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Determination of partial unfolding enthalpy
for lysozyme upon interaction with
dodecyltrimethylammonium bromide using
an extended solvation model
G. Rezaei Behbehania*, A. A. Sabouryb and E. Taleshia
J. Mol. Rec
The interactions of dodecyltrimethylammonium bromides (DTABs) with hen egg lysozyme have been investigated at
pH¼ 7.0 and 27-C in phosphate buffer by isothermal titration calorimetry. DTAB interacts endothermically and
activate lysozyme. The endothermicity of the lysozyme–DTAB interaction is in marked contrast to the exothermic
interactions between sodium dodecyl sulphate (SDS) and lysozyme which have been attributed to specific binding
between the anionic sulphate head groups and cationic amino acid residues. The enthalpies of interaction between
the cationic surfactant (DTAB) and lysozyme are dominated by the endothermic unfolding of the native structure
followed by an exothermic solvation of the lysozyme–DTAB complex by the addition of extra DTAB. A new direct
calorimetric method to follow protein denaturation, and the effect of surfactants on the stability of proteins was
introduced. The extended solvation model was used to reproduce the enthalpies of lysozyme–DTAB interaction over
the whole range of DTAB concentrations. The solvation parameters recovered from the new equation, attributed to
the structural change of lysozyme and its biological activity. At low concentrations of DTAB, the binding is mainly
electrostatic, with some simultaneous interaction of the hydrophobic tail with nearby hydrophobic patches on the
lysozyme. These initial interactions presumably cause some protein unfolding and expose additional hydrophobic
sites. The DTAB-induced denaturation enthalpy of lysozyme is 86.46W 0.02 kJmolS1. Copyright# 2008 John Wiley &
Sons, Ltd.
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Energetic and binding properties of some biomacromolecules
upon interaction with surfactants have been investigated
extensively to clarify the nature of biomacromolecule–surfactant
interaction 1–9 and the enthalpy of biomacromolecule unfolding
10–12. The initial electrostatic interactions, which are accom-
panied by preliminary hydrophobic interactions, followed by a
more extensive hydrophobic interaction 9–10. Hence, there are
two sets of binding sites for biomacromolecule–surfactant
interaction. The enthalpy of binding can be calculated from
binding data, which are obtained from equilibrium dialysis in
terms of the Wyman binding potential theory related to the van’t
Hoff relation 9–11. The enthalpy of biomacromolecule unfolding
can be determined by subtraction of the calorimetric measured
enthalpy (binding and unfolding enthalpies) and the enthalpy of
binding 11. The biomacromolecule unfolding process depends
on the initial interactions, which are accompanied by a
neutralization of the charge at the surface of the biomacromo-
lecule and the unfolding enthalpy at the end of the initial
interaction involve more than 90% of the overall enthalpies
10–12. This means that the pure hydrophobic interactions in the
second set of binding sites contribute poorly in unfolding of
biomacromolecules by surfactants.
The interaction of sodium dodecyl sulphate (SDS) as an anionic

surfactant with lysozyme and other proteins has been widely
ognit. 2008; 21: 132–135 Copyright # 20
phase behaviour 13. At low concentration of SDS, the interactions
are mainly electrostatic in which negative head of SDS binds to
positive residues, neutralizes the protein surface charges and
leads to precipitation and turbidity of the solution. Reducing the
net charge of the protein sets the stage for penetration of
hydrophobic tail of SDS and leads to conformational changes of
the protein at higher concentration. Meanwhile, it has been
reported that lysozyme keeps its compactness at low SDS
concentrations despite secondary structure changes 1.
Conformational transition of protein molecules affected by the

presence of denaturing agent has been studied extensively in
order to elucidate the factors responsible for thermodynamic
stability of the native and denatured forms. A central problem of
such studies is determination of the existence of intermediate
08 John Wiley & Sons, Ltd.



Table 1. Enthalpies of lysozyme–DTAB interactions

[Lysozyme]t/mM [DTAB]/mM Q Qdilut

65.106 1.277 7.61 �0.412
62.45 2.449 14.23 �0.352
60 3.529 20.68 �0.303
57.73 4.528 25.8 �0.265
55.64 5.454 30.00 �0.233
53.84 6.316 45.57 �0.208

DETERMINATION OF PARTIAL UNFOLDING ENTHALPY
states in the denaturation process. In order to resolve this
problem it is of great interest to have a direct calorimetric
determination of denaturation enthalpy. Denaturation studies are
capable of yielding information about the native state of a protein
in terms of its thermodynamic stability, cooperativity and the
nature of the forces required to maintain its tertiary structure
7–10. In this paper, a procedure is described for direct calorimetric
determination of denaturation enthalpies of protein in the
presence of denaturing agents. The method has been applied to
the reversible transition of lysozyme between native and
unfolded configurations in DTAB at 278C.
51.86 7.119 80.68 �0.187
50.16 7.869 93.99 �0.17
48.57 8.571 �8.82 �0.156
47.08 9.231 �51.60 �0.143
45.67 9.851 �82.94 �0.133
44.35 10.435 �94.56 �0.123
43.1 10.986 �107.21 �0.115
41.92 11.507 �117.13 �0.108
40.8 12 �126.90 �0.105

Q, in 30mM DTAB solution with water at 300 K in kJmol�1, Qdilut is
the enthalpies of dilution of DTAB with water. Precision is� 0.005 kJ
or better.
MATERIALS AND METHOD

Materials

Hen egg-white lysozyme was obtained from Sigma. Dodecyl-
trimethylammonium bromide (DTAB) was purchased fromMerck.
Protein concentrations were determined from absorbance
measurements at 277 nm in 1 cm quartz cuvettes. The molar
extinction coefficient of lysozyme was 7690M�1 cm�1. All other
materials and reagents were of analytical grade, and solutions
were made in 50mM buffer phosphate using double-distilled
water.

Methods

The isothermal titration calorimetric experiments were per-
formed with the four-channel commercial calorimetric system,
Thermal Activity Monitor 2277, Thermometric, Sweden. The
titration vessel was made from stainless steel. A solution of
surfactant (30mM) was injected by use of a Hamilton syringe into
the calorimetric titration vessel, which contained 1.8ml lysozyme
(68mM). Thin (0.15mm inner diameter) stainless steel hypoder-
mic needles, permanently fixed to the syringe, reached directly
into the calorimetric vessel. Injection of surfactant solution into
the perfusion vessel was repeated 30 times, with 40ml per
injection. The heat of each injection was calculated by the
‘Thermometric Digitam 3’ software. The heat of dilution of the
surfactant solution was measured as described above except
lysozyme was excluded. The heat of dilution of lysozyme was
negligible. The enthalpies of DTAB dilutions were subtracted from
the enthalpies of lysozyme–DTAB interaction. The calorimeter
was frequently calibrated electrically during the course of the
study. The molecular weight of lysozyme was taken to be
14.7 kDa. The enthalpies of lysozyme–DTAB interaction were
calculated in kJmol�1 from the raw data and listed in Table 1. pH
measurements showed that the pH of protein solution is
remained constant (pH¼ 7.0) during the titration of protein
solution by DTAB solution.
1

RESULTS AND DISCUSSION

We have shown previously that the enthalpies of the
solute–solvent (lysozyme–DTAB–water in this case) interactions
in the aqueous solvent (water–DTAB in the present case) system,
can be accounted for quantitatively in terms of three factors:
preferential solvation by the components of a mixed solvent,
weakening or strengthening of solvent–solvent bonds by the
solute and the change in the enthalpy of the solute–solvent
J. Mol. Recognit. 2008; 21: 132–135 Copyright # 2008 John Wi
interactions 14–17. This treatment leads to

Q ¼ Qmaxx
0
B � duAðx

0
ALA þ x0BLBÞ � ðduB � duAÞðx

0
ALA þ x0BLBÞx

0
B

� fDDHD (1)

The parameters duA ¼ ðanþ bNÞuA and duB ¼ ðanþ bNÞuB are the
net effects of the solute (lysozyme in this case) on water–DTAB
bonds in water-rich domain and DTAB-rich region respectively,
with an resulting from the formation of a cavity wherein n solvent
molecules become the nearest neighbours of the solute and bN
reflecting the enthalpy change from strengthening or weakening
of solvent–solvent bonds of N solvent molecules (N� n) around
the cavity (b< 0 indicates a net strengthening of solvent–solvent
bonds). The constants a and b represent the fraction of the
enthalpy of water–DTAB bonding associated with the cavity
formation or restructuring, respectively. The superscript u in all
cases refers to the quantities in infinite dilution of the solute.
Equation (1) is able to reproduce the enthalpies of surfactant–

protein interaction very well. Q is the heat of lysozyme–DTAB
interaction at certain DTAB concentrations and Qmax ¼ DDH0

12þ
d0BDH

S
DTAB � d0ADH

0�
W represents the heat value upon saturation of

all lysozyme. DDH0
12 is the difference between the enthalpies of

water–lysozyme and lysozyme–DTAB interactions. DDH12> 0
indicates that the interaction of the lysozyme with the surfactant
is weaker than with water. DH0�

W is the enthalpy of condensation
of pure water (�44.7 kJmol�1) and DHS

DTAB the enthalpy of
solution of DTAB in water (0.41 kJmol�1). DHD is the surfactant-
induced denaturation enthalpy of lysozyme which can be
recovered from the coefficient of the fourth term of Equation (1).
fD is the fraction of lysozymemolecules undergoing denaturation
which can be expressed as follow:

fD ¼ QN � Qð Þ
QN � QDð Þ (2)

QN and QD are the heats of lysozyme–DTAB interactions in the
native and denatured state, respectively. x0A and x0B are the local
ley & Sons, Ltd. www.interscience.wiley.com/journal/jmr
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Table 2. Binding parameters for lysozyme–DTAB interactions via Equation (1)

[Lysozyme] p d0A d0B DHD/kJmol�1
DH12/kJmol�1

DTAB 1.00 þ14.89 �6943.60 86.46� 0.02 2199.76

DDH12> 0 indicates that the interaction of the lysozyme with DTAB is weaker than with water.
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mole fractions of the water and surfactant in the vicinity of the
lysozyme or solvation sphere, where the solvent molecules are
the nearest neighbours of the solute, which can be expressed as
follow:

x0B ¼ pxB
xA þ pxB

; x0A ¼ 1 � x0B (3)

p is an index of preferential salvation. p< 1 or p> 1 indicate a
preference for water or DTAB, respectively; p¼ 1 indicates
random solvation.
xA and xB are bulk mole fractions and we can express them as

the total ligand concentrations divided by the maximum
concentration of the surfactant upon saturation of all lysozyme
as follow:

xB ¼
DTAB½ �t

DTAB½ �max

; xA ¼ 1� xB (4)

[DTAB]t is the total concentration of surfactant and [DTAB]max

the maximum concentration of the surfactant upon saturation of
all lysozyme LA and LB are the relative partial molar enthalpies and
can be calculated from heats of dilution of the surfactant in water,
Qdilut, as follow:

LA ¼ Qdilut þ xB
@Qdilut

@xB

� �
; LB ¼ Qdilut � xA

@Qdilut

@xB

� �
(5)
Figure 1. Comparison between the experimental enthalpies (D) for

lysozyme–DTAB interactions and calculated data (lines) including the
enthalpies of lysozyme denaturation via Equation (1). [DTAB]t is total

concentrations of DTAB solutions in mM.
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Q values were fitted to Equation (1) over the whole surfactant
compositions. In the procedure the only adjustable parameter (p)
was changed until the best agreement between the experimental
and calculated data was approached over the whole range of
solvent composition. duA and duB parameters have been also
optimized to fit the data. The optimized duA and duB values are
recovered from the coefficients of the second and third terms of
Equation (1). The small relative standard coefficient errors and the
high r2 values (0.99999) support the method. Binding parameters
for lysozyme–surfactant interaction recovered from Equation (1)
are listed in Table 2. The agreement between the calculated
and experimental results (Figures 1–2) is striking, and gives
considerable support to the use of Equation (1).
A nonpolar residue dissolved in water induces a solvation shell

in which water molecules are highly ordered. When two nonpolar
groups come together on the folding of a polypeptide chain, the
surface area exposed to the solvent is reduced and part of the
highly ordered water in the solvation shell is released to bulk
solvent. Therefore, nonpolar moieties come together in aqueous
solvent, resulting in the formation of multimers and, in extreme
cases, aggregation and precipitation. The most common
mechanism of protein aggregation is believed to involve protein
denaturation, via hydrophobic interfaces and often results in loss
of biological activity. It is possible to introduce a correlation
igure 2. Comparison between the experimental enthalpies for elec-
ostatic and hydrophobic lysozyme–DTAB interactions (&) and calcu-

ted data (lines) excluding the enthalpies of lysozyme denaturation.

nthalpies of lysozyme denaturation in the present of DTAB (*). The

verall enthalpies of interactions including electrostatic and hydrophobic
teractions as well as denaturation enthalpy of lysozyme (D) via Equation

). [DTAB]t is total concentrations of DTAB solutions in mM.
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DETERMINATION OF PARTIAL UNFOLDING ENTHALPY
between change in duA and increase in the stability of proteins. The
greater the hyrophobicity, the greater the stabilization of
the lysozyme structure and the greater the duA (or duB) value.
The application of Equation (1) to lysozyme–DTAB system is
complicated by the fact that two species, lysozyme and
lysozyme–DTAB complex, are involved. The addition of small
amount of cationic surfactant (DTAB) greatly enhances the
lysozyme stability as indicating by large and positive duA value
(þ14.49) in water-rich domain. At high DTAB concentrations, it is
likely that a hydrophobic domain of lysozyme enables a
hydrophobic interaction between the tail of the cationic
surfactant. The lysozyme–DTAB complex is solvated exothermally
in water by further addition of DTAB which is in agreement with
the large and negative duB value (�6943.60) in DTAB-rich region.
The endothermicity of the DTAB–lysozyme interaction is in
marked contrast to the exothermic interactions between n-alkyl
sulphates and lysozyme which have been attributed to specific
binding between the anionic sulphate head groups and cationic
amino acid residues 18. The heat of unfolding has beenmeasured
J. Mol. Recognit. 2008; 21: 132–135 Copyright # 2008 John Wi
at various concentrations of DTAB using Equation (1) and found to
be 86.46� 0.02 kJmol�1 under conditions of complete transition.
The low value for heat of unfolding in comparison with the value
obtained by thermal protein denaturation (234 kJmol�1) 19 and
by guanidine HCl (125 kJmol�1) 20 showed that the lysozyme is
partially unfolded by DTAB at the experimental conditions. This
low value is expected since the net charge of the lysozyme at
pH¼ 7 is positive, similar to the head charge of DTAB, so that
electrostatic interaction has not an important role in the process
of protein unfolding. Due to the negative charge on the head
group of SDS, denaturation of lysozyme by SDS at pH¼ 7 and the
same experimental conditions, is more than that of by DTAB
(161 kJmol�1) 18.
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