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Abstract

The thermal denaturation of lysozyme was studied in 2.0 molal aqueous solutions of polyols at pH 2.50 and varying
concentration of glycerol at pH 2.50 and 6.00 using differential scanning calorimetry (DSC). The transition temperature, heat
capacity, enthalpy, entropy and free energy of stabilization have been determined by a least square fit of the excess heat
capacity data to the two-state model. Polyols are found to stabilize lysozyme and the stabilization increases with an increase in
the number of hydroxyl groups. The stabilization increases with an increasing concentration of glycerol. The stabilization has
been explained in terms of preferential hydration or due to the strengthening of the water structure which in turn intensify the
hydrophobic interactions of the protein.

The calorimetric studies have been done on the thermal denaturation of lysozyme in the presence of 0.5m
tetrabutylammonium bromide {BusNBr) + 2.0m polyols at pH 2.50 and 0.5 m Bu,NBr or urea + varying concentration
of glycerol (0.0-10.0 m) at pH 2.50 and 6.00. The effect is found to be nearly additive in the case of BuyNBr and
polyols. The results on the combined systems of Bu,NBr and varying concentration of glycerol shows that effect is
additive at low pH but not at high pH. This has been explained in terms of predominance of the enthalpic contribution of
glycerol in comparison to the entropic contribution of Bu,NBr. The comparison of the combined effect of 0.5 m
urea + glycerol and 0.5 m BusNBr + glycerol indicates that BuyNBr is a stronger destabilizer than urea. © 1997 Elsevier
Science B.V.
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destabilization increases with an increase in the alkyl
chain length, that is, they increase the hydrophobic
character of the solvent. The destabilization effect of
these salts has been explained in terms of the binding

1. Introduction

Soluble globular proteins are known to be stabilized
or destabilized by a number of salts and other com-

pounds [1-7]. In our previous paper [8], the effect of
tetraalkylammonium bromides on the thermal dena-
turation of lysozyme has been reported. These salts
destabilize the protein at all concentrations and the
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of denaturant molecules to the hydrophobic residues
of the protein as well as perturbing the solvent struc-
ture.

It is now known that glycerol and other polyolic
cosolvents are preferentially excluded from the
surfaces of globular proteins [2,3], that is, their con-
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centration in the domain of a protein molecule is lower
than that in the bulk solvent, which is apparent as
preferential hydration of the protein. These kinds of
cosolvents enhance protein stability. Polyols are com-
mon cell osmolytes and occur in many unicellular
algae, certain salt-tolerant plants and many insects
exposed to freezing temperatures [9]. These organic
osmolytes found in nature share a common ability to
provide environments ‘compatible’ for macromolecu-
lar structure and function. There have been many
investigations which show that polyols [10-13] sta-
bilize the native conformation of proteins by enhan-
cing the water structure in their immediate
neighbourhood. However, the manner in which poly-
ols reduce the extent of denaturation by other reagents
is not completely understood.

Urea is an important product of nitrogen metabo-
lism and is accumulated by some species as the major
blood and intracellular osmolyte [9]. As urea is known
to be a destabilizer [4,14,15], to cope with its desta-
bilization effect, various small molecular weight com-
pounds like sugars, polyhydric alcohols, amino acids
and methylamines are present in marine organisms.
One of such combination of urea and methylamines
has been studied extensively [7,16,17]. Simpson and
Kauzmann [18] observed that the extent of denatura-
tion of ovalbumin in urea solutions was reduced in the
presence of glycerol or sucrose. The influence of
polyhydric alcohols and sugars on the rate of subunit
dissociation of tetrameric L-asparaginase in the pre-
sence of urea was investigated by Shifrin and Parrott
[19].

Thus, based on above studies, the combined effects
of stabilizers and destabilizers have been investigated
in the present work to see the mechanism of action of
the above cosolutes on protein stability, which has
been the subject of extensive studies over the years.
The calorimetric experiments have been carried out on
the thermal denaturation of lysozyme in the presence
of urea + glycerol and BusNBr + polyols in order to
understand the counteraction of urea or BuyNBr and
polyols. The reversible nature of lysozyme has
been well established by Privalov [20,21] and Schwarz
[22]. In this paper, we report the transition temperature
T4, and the thermodynamic parameters AH4, ASy,
AGy and AC,4 of denaturation of lysozyme in the
presence of polyols, 0.5 m urea + glycerol and 0.5 m
BuyNBr + polyols.

2. Experimental

Lysozyme (Approx. 95% protein)) were procured
from Sigma Chemical Co. These proteins were dia-
lysed against distilled and deionized water at 277 K
for over 24 h and lyophilized. Glycerol procured from
Glaxo, India was of analytical grade. Erythritol, ado-
nitol, arabitol and urea were procured from Sigma
Chemical Co. and used as such. BuyNBr (>99%)
obtained from Sisco Research Laboratories (SRL),
India was purified from the saturated solution in
chloroform by the addition of petroleum ether fol-
lowed by cooling. The recrystallized salts were dried
in vacuum at 60-80°C and kept in a vacuum desiccator
over P,Os after purification.

The DSC experiments were carried out in either
0.05 M MOPS (2-(N-Morpholino) propane-sulphonic
acid) or Glycine buffer adjusted with HCI to the
desired pH of 6.00 and 2.50, respectively. Protein
concentrations were determined spectrophotometri-
cally on a Perkin Elmer Lambda 3B UV/VIS
spectrophotometer. The extinction coefficients were
taken to be 2.635 at 280 nm [22] for | mgem°
aqueous solutions of lysozyme of molar mass
14.3 kDa.

Calorimetric measurements were performed on a
SETARAM micro-DSC Batch and flow calorimeter at
a scan rate of 0.6 K min~' and 25 pV amplification
full scale deflection (f.s.d.). The concentration of the
protein used was about 2.5 mg cm > in buffer solution
of about 0.850 g in a vessel of 1 ml capacity. The
transition temperature Ty, enthalpy AHy, entropy ASy,
heat capacity AC, 4 and free energy AG, of denatura-
tion were determined from the DSC curves as
described in our previous paper [8].

3. Results and discussion

Thermal denaturation of lysozyme in the aqueous
solutions of glycerol, erythritol, arabitol, adonitol,
urea and BuyNBr is a two state transition with a
stoichiometry of one as the values of the cooperativity
index, n(= AH4/AH"!) are found to be close to 1.0
(within experimental errors). Lysozyme shows rever-
sibility as there is no change in the position of the
peaks on re-scanning of the already scanned protein
solution.
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Table 1
Thermodynamic parameters obtained from DSC scans on lysozyme in the presence of 2.0 molal polyols at pH 2.50
T4 ATd AHd ACp‘d n
(K) (K) (kJ mol™") (kJ K" mol™")
336.2 £ 0.1 — 437+ 11 67+ 1.1 1.010
Glycerol
3385102 23 466 + 9 6.8+0.4 1.055
i-Erythritol
339.8 £ 0.1 3.6 490+ 6 6.3+0.5 1.034
Adonitol
341.7+0.1 5.5 510+ 10 73+£09 1.042
Arabitol
341.2+0.1 5.0 492138 6.0+1.1 1.045
Table 2
Thermodynamic parameters obtained from DSC scans on lysozyme in the presence of solvent system: 0.5 m BusNBr + polyols at pH 2.50
Concentration (m) Ty ATy AHy ACp4

(X) (K) (kJ mol ") (kI K" mol™")
BusNBr Polyols
0.0 0.0 336.240.1 — 437411 6.7+1.1
Buy;NBr
0.5 0.0 320.5+0.1 —15.7 34816 3.5+1.5
BusNBr + Glycerol
0.5 2.0 3229+04 —133 375+ 10 4013
BusNBr + Erythritol
0.5 2.0 3249 +£0.2 -11.3 380+ 6 27403
BusNBr + Arabitol
0.5 2.0 32624+0.2 -10.0 394+ 8 39+0.2
BuyNBr + Adonitol
0.5 2.0 326.1+0.3 —10.1 398 +12 59+15

Effect of polyols and Bu,NBr: The thermodynamic
parameters obtained from the analysis of DSC scans of
lysozyme in the presence of polyols (2.0 m) and 0.5 m
Bu4NBr + polyols (2.0 m) at pH 2.50 are recorded in
Tables 1 and 2 with uncertainty given as the standard
error of the mean.

The observed values of Ty, 336.2 + 0.1 K and AH4
of pure lysozyme, 437 £ 11 kI mol™! at pH 2.50 are
close to the values reported in the literature [21,22]). T4

is enhanced with the addition of polyols as shown in
Table 1. ATy increases from 2.3 to 5.5 K in 2 molal
aqueous solutions of polyols, as the number of hydro-
xyl groups increase from 3 for glycerol to 5 for
adonitol. This indicates that protein is stabilized
in the presence of polyols and the stabilization
increases with an increase in the number of hydroxyl
groups. The order of increase in the stabilization by
polyols is:
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Fig. 1. AT4 of lysozyme as a function of number of hydroxyl
groups of polyols at pH 2.50.

Adonitol and arabitol increase T4 to the same extent
as shown in Fig. 1. This is due to the presence of same
number of hydroxyl groups. T; is increased by 1.35 K
per hydroxyl group as determined by the slope of the
graph in Fig. 1 which is in agreement with the value of
1.4 K per hydroxyl group, reported by Fujita et al.
[10]. An increase in T4 of 0.8°C per hydroxyl group of
sugars and polyhydric alcohols has been reported
earlier by Uedaira and Uedaira [12] and Gerlsma
and Sturr [13]. It has been suggested [13] that there
is no direct molecular interaction between proteins
and polyhydric alcohols. The hydrophillic effect of
polyols on the stability of proteins appears mainly to
be of an indirect kind, namely, either through strength-
ening of the polar interactions by a lowering of the
dielectric constant, and/or an enhancement of the
hydrophobic interaction of the protein by altering
the water structure.

The stabilization of protein in the presence of
polyols has been reported by Timasheff and coworkers
[2,3,11] to be the direct consequence of the prefer-
ential interactions of the polyols with the proteins, due
to which polyols are excluded preferentially from the
surface of the protein which creates a tendency of the
protein to minimize its surface without inducing con-
formational changes.
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Fig. 2. Variation of AGY of lysozyme with temperature in the
presence of 2.0 m aqueous.

The stabilization of lysozyme in the presence of
polyols has been shown by standard free energy of
denaturation, AGY which is given by

AGY(T) = AHJ(T) — TASY(T) (N
where
AHS(T) = AHy — ACpy(Ty —T) 2
ASY(T) = ASy — ACpg1n <T1> (3)
d

Heat capacity of denaturation, AC; 4 for each sol-
vent composition determined experimentally has high
degree of uncertainty, therefore, AC, 4 values of pure
proteins are used for the calculation of the thermo-
dynamic functions of denaturation.

The graph between AG] versus temperature in the
presence and absence of lysozyme has been shown in
Fig. 2. The change in AGY with respect to pur lyso-
zyme is positive indicating enhanced stability of
lysozyme in the presence of polyols. The AGY is
further enhanced with an increase in the number of
hydroxyl groups and the enhancement is the same
order as for ATj.

When 0.5 m BuyNBr is added to an aqueous mix-
tures of protein and polyols, the structure stabilizing



S. Jain, J.C. Ahluwalia/Thermochimica Acta 302 (1997) 17-24 21

influence of polyols and structure destabilizing
influence of BusNBr on the thermal denaturation
of lysozyme is found to be nearly additive (Table 2)
in all the cases, for example, the observed ATy
of lysozyme in the aqueous mixtures of 0.5m
BuyNBr + 2.0m polyols, —13.3K for glycerol,
—113K for erythritol, —10.0K for arabitol,
—10.1 K for adonitol is indeed in agreement (within
experimental errors) with the calculated values of
—13.4, —12.1, —10.7, —10.2 K as obtained by sum-
mation of their individual effects. The stabilization
effect induced by increasing number of polyols is not
sufficient enough to counteract the destabilization
effect of BuyNBr as unfolding of protein by denaturing
cosolvents is due to the binding of the denatured
molecules to the denatured state of the protein which
is stronger than the exclusion of the polyols from the
protein surface.

Effect of concentration of glycerol and 0.5m
Bu,NBr or urea: To study the effect of the concentra-
tion of polyols in the combined mixtures of protein
and BuyNBr, we have investigated the thermal dena-
turation of lysozyme at varying concentrations of
glycerol (0—10 m) and 0.5 m Buy,NBr. The addition
of glycerol to an aqueous solution of lysozyme
induces an increase in denaturation temperature and
enthalpy of denaturation as shown in Table 3. The
transition temperature of lysozyme increases with an
increase in the concentration of glycerol at pH 2.50
and 6.00, indicating stabilization of the proteins.
Glycerol is essentially a small and hydophilic com-
pound capable of occupying a part of the solvation
sheath around a protein with a concomitant stabiliza-

tion of the solvent structure around the protein. Lyso-
zyme ‘bind’ glycerol essentially in direct proportion to
glycerol concentration through the interaction of gly-
cerol with the water of hydration around polar groups.
This binding may result in the strengthening of the
polar interactions which in turn intensify the hydro-
phobic interactions [23].

The enthalpies of denaturation, AH, of lysozyme in
aqueous solution at pH 6.00 are 495 + 10kJ mol~',
which are close to the literature values [21,22]. AH4
increases with an increase in the concentration of
glycerol as shown in Table 3. In fact, AH, increases
by 93 kJ mol™! for lysozyme in 10 molal glycerol
solution, which cannot be solely explained as due to an
increase in temperature, for example, calculations
show that T3 of lysozyme increases by 5.9 K and
using AC,q4 of 6.4kJK 'mol™!, the enthalpy of
denaturation would increase by 38 kJ mol !, which
is smaller than the observed AH, (93 kJ mol ). The
increase in AH, can be accounted for by an increase in
the electrostatic interactions, as addition of glycerol
lowers the dielectric constant of water [24]. The
standard free energy, AGY entropy, ASY and enthalpy,
AH? for the denaturation of lysozyme as a function of
glycerol concentration has been calculated at dena-
turation temperature of pure lysozyme (348.3 K) using
Eq. (1) to Eq. (3). The increase in these thermody-
namic parameters as shown in Fig. 3 suggests that
stabilization of protein by glycerol is dominantly
produced by an enthalpic rather than an entropic
effect.

When 0.5 m BuyNBr is added to the aqueous mix-
tures of protein and glycerol, it has been observed that

Table 3

Thermodynamic parameters obtained from DSC scans on lysozyme in the presence of glycerol

Conc. T4 ATy AHy ACoq n

(m) (K) (K) (kJ mol ™) (kJ K™ 'mol™")

pH 6.00

0.0 3483 +02 — 495+ 10 64+1.1 1.110
2.0 3495+ 0.1 1.2 519+6 5.7+0.7 1.058
6.0 352.0+0.1 37 558 +£13 58+02 1.055
10.0 354.2+0.2 59 588 +6 4.8+06 1.060
pH 2.50

0.0 336.2 +£ 0.1 — 43711 6.7+1.1 1.010
2.0 3385+0.2 2.3 466 + 9 6.8+04 1.055
6.0 340.5+0.1 4.3 495 +7 65+12 1.028
10.0 3427 £0.1 6.5 560 + 4 68+19 1.070
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Fig. 3. Variation of standard thermodynamic parameters of the
denaturation of lysozyme with glycerol concentration at 348.3 K at
pH 6.00.
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Fig. 4. AT, of lysozyme as a function of glycerol concentration at
pH 2.50 and 6.00.

on varying the glycerol concentration, the effect is
additive only at low pH (low temperature), not at high
pH (high temperature) as shown in Table 4 and Fig. 4.
T4 of lysozyme, —10.7 K, as observed in 0.5 m
BuyNBr + 6 m glycerol solution is very close to the
calculated value of —11.4 K at pH 2.5, but at pH 6.00,
the observed value of ATy is —9.5 K, while the
calculated value is —15.6 K. Similar situation has
been observed in 0.5 m BuyNBr + 10m glycerol. In
fact, the stabilization by glycerol is more than that of

Table 4

Thermodynamic parameters obtained from DSC scans on lysozyme in the presence of solvent system: 0.5 m BugNBr + glycerol

Concentration (m) of Tq ATy AHy Avad
(K) (X) (kJ mol ') (kJ K~ mol™")

BuyNBr glycerol

pH 6.00

0.0 0.0 3483102 — 495+ 10 64+1.1

0.5 0.0 329.0+0.1 —19.3 391+9 34£15

0.5 2.0 331.8+0.2 —16.5 43717 53+2.1

0.5 6.0 338.8+0.3 -9.5 462 £ 8 56+19

0.5 10.0 3454+£0.2 -29 481+ 10 54+09

pH 2.50

0.0 0.0 336.2+0.1 — 437+ 11 6.7+1.1

0.5 0.0 320.5+0.1 —15.7 348.6 6 35+15

0.5 2.0 3229+04 —13.3 375+ 10 40+13

0.5 6.0 3255+0.1 -10.7 403+ 6 6.7+0.1

0.5 10.0 326.5+0.2 -9.7 435+5 69+1.8
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Table 5
Thermodynamic parameters obtained from DSC scans on lysozyme in the presence of solvent system: 0.5 m Urea + glycerol at pH 6.00
Concentration (m) T4 ATy AHy ACh4
(K) (K) (kJ mol™") (kJ K" mol ™"
Urea Glycerol
0.0 0.0 348.3 +£0.1 — 495 + 10 64=£1.1
0.5 0.0 3458 +0.2 —-25 478 +9 59£0.1
0.5 2.0 34754 0.1 —0.8 514 £+ 30 7.5£0.6
0.5 6.0 3498 +0.2 1.5 540 + 20 54+£09

the destabilization by BuyNBr at pH 6.00. The hydro-
phobic interactions increase in strength at high tem-
peratures [25,26] because of the dominance of the
enthalpy contribution compared to that of entropy. On
a similar basis, the greater stabilization by glycerol at
high pH in the combined system can be explained as
due to the predominance of the enthalpic effect of
glycerol over the entropic effect of BuyNBr. This may
result in the intensification of the hydrophobic inter-
actions of the protein in the presence of glycerol and
consequently, the reduction in the surface of contact
between protein and BuyNBr.

To further differentiate between the mechanism of
Bu,NBr and urea on the stability of protein in the
combined mixtures of stabilizers and destabilizers, we
have studied the combined systems of (.5 m urea and
glycerol at varying concentrations as shown in
Table 5. The transition temperature T4, of lysozyme
decreases in the presence of urea. A decrease of 2.5 K
in T;and 17 kJ mol ™' in AH, of lysozyme is observed
in 0.5 mol kg~ ' of urea. Therefore, urea also act as
destabilizers. There is ample proof [4,14,15,27] that
urea acts as a destabilizer. Recently, Makhatadze and
Privalov [15] have shown from a simple binding
model that the urea molecule, having four proton-
donor and one acceptor groups interacts mainly with
the polar groups of the protein and there is polyfunc-
tional hydrogen bonding between the peptide groups
and denaturant molecules and, therefore, urea is a
hydrogen bond rupturing agent.

When 0.5 m urea is added to an aqueous mixture of
protein and glycerol at pH 6.00, the structure stabiliz-
ing influence of glycerol and the structure destabiliz-
ing influence of urea on the thermal denaturation of
lysozyme is found to be nearly additive (Table 5). The
observed ATy, —0.8 K, of lysozyme in aqueous solu-
tion of 0.5 m urea +2m glycerol is close to the
calculated value, —1.3 K (adding the individual

effects of both urea and glycerol). Similarly, in aqu-
eous solution of 0.5m urea +6m glycerol, the
observed 1.5 K is proximal to the calculated 1.2 K.
The counteracting stabilization effect induced by gly-
cerol against denaturation by urea can be explained by
assuming a decrease in the hydrogen bond rupturing
capacity of the medium. These results indicate that
destabilization of lysozyme by BuyNBr is not fully
compensated by glycerol, whereas destabilization by
urea is fully compensated with the addition of gly-
cerol. This is because of the fact that Buy;NBr is a
stronger destabilizer than urea.
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