!)

27815K  288.15K 29815K  308.15K
Gly 356+0.1 359403 36.0+04 363+0.1
DL-Ala 53.8+05 51.8+04 504+0.7 48.7+0.8
DL-Abu 693+05 663+0.6 643+0.6 634+04
DL-Val 81.8+0.7 7914+0.6 764+0.6 734+0.5
DL-Leu 90.5+05 875+0.6 842+05 804+0.3
L-Ser 519408 521+05 51.8+04 51.1+£05
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Table 3

Activation enthalpy AH)* and entropy ASY”* for viscous flow of amino acids in 5 mol kg

~! aqueous urea solution

Amino acid AHY* (kJ mol™1) ASY* (kI™!'mol™!)

Gly 30.24+0.8 -20+3

DL-Ala 91.7+23 137+8

DL-Abu 123.7+9.7 197 £33

DL-Val 1594+ 1.5 279+ 5

DL-Leu 184.3 +3.7 338+13

L-Ser 58.8+4.2 24+ 14

AH) = AuS” +TAS)” (6) actions. Therefore, it is necessary to estimate

For a solution in thermodynamic equilibrium, a
chosen solute molecule interacts with every sol-
vent molecule; the sum of these interactions over
all solute and solvent molecules is the familiar
solute—solvent interaction. There are two con-
tributions to Au‘z’* [17]. The first one is thought
of as the Gibbs energy of interaction of the solute
with a hypothetical transition-state solvent. The
effect of the solute on the Gibbs energy of activa-
tion of the solvent molecule is, in fact, the differ-
ence between the solvation energies of the solute
in the ground-state solvent and in the transition-
state solvent, or Gibbs energy of transfer,
AG,(1-1"), between them. The second contribu-
tion to ApJ” comes from the movement of the
solute through its own viscous transition state,
AG,(2-2"). Thus,

Apf’f = AG;(l—l’) + AG;(Z—Z’) (7)
We are interested in the solute—solvent inter-

Table 4

AG,(2-2") first, and then to obtain AG,(1-1')
from the measured Ap)” values. Apn)” can be
used as a common value for AG,(2-2') [17]. The
other activation parameters of transfer AH;(l—l’)
and AS;(I—l’) can be obtained by equations simi-
lar to Egs. (5) and (6). All the results have been
collected in Table 4.

4. Discussion

The B values of the amino acids reflect the net
structural effect of the charged groups and the
hydrophobic alkyl groups on the amino acid.
These two effects can be separated by noting that
the B-coefficients of amino acid are linear in 7.,
the number of carbon atoms in alkyl chains, i.e.:

B =B(NH; ,COO") + n,B(CH,) (8)

The regression parameters, BINH;, COO"),
the zwitterionic group contribution and B(CH,),

1

Thermodynamic activation parameters of transfer for the amino acids from ground-state to transition-state in 5 mol kg™' aqueous

urea solution

Amino acid AG,(1-1") (kJ mol~ 1) AH(1-1") AS,(1-1")
-1 -1
278.15K 288.15 K 298.15 K 308.15 K (iJ mol™") (kJ mol™")
Gly 2524 0.1 257403 260 + 0.4 265+ 0.1 135+ 0.8 4243
pL-Ala 4534405 416 + 0.4 40.4 407 389+ 0.8 842+ 23 14748
pL-Abu 5891 0.5 56.1+ 0.6 543+ 0.6 53.6 + 0.4 107.6 + 9.7 177+ 33
pL-Val 714407 68.9 + 0.6 664 + 0.6 63.6+0.5 1435+ 1.5 25945
pL-Leu 80.1+ 0.6 773106 742405 70.6 + 0.4 1682 + 3.7 316 + 13
L-Ser 415408 419405 418+ 04 413105 437+42 7414
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Table 5
Contribution of (NH},COO™) and CH, groups to viscosity B-coefficient of the amino acids at different temperatures
Group B (dm® mol™ 1)

278.15K 288.15K 298.15K 308.15K
(NH$,CO007) 0.114 + 0.031 0.117 + 0.024 0.122 + 0.021 0.131 + 0.022
CH, 0.105 + 0.009 0.094 + 0.007 0.084 + 0.006 0.072 £ 0.007

the methylene group contribution to B-values of
amino acid, are listed in Table 5. A similar linear
correlation has been reported by Wadi and Goyal
[18] for some amino acids (glycine, DL-alanine,
L-proline, L-threonine, B-alanine, y-aminobutyric
acid and e-aminocaproic acid) in aqueous potas-
sium thiocyanate solutions. Our recent viscosity
data for the a-amino acids in aqueous guanidine
hydrochloride (GuHCI) solutions also suggested
the same linear relationship [13]. However, it
should be pointed out that B(CH,) obtained here
characterizes the mean contribution of CH and
CH,; groups to B-coefficients of the amino acids.

The dB/dT values of the groups can provide
direct evidence regarding their structural effects
in solutions. The results given in Table 5 clearly
reveal the structural features of these groups. The
dB/dT values are positive for the structure-
breaking zwitterion group, i.e. as the water struc-
ture decreases with increasing temperature, this
group become a less effective structure breaker
and its B-coefficient increases. However, the hy-
drophobic structure-making CH, groups show
negative d B /dT as required. As seen from Table
1, the a-amino acids studied have negative d B /dT
values. This suggests that the effect of the non-
polar part of the amino acids on solvent structure
overcomes that of the charged end group in aque-
ous urea solutions.

Serine can be regarded as a derivative of ala-
nine in which —H is replaced by an —OH group.
Therefore, the B-coefficient of serine should in-
crease by virtue of its increased size. But L-serine
behaves as a better structure-breaker than ala-
nine because —OH is a hydrophilic group. The
increase in B-coefficients due to an increase in
size is offset by a decrease in B values due to the
structure-breaking property of the —OH group in

serine. Thus, the B-coefficient of serine is gener-
ally comparable with that of alanine.

A comparison with our recent results [13] for
these a-amino acids in guanidine hydrochloride
solutions reveals that the B-coefficients in GuHCI
solution are larger than the corresponding values
in aqueous urea. From Table 5 and results in the
literature [13], it is found that the B(CH,) values
are almost the same in both urea and guanidine
hydrochloride solutions. In other words, the main
difference between B(urea) and B(GuHCI) comes
from the difference in interactions between
charged end groups of amino acids and the denat-
urants. Guanidine hydrochloride can interact with
the zwitterion of amino acids by ion—ion interac-
tions and hydrogen bonding [19], but only hydro-
gen bonding can be expected with urea. This is
believed to be the molecular configuration rea-
sons.

Moreover, it is observed that B values show a
linear correlation with the standard partial molar
volumes V;, reported previously [11] for the a-
amino acids in aqueous urea solutions. The co-
efficients a, and a, of the equation:

B=a, +a,V,, ©)]

are given in Table 6 together with their standard
deviations and correlation coefficients. The a,
value reflects the size and shape of the solute
[20]. Tt has been reported [21] that the a, value
lies between 0 and 2.5 for unsolvated spherical
species. It can be noted from Table 6 that this
value is greater than 2.5. Therefore, the amino
acid is strongly solvated in aqueous urea solu-
tions.

Using the linear correlation between enthalpy
of solution at infinite dilution, A H.;°, of the amino
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Table 6
Coefficients a, and a, of Eq. (9) for a-amino acids in 5 mol
kg~ ! aqueous urea solution

T (K) a, (dm? mol™1) a, R

278.15 —0.084 + 0.044 6.8+ 0.6 0.990
288.15 —0.070 £+ 0.036 6.1+0.5 0.992
298.15 —0.051 £+ 0.033 55404 0.991
308.15 —0.021 + 0.036 47405 0.987

R is the correlation coefficient.

acids in aqueous urea solutions and urea concen-
tration [5], the values of AH at 298.15 K for
glycine, alanine and leucine in 5 mol kg~' aque-
ous urea solution have been calculated. If the
B-coefficients of these amino acids (glycine, ala-
nine and leucine) are plotted as a function of
their AH_° a reasonable linear relation (correla-
tion coefficient R = 0.934) is observed:

B=0.5826—-2x10""AH? (10)

This correlation is unexpected, taking into ac-
count that enthalpy and viscosity reflect different
features of solutions. It can be only supposed that
the influence of urea on various properties of the
amino acids is similar.

According to Feakins et al. [16], the chemical
potential change of solute (An)”) is greater than
that of pure solvent (Au!”) for net structure-
makers. The values of Ap]” for 5 mol kg~' urea
solution are 10.4, 10.2, 9.97 and 9.80 kJ mol ™! at
278.15, 288.15, 298.15 and 308.15 K, respectively.
From the data in Table 2, one can conclude that
these amino acids are acting as structure-makers.
This is consistent with the conclusion obtained
from B-coefficients. Except for glycine the values
of ASS” and AH”™ in Table 3 are positive,
indicating that the formation of the activated

Table 7

complex is associated with bond breaking and a
decrease in order. This suggests that the ground-
states are in the ordered region.

It can be seen from Table 4 that values of
AG,(1-1") are positive and increase from glycine
to leucine at given temperatures. Thus, their
transfer from the ground-state solvent to the
transition-state solvent is unfavored and becomes
more difficult for the amino acids which have
longer alkyl chains. The interactions of amino
acids with the ground-state solvent are much
stronger. Accordingly, more solute—solvent bonds
must be broken to form the transition state and
more energy is needed. Therefore Ap)” should
increase gradually from glycine to leucine. From
the Ap)” data in Table 2, the same conclusion
can be obtained. This trend can be also explained
from the solute—solvent interactions. As these
amino acids have the same charged end groups,
the difference between them is the length of alkyl
chain. It can be deduced that the increasing A *
comes from the difference in interactions of the
alkyl groups of the amino acids with urea and
those with water molecules in solvent mixtures.
According to Frank and Wen [22], the hy-
drophobic effect of a molecule with non-polar
and polar parts on water increases with increasing
length of non-polar parts. However, the study on
the effect of urea on the hydrophobic chain of the
protein [23] pointed out that this effect is directly
proportional to the length of hydrophobic chain
of the protein. Therefore, the interactions of the
alkyl groups with urea and water molecules in-
crease with increasing alkyl chains length of the
amino acids and Ap)” increases gradually from
glycine to leucine.

As for the standard partial molar volumes [11]
and the B-coefficient of «-amino acids, Ap)”

Contribution of (NH3,COO ™) and CH, groups to AuS”, AHY* and ASY* in 5 mol kg™ ! aqueous urea solution

Group AH)* ASY* Aud* (kI mol~ 1)
-1 -1 -1
(kJ mol™") (K" mol™) 27815 K 288.15 K 208.15 K 308.15 K
(NHZ,CO0™) 51468 ~70+ 23 249+ 3.6 251428 255425 271428
CH, 37.6+ 1.0 8513 138+ 1.1 13.0 + 0.8 122408 112408
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also varies linearly with n.. The regression of
Ap)” against n_ using Eq. (11):

Apy* = ApS ™ (NH; ,COO™) +nAph* (CH,)
(11

gives Aus” (NH,COO ™) and Ap)” (CH,) as the
respective contributions of (NH;,COO ™) and the
CH, groups. Using a similar method as in Egs. (5)
and (6), AH)” and AS)” values for zwitterion
(NH, ,COO ") and CH, groups can be obtained.
These results are presented in Table 7.

It can be seen from Table 7 that Auj” (CH,)
decreases while Any” (NH;,COO™) increases
from 278.15 to 308.15 K, giving a positive AS)”
for the CH, group and a negative ASy~ for the
zwitterion, respectively. Similar trends are
observed in aqueous guanidine hydrochloride [13].
Activation enthalpy and entropy data suggested
that interaction of solvents with (NH;,COO")
are not very strong in the ground state, significant
solute—solvent bonds will be made in the transi-
tion state, while the reverse is true for the CH,

group.
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