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The temperature dependence of the excess heat capacity and evaluation of thermodynamic parameters of bovine a-lactalbumin
has been studied by high-sensitivity micro di†erential scanning calorimetry in the presence of 4-chlorobutan-1-ol, n-butanol,
3-chloropropan-1-ol, 3-chloropropan-1,2-diol, propan-1,2-diol, n-propanol, 2,2,2-triÑuoroethanol, and ethanol at neutral pH. The
chlorosubstituted alcohols are observed to be more e†ective destabilisers of a-lactalbumin compared with their normal alcohols
in the order : 4-chlorobutan-1-ol [ n-butanol [ 3-chloropropan-1-ol [ n-propanol [ 2,2,2-triÑuoroethanol [ 3-chloropropan-
1,2-diol [ ethanol [ propan-1,2-diol. A reversible two-state approximation for the unfolding of the protein has been shown in
the absence and presence of these alcohols. A second, smaller, endothermic transition, 23 ¡C beyond the main endotherm was
observed only in the presence of 0.125 to 0.250 mol dm~3 3-chloropropan-1-ol. Concentrations higher than 25 mmol dm~3
4-chlorobutan-1-ol resulted in total loss of an observable endotherm. Thermal destabilisation of the protein in these solvent
systems is explained on the basis of competing patterns of interactions of the cosolutes with the native versus unfolded states of
the protein during the reaction. These results are supported by intrinsic Ñuorescence, energy transfer and UVnativeH denatured
di†erence measurements.

An understanding of the partially folded proteins is very
important for the characterization of conformational tran-
sitions and folding intermediates in the study of protein
folding. For many proteins, partially folded states have been
observed which are stable at equilibrium.1h7 One approach to
generating the partially folded state of proteins is to make use
of non-aqueous solvents. Short chain alcohols are
known3,8h12 to stabilize the structure of partially folded states
of small proteins and of biologically active peptides. However,
it is not very clear whether such solvents stabilize only native-
like structures or whether the stabilization is non-speciÐc. 2,2,2-
triÑuoroethanol (TFE), which has been considered as
structure-stabilizing solvent, has been commonly employed to
stabilize peptide conformation in solution.3,4 Not much work
has been done on the e†ect of TFE and chloro-substituted
alcohols on the conformation of intact proteins.

We have recently reported the thermal denaturation of hen
egg-white lysozyme in the presence of several chloro-
substituted and normal alcohols at di†erent pH values.13 It
was observed that all the thermal denaturations are two-state
and reversible, except in the presence of 4-chlorobutan-1-ol
which induced an unusual intermolecular cooperativity in the
protein, especially at pH 4.5. A study of a-lactalbumin and
hen egg-white lysozyme becomes very important in this regard
because of the similarity in their structures. A stable and
compact molten globule state has been observed during the
equilibrium denaturation of a-lactalbumin, however, hen egg-
white lysozyme undergoes a highly cooperative unfolding
transition with only native and highly unfolded states signiÐ-
cantly populated at equilibrium.14

In view of the importance of short-chain alcohols in under-
standing the partially folded states of proteins, we have looked
at the e†ects of 4-chlorobutan-1-ol, n-butanol, 3-
chloropropan-1-ol, 3-chloropropan-1,2-diol, propan-1,2-diol,
n-propanol, 2,2,2,-triÑuoroethanol and ethanol, on the confor-
mational stability and the heat denaturational behaviour of
bovine a-lactalbumin. Our objective is to study the nature of
the foldingÈunfolding process of the protein and to provide an
assessment of the thermal destabilisation or stabilization
e†ects in quantitative terms over a wide concentration range

of these alcohols. A study on the e†ects of alcohols on the
conformation of proteins is also important owing to their
mixed hydrophilicÈhydrophobic character.

Experimental
Materials

a-Lactalbumin (Type I), lyophilized powder was obtained
from Sigma Chemical Company. The stock solutions of
a-lactalbumin were prepared by extensive dialysis of the
protein at 4 ¡C in 20 mmol dm~3 TRIS
[tris(hydroxymethyl)aminomethane] bu†er obtained from
Sigma at pH 7.0 containing 0.1 mol dm~3 NaCl with at least
four changes. 4-chlorobutan-1-ol, n-butanol, 3-chloropropan-
1-ol, 3-chloropropan-1,2-diol, propan-1,2-diol, and n-propanol
were obtained from Fluka, and 2,2,2-triÑuoroethanol and
ethanol were obtained from Sigma. The pH of the solutions
was measured using a standardized Control Dynamics pH
meter at room temperature. Protein concentrations were mea-
sured spectrophotometrically on a Shimadzu double-beam
spectrophotometer UV-160A using absorbance E1†280 \
20.1.15

Calorimetry

All the calorimetric scans were performed with an SETARAM
micro di†erential scanning calorimeter (DSC). The samples
were degassed for ca. 10 min prior to being scanned at rates of
30 K h~1. The capacity of the sample and the reference cell of
the calorimeter is 1 cm3. The volume of the solution contain-
ing protein or protein and cosolute was kept constant at 0.85
cm3, and the weights of the solutions in the sample and the
reference cells were always matched. The reference solution
was bu†er when the measurements were made in the bu†er, or
bu†er plus cosolute when the experiments were performed in
the presence of the cosolute. All excess power versus tem-
perature scans for a-lactalbumin transitions were obtained by
subtracting the power input of a thermal scan of solvent
versus solvent from the power input scan of the solvent versus
solution. These corrected excess power thermal scans were
also corrected for the thermal lag of the DSC by the Tian
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equation, and were then converted to excess heat capacity
versus temperature scan by dividing by the scan rate. The
reversibility of the DSC scans was checked by heating the
sample to a little over the transition maximum, cooling imme-
diately and then re-heating.

Calorimetry data analysis

The corrected DSC data were analysed by the EXAM
program of Kirchho†,16 which gives least-squares Ðts of the
data to a two-state model including the base lines

C
p
(T )\ (1[ a)[Ba ] Ba@ (T [ Tm)]

] N[*H(T )2/RT 2]F(a)] a[Bb ] Bb@ (T [ Tm)] (1)

following the procedures described by Schwarz and Kirch-
ho†.17 In this expression, N is the number of moles of coo-
perative units per mole of the protein in the calorimetric cell
and can be varied as one of the parameters of the Ðt or held
Ðxed at some predetermined value. The pre-transition asymp-
totic base line, and post-transition base line,Ba ] Ba@ (T [ Tm)

are determined independently with linearBb] Bb@ (T [ Tm)
least-square Ðts of low-temperature and high-temperature
data, respectively. The transition parameters of the endotherm

N and are determined by an iterative non-*calH, t1@2 , *C
plinear Ðt of the above equation using analytical derivatives

and holding the base-line parameters Ðxed. The deviation of
N from unity provides information on the cooperativity of the
denaturation transition. For a reaction with unit stoichiom-
etry in which the number of moles of the denatured species is
the same as the number of moles of the native protein, F(a) is
given by (1[ a) where a is the molar fraction of the reaction
product and is related to the equilibrium constant by

*G¡ \ [RT ln K \ [RT ln[a/(1 [ a)] (2)

The temperature dependence of *H was expressed as a power
series in T about the midpoint ofT1@2 (T1@2\ 273.15 ] t1@2),the transition where the area under the transition proÐle is
one half the total area

*H(T )\ *H(T1@2)] *C
p
(T [ T1@2) (3)

The temperature dependence of the Gibbs energy change
required to bring the system to standard state was obtained
by substituting the above equation into the GibbsÈHelmholtz
equation and integrating between T and to giveT1@2

*G¡/RT \ *H¡(T1@2[ T )/(RT T1@2)] *C
p
/R ln(T1@2/T )

] *C
p
(T [ T1@2)/(RT ) (4)

where the standard-state temperature is the temperatureT1@2at which the equilibrium constant is unity and the number of
moles of native and denatured protein are equal, and *H¡ is
the standard enthalpy change at that temperature.

The vanÏt Ho† enthalpies were calculated according to the
following expression,

*vH H \ (ART 1@22 Cex, 1@2)/*calH (5)

where is the excess over the base line value of apparentCex,1@2speciÐc heat at R is the gas constant and A\ 4.0 for aT1@2 ,
two-state process involving neither association nor disso-
ciation. If the process is strictly two state, which is a reversible
process following the vanÏt Ho† equation

d ln K/dT \ *vH H/RT 2

the ratio of the vanÏt Ho† to calorimetric enthalpy, hereafter
designated by the parameter b, is unity. It has frequently been
observed that b may di†er signiÐcantly from unity. Several
possible causes for such a deviation include some degree of
aggregation in either the initial or the Ðnal state or both, and

variation in the domain interactions during unfolding of
multi-domain proteins.18

UV–VIS spectrophotometry

The UV di†erence spectroscopy was performed on a Shi-
madzu UV-160 A spectrophotometer at room temperature.
The protein concentration in the sample and reference cells
was kept identical and the e†ect of a varied amount of the
alcohol in the sample cell was studied. As a result, the Ðnal
signal is due to the e†ect of added alcohol.

Fluorescence spectroscopy

Fluorescence measurements were carried out on a SPEX-DM
1B spectroÑuorimeter at room temperature. For the intrinsic
Ñuorescence study, the protein sample was excited at 295 nm
to probe the conformational change around the tryptophan
residues and the emission wavelength was set at 315 nm in all
cases. The emission spectra obtained for the sample was
always compared with the corresponding reference bu†er, or
cosolute in bu†er. In all the intrinsic Ñuorescence measure-
ments, the protein concentration was kept at 0.1 mg ml~1 and
the concentration of the alcohol was varied. ANS (1-
anilinonaphthalene-8-sulfonate) binding and Ñuorescence
energy transfer experiments were performed with the respec-
tive excitation wavelengths at 365 and 295 nm. Emission
spectra of solutions of 5.8 ] 10~5 mol dm~3 in ANS and 30
lmol dm~3 in a-lactalbumin were thus recorded as a function
of alcohol concentration. The reference spectra were recorded
with corresponding amounts of ANS and alcohol in bu†er
solution and subtracted from the original scan.

Results and Discussion
The heat capacity of holo-a-lactalbumin measured at pH 7.0
in 20 mmol dm~3 TRIS is shown in Fig. 1. The transition is
fully reversible, as observed by repeated scans of the same
sample. The thermal unfolding of a-lactalbumin is character-
ized by a single peak centred at 64.5 ¡C, and analysis of the
excess heat capacity obtained after base-line subtraction yields
a calorimetric enthalpy of 277 ^ 6 kJ mol~1. The ratio of
vanÏt Ho† enthalpy, calculated by eqn. (5), to the measured
calorimetric enthalpy, the parameter b, is equal to 1.00 ^ 0.02,
in good agreement with the two-state unfolding nature at
neutral pH and at di†erent concentrations of TRIS as report-
ed by Griko et al.19

Fig. 1 DSC scans of the thermal denaturation of 0.34 mmol dm~3
a-lactalbumin in the presence of 2,2,2-triÑuoroethanol in 20 mmol
dm~3 TRIS at pH 7.0 and a heating rate of 30 K h~1 : A, 0.0 ; B, 0.25 ;
C, 0.50 ; D, 1.0 and E, 2.0 mol dm~3
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The thermodynamic parameters, transition temperature
heat capacity of denaturation calorimetric enth-(t1@2), (*Cp),alpy of unfolding and the cooperativity ratio b have(*cal H),

been deposited as supplementary data.¤ With increasing con-
centration of 4-chlorobutan-1-ol, n-butanol, 3-chloropropan-
1-ol, 3-chloropropan-1,2-diol, propan-1,2-diol, n-propanol,
2,2,2-triÑuoroethanol and ethanol, the thermal stability of a-
lactalbumin decreases. Fig. 1 shows the representative endo-
therms from which the instrumental baseline determined with
bu†er or bu†er and cosolute in each cell has been subtracted,
for a-lactalbumin concentration of 0.359 mmol dm~3 at pH
7.0 in the presence of varying concentrations of 2,2,2-tri-
Ñuoroethanol. The decrease in the transition temperature

upon addition of alcohols to a-lactalbumin is shown in(*t1@2)Fig. 2 and obeys the following order :

4-chlorobutan-1-ol [ n-butanol [ 3-chloropropan-1-ol [ n-
propanol [ 2,2,2-triÑuoroethanol [ 3-chloropropan-1,2-diol
[ ethanol [ propan-1,2-diol.

In general, the chloro- or Ñuoro-substituted alcohols
provide greater thermal destabilisation to a-lactalbumin than
the normal alcohols.

From DSC scans, we Ðnd that the thermal unfolding of
a-lactalbumin in the presence of 3-chloropropan-1,2-diol,
propan-1,2-diol, n-propanol, 2,2,2-triÑuoroethanol, ethanol
and n-butanol is reversible and two state over the whole con-
centration range of alcohols studied. The unfolding and
refolding processes over this range are apparently unchanged.
This permits the application of equilibrium thermodynamics
to the unfolding data.

A comparison of the thermodynamic data associated with
the thermal unfolding of a-lactalbumin in 3-chloropropan-1-
ol, 3-chlropropan-1,2-diol, propan-1,2-diol and n-propanol, all
with the same number of carbon atoms, indicates that 3-
chloropropan-1-ol reduces the transition temperature of the
protein the most, and propan-1,2-diol the least. Thus (1) the
alcohol with the same number of carbon atoms but with chlo-
rine replacing hydrogen is more e†ective in decreasing (2)t1@2 ;
the alcohol with the higher number of carbon atoms is a more
e†ective destabiliser of a-lactalbumin than its lower member ;
(3) the presence of an additional wOH group in the alcohol
reduces its e†ect in lowering the value of a-lactalbumin.t1@2

Fig. 2 Relative fall in the transition temperature of a-(*t1@2)lactalbumin as a function of alcohol concentration in 20 mmol dm~3
TRIS at pH 7.0 : (]) n-butanol ; 3-chloropropan-1-ol ; 3-(|) (K)
chloropropan-1,2-diol ; propan-1,2-diol ; (\) n-propanol ; 2,2,2-(>) (L)
triÑuoroethanol ; (]) ethanol

¤ Available as supplementary material (SUP 57349 ; 6 pp.) depos-
ited with the British Library. Details are available from the editorial
office.

The e†ect of cosolvents on protein stability is deÐned by a
balance between their preferential interactions with the two
end-states of the protein.20h22 During this reaction,N HD
new extensive non-polar hydrophobic and polar peptide
groups become exposed to the solvent and the distance
between the charges increases greatly. It is clear, from the
deposited data,¤ that the hydrophobic e†ects of alcohols are
larger on the unfolded state of a-lactalbumin because of a
larger exposure of the constituent groups of the protein
exposed to the solvent than in the native state. All the alco-
hols studied with partly hydrophobic properties interact
favourably with these hydrophobic side chains exposed on the
protein, thus leading to the stabilization of the denatured
state. The organization of water in the presence of
alcohols23,24 as well as the direct binding of alcohols to the
non-polar groups of the proteins25 has been reported. A
reduction in the e†ect of the hydrophobic groups of the
alcohol on the organization of the solvent because of this
competitive binding to the hydrophobic groups exposed on
protein denaturation leads to an increase in the net entropy of
denaturation. This shifts the equilibrium toward theN¢D
denatured state and manifests in the lowering of the t1@2values. The larger fall in the values by the alcohol with thet1@2greater number of groups is explained by thewCH2wincreased hydrophobic e†ect.

Relative to n-propanol, 3-chloropropan-1-ol acts as the
stronger stabiliser of the denatured state. This can be attrib-
uted to a higher electronegativity of chlorine, compared to
that of carbon and hydrogen, which enhances preferential
binding of this group through electrostatic interactions with
the polar sites exposed to the solvent during the unfolding of
the protein. 3-Chloropropan-1,2-diol is also observed to
reduce the thermal stability of a-lactalbumin at all the concen-
trations studied. The transition temperature falls with an
increase in the concentration of the diol. As observed earlier
with the protein lysozyme,13 3-chloropropan-1,2-diol is a less
potent destabiliser of the protein than 3-chloropropan-1-ol
and 1-propanol. Another similar observation is that the e†ec-
tiveness of 3-chloropropan-1-ol in reducing the transition tem-
perature of a-lactalbumin is larger than that by
3-chloropropan-1,2-diol at higher concentration. As an
example, **t1@2 [*t1@2(3-chloropropan-1,2-diol) [ *t1@2(3-

is 3.9 at 0.25 mol dm~3 and 10.0 at 0.5chloropropan-1-ol)]
mol dm~3. This observed with the protein lysozyme**t1@2was 5.3 at 0.5 mol dm~3 3-chloropropan-1,2-diol. This com-
parison indicates the stronger destabilising e†ect of these alco-
hols on a-lactalbumin than on lysozyme.

It has been observed that ethylene glycol stabilizes certain
proteins.26,27 This e†ect has been explained27 on the basis of
the preferential hydration of the protein with increasing
number of hydroxy groups on the cosolvent molecules. The
preferential hydration favours the compact native state and
disfavours an increase in the surface area of the protein. In
DSC experiments, this situation should be reÑected by an
increase in the transition temperature or a reduction in the
e†ectiveness of the diol as destabiliser compared with the
monohydric alcohol having the same number of carbon
atoms. This is observed in the values given above**t1@2obtained with the interaction of 3-chloropropan-1-ol and 3-
chloropropan-1,2-diol with the protein.

Comparing the results for 2,2,2-triÑuoroethanol and
ethanol, it is observed that the former is a stronger destabiliser
of a-lactalbumin (Fig. 2). The shift of the equilibriumN¢D
towards the denatured state in the presence of TFE reÑects
weaker internal protein hydrophobic interactions with
increasing concentration of TFE. Again, the value for b shows
that the denaturation process under this concentration range
of TFE is two-state reversible.

In the presence of 0.125, 0.187 and 0.250 mol dm~3 3-
chloropropan-1-ol, the thermal denaturation of a-lactalbumin
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resulted in a second small endothermic transition beyond the
Ðrst major peak at a di†erence of nearly 23 ¡C (Fig. 3). Decon-
volution of these DSC traces, by excluding the second peak,
gave a b value close to unity. If the Ðrst scan is stopped just
past the Ðrst transition, cooled and then re-heated, both the
peaks are found at their same positions with the same areas
under their respective endotherms. Rescanning the sample
after heating beyond the second peak resulted in an unstable
signal without endotherm, and the solution was clear without
any turbidity. Below and above the concentration range
0.125È0.250 mol dm~3 3-chloropropan-1-ol, thermal denatur-
ation of a-lactalbumin resulted in only one endotherm with a
calorimetric reversibility of more than 90%. From the DSC
studies on holo a-lactalbumin at low pH, and apo-a-lactalbu-
min in 500 mmol dm~3 TRIS at pH 8, Griko et al.19 observed
a highly cooperative transition followed by a gradual increase
in the heat capacity. They reported that acid or heat
denatured a-lactalbumin does not unfold completely and that
the molten globule state is accompanied by a gradual increase
in heat capacity. The transition of the compact denatured
state to the unfolded state was reported to be non-
cooperative.

Following the DSC scan from 30 to 90 ¡C, UV di†erence
spectroscopy of a-lactalbumin in the presence of 0.125 0.187
and 0.250 mol dm~3 3-chloropropan-1-ol was performed after
transferral of the sample from the DSC cell to the UV sample
cuvette. An equal amount of the protein was maintained in
the bu†er of the reference cuvette. The UV di†erence spectrum
recorded in the range 240È320 nm showed a small peak in the
range 303È305 nm. This indicates that the second small endo-
therm, and the absence of the characteristic DSC main endo-
therm upon rescanning after heating to 90 ¡C, is due to
unknown post-major endotherm e†ects leading to irrevers-
ibility. The reversibility of the DSC endotherms in the certain
concentration range of 3-chloropropan-1-ol indicates that the
alcohol does not arrest the refolding of a-lactalbumin from
the denatured state upon cooling.

The DSC scans of a-lactalbumin in the presence of varying
concentrations of n-butanol were two-state reversible with the
transition temperature decreasing with increase in the concen-
tration of the alcohol. The thermal denaturation of a-
lactalbumin in the presence of 5 mmol dm~3 4-
chlorobutan-1-ol resulted in an endotherm with a mid-point
of transition at 64.8 ¡C with instability in the DSC signal
above this temperature. The value is same for the unfolding of
a-lactalbumin without alcohol. At 25 mmol dm~3 4-
chlorobutan-1-ol, the area under the endotherm was very
small, again with instability in the DSC output after the mid
point of transition. In both cases, re-heating resulted in a

Fig. 3 DSC scan of a-lactalbumin at pH 7.0 in 20 mmol dm~3 TRIS
in the presence of 3-chloropropan-1-ol : A, 0.0 ; B, 0.125 (showing a
second endotherm) and C, 0.500 mol dm~3

signal without any endotherm. No endotherm was observed in
the presence of 4-chlorobutan-1-ol at 63 mmol dm~3 and
higher concentrations up to 500 mmol dm~3. At concentra-
tions higher than 500 mmol dm~3 of the alcohol, precipitation
was observed in the solution.

In order to have more insight into the interactions, intrinsic
Ñuorescence studies were carried out on a-lactalbumin in the
presence of 5 to 500 mmol dm~3 4-chlorobutan-1-ol. The con-
centration of a-lactalbumin in all the Ñuorescence experiments
was kept at 0.1 mg ml~1. a-Lactalbumin contains four tryp-
tophans at positions 26, 60, 104 and 118 and, at neutral pH,
all the tryptophans are buried in the interior of the protein.28
Excitation at 295 nm of the tryptophanyl residues results in
maximal emission at 336.5 in 20 mmol dm~3 TRIS bu†er at
pH 7.0, consistent with reported values in the literature.29,30
The emission maxima in the absence and presence of 5 mmol
dm~3 4-chlorobutan-1-ol were both at 337.5 nm. A similar
match was observed in and values, agreeing witht1@2 *calHthis observation. In the presence of 20È500 mmol dm~3 4-
chlorobutan-1-ol, the emission maxima were observed in the
range 354È357 nm, close to that observed (358 nm) in the
presence of 6 mol dm~3 guanidinium cloride (GuHCl) indicat-
ing a larger degree of exposure of previously buried non-polar
residues to the solvent.

ANS is believed to bind to the hydrophobic region in the
proteins.4 In the presence of 5 mmol dm~3 4-chlorobutan-1-
ol, the emission maxima was observed at 547.5 nm which is
nearly the same value as for pure ANS in 20 mmol dm~3
TRIS at pH 7.0. At higher than 20 mmol dm~3 levels of 4-
chlorobutan-1-ol, the a-lactalbumin emission maxima and
intensity increased somewhat as shown in Fig. 4, indicating
increased binding of ANS to the protein as a result of alcohol
induced exposure of hydrophobic groups from within the
protein. Energy transfer studies at an excitation wavelength of
295 nm showed an increase in the values of emission maxima
from 482 to 487 nm (red shift), and no appreciable change in
intensities with increasing amounts of the alcohol (Fig. 5). The
result obtained in the presence of 5 mmol dm~3 4-
chlorobutan-1-ol indicates that a major fraction of a-
lactalbumin is in the native state. The shift in the emission
maximum from 336.5 obtained for a-lactalbumin in TRIS
bu†er, to 482 to 487 nm in 20 to 500 mmol dm~3 4-
chlorobutan-1-ol, indicates a high degree of exposure of the
hydrophobic groups on the protein and resultant energy
transfer.

In UV-di†erence measurements, the output signal for a-
lactalbumin in the presence of 5 mmol dm~3 4-chlorobutan-
1-ol was essentially the same as in the absence of alcohol in
the range 240È320 nm. At higher concentrations of 4-

Fig. 4 Fluorescence emission spectra obtained from ANS
(5.8] 10~5 mol dm~3) binding studies on 30 lmol dm~3 a-
lactalbumin at pH 7.0 in 20 mmol dm~3 TRIS with increasing
concentrations of 4-chlorobutan-1-ol : A, 0.005 ; B, 0.020 ; C, 0.063 ;
D, 0.125 ; E, 0.250 ; F, 0.500 mol dm~3
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Fig. 5 Fluorescence emission spectra obtained from ANS
(5.8] 10~5 mol dm~3) energy transfer studies on 30 lmol dm~3 a-
lactalbumin at pH 7.0 in 20 mmol dm~3 TRIS with increasing
amounts of 4-chlorobutan-1-ol : A, 0.0 ; B, 0.005 ; C, 0.020 ; D, 0.063 ;
E, 0.125 ; F, 0.250 and G, 0.500 mol dm~3

chlorobutan-1-ol, a signal of two peaks was observed as
shown in Fig. 6 in the range 282È297 nm, one centred at 285
nm and the other at 293 nm. An increase in the signal inten-
sity with increasing concentration of alcohol from 20 to 500
mmol dm~3 indicates the larger exposure of the constituent
groups of the protein to the solvent. The UV-di†erence
spectra of a-lactalbumin in 20 mmol dm~3 TRIS at pH 7.0 in
the presence of 6 mol dm~3 GuHCl resulted in a similar
signal at the same wavelength. The peak around 293 nm indi-
cates the exposure of tryptophan residues in proteins.31
Solvent perturbation studies of globular proteins in the pres-
ence of urea, methanol, ethylene glycol, and 2-chloroethanol
solutions have shown that aromatic residues in the interior of
the protein are largely exposed and accessible to the
solvent.31h33

The results of the DSC, Ñuorescence, and UV di†erence
spectroscopy measurements indicate that a-lactalbumin at pH
7.0 in the presence of 63 mmol dm~3 and higher concentra-
tions of 4-chlorobutan-1-ol is in the unfolded state at room
temperature. The absence of a DSC endotherm, intrinsic Ñuo-
rescence emission maxima, ANS biding and energy transfer
studies for a-lactalbumin in the presence of 63 to 500 mmol
dm~3 4-chlorobutan-1-ol indicate an exposure of the interior

Fig. 6 UV di†erence spectrum of a-lactalbumin at pH 7.0 in 20
mmol dm~3 TRIS with increasing amounts of 4-chlorobutan-1-ol
and 6 mol dm~3 guanidinium chloride : A, 0.0 ; B, 0.005 ; C, 0.020 ;
D, 0.063 ; E, 0.125 ; F, 0.187 ; G, 0.250 ; H, 0.500 and I, 6 mol dm~3
guanidinium chloride

hydrophobicity of the protein comparable to that achieved by
6 to 8 mol dm~3 urea and GuHCl, respectively. The strong
denaturing tendency of 4-chlorobutan-1-ol is due to the long
hydrocarbon chain, and the chlorine terminal causing a dipole
on the alcohol end also adds to the shift of the equi-N HD
librium to the right.

The calorimetric enthalpy showed a complex dependence
on the concentration of the alcohols in the protein solution,
except in the presence of 3-chloropropan-1,2-diol (Fig. 7). The
calorimetric enthalpy, Ðrst increased with increasing*calHconcentration of the alcohol then decreased. The maximum in
the values of occurred in the following order :*cal H

ethanol B propan-1,2-diol [ n-propanol

B 2,2,2-triÑuoroethanol [ 3-chloropropan-1-ol

Similar observations were made by Sturtevant et al.34 and
Fujita et al.35 with hen egg-white lysozyme in the presence of
methanol, ethanol, n-propanol and n-butanol. Two important
points are to be noted here, (i) the maximum in the values of

observed decreases with the increasing length of the*calHalkyl chain and (ii) this order of variation in the maxima of
values with concentration of alcohol is nearly opposite*calHto that observed in the values.*t1@2As discussed earlier, the hydrophobic part of the alcohol

can interact selectively with those groups exposed on the
protein upon denaturation, leading to weakening of the
hydrophobic interactions between the non-polar groups of
the protein. It has been claimed36 that breaking of the hydro-
phobic bond in aqueous solution is an exothermic process
rather than an endothermic one. Hence, the maxima observed
in the plot of versus concentration of the alcohol can*calHbe attributed to the reduction in exothermic contribution of
the hydrophobic bond breakage to the total experimently
observed calorimetric enthalpy of unfolding. Non-aqueous
solvents, particularly alcohols, have also been shown to act as
secondary structure stabilisers1,3,4 upon addition to aqueous
protein solutions. A well deÐned state of ubiquitin in aqueous
methanol that contains elements of the native structure has
been reported.37 TFE, in particular, has been used to generate
structured states of peptides and to stabilize helical
regions.3,4,12 It has also been shown that a high degree of
stable helical structure is formed after addition of TFE to
lysozyme.3 Addition of TFE to bovine, human and guinea pig
a-lactalbumin at pH 2.0 has been found, in each case, to
induce a conformational transition in the molten globule state
of a-lactalbumin. It has been suggested that the TFE stabilizes
secondary structure by favouring hydrogen bonds within the

Fig. 7 Dependence of of a-lactalbumin on the concentration*calHof alcohols : (]) n-butanol ; (*) 3-chloropropan-1-ol ; 3-(K)
chloropropan-1,2-diol ; propan-1,2-diol ; (\) n-propanol ; 2,2,2-(>) (L)
triÑuoroethanol ; (]) ethanol
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protein chain at the expense of intermolecular hydrogen
bonds between the protein and the cosolvent.12,38 If it is
assumed that the interactions between the polar groups of the
protein are responsible for this structure stabilizing propen-
sity, then this factor will also add to the endothermic contri-
bution to the total calorimetric enthalpy. At still higher
concentration of the alcohol, the hydrophobic interactions
within the protein are weakened to a large extent, leading to a
sharp decrease in the values of The molten globule*calH.
state of a-lactalbumin, which has a poorly deÐned tertiary
structure but a secondary structure similar to the native state,
has been shown to unfold with lower than the holo-*calHform of the protein.14

The change in the heat capacity, of the protein upon*C
p
,

denaturation, is one of the most important parameters
because it essentially controls the variation with temperature
of the enthalpy, entropy, and Gibbs energy changes accom-
panying the process. It has been usually observed39 that *C

pobtained from individual scans shows a large scatter from
scan to scan, and also that is a function of the circum-*C

pstances under which the variation of with respect to*cal His observed. Experiments reported by Sontoro et al.40t1@2 ,
show that a varying value for can also result if the tem-*C

pperature of unfolding is changed by means other than change
in pH. Large scatter was observed in the plot of as a*calHfunction of possibly due to the complex concentrationt1@2 ,
dependence of the calorimetric enthalpy on a certain range of
the alcohol concentration. If the data is Ðtted to a straight
line, a value of 2.24 kJ K~1 mol~1 is obtained for with a*C

pstandard deviation of 0.53 kJ K~1 mol~1. This value of 2.24
kJ K~1 mol~1 is close to most of the values deposited as sup-
plementary data,¤ and was used to calculate the thermodyna-
mic parameters at temperatures other than at t1@2 .

The GibbsÈHelmholtz equation given in eqn. (4) provides a
means for determining the change in the Gibbs energy of sta-
bilization or destabilization caused by the presence of alco-
hols. In the absence of alcohols, the Gibbs energy of unfolding
change for a-lactalbumin at the transition temperature
(T \ 337.8 K) is zero, whereas the equilibrium constant for a
two-state process is unity. In the presence of alcohol/diol, the
transition temperature and the calorimetric enthalpy of
unfolding at the transition temperature can be combined with
the average heat capacity of unfolding to calculate the stabil-
ity of the protein at 337.8 K. The Gibbs energy change of
unfolding for a-lactalbumin varies from zero in the absence of
alcohols to as high as [15.55 kJ mol~1 in the presence of 500
mmol dm~3 n-butanol. These values, at the same concentra-
tion of alcohol, are [9.69 kJ mol~1 in 3-chloropropan-1-ol,
[ 2.92 kJ mol~1 in 3-chloropropan-1,2-diol, [4.80 kJ mol~1
in n-propanol, and [4.34 kJ mol~1 in the presence of 2,2,2-
triÑuoroethanol. Taking into account one standard deviation
in and values, the errors in *G¡ values are ca. 8%.*calH *C

pIt is obvious that the accuracy of the values for *G¡ at tem-
peratures far removed from su†er from uncertainties int1@2The data indicate that, at 25 ¡C, the protein is destabi-*C

p
.

lised about six-fold more severely by 3-chloropropan-1-ol
than by n-propanol, a di†erence caused by the replacement of
wH by wCl in the destabilising alcohol. The presence of
another hydroxy group in the same alcohol makes it a ca.
two-fold lesser destabiliser compared with n-propanol.

Stability of bovine a-lactalbumin and hen egg-white lysozyme,
comparison of thermodynamic and structural data

Bovine a-lactalbumin and hen egg-white lysozyme are struc-
turally homologous proteins diverged from a common ances-
tral protein with di†erent biological functions. This has
stimulated many comparative studies on these proteins. The
primary sequence of a-lactalbumin and hen egg-white
lysozyme have been shown to be strikingly similar28,41 with

regard to both residue identity and position of disulÐde
bridges. Overall, the main polypeptide fold of a-lactalbumin
molecule is held together by four disulÐde bridges maintaining
a similar conformation of hen egg-white lysozyme with signiÐ-
cant changes in the loop regions and at the C-terminus. The
C-terminus is reported to be rather Ñexible in a-lactalbumin
compared to lysozyme. We have recently reported DSC
studies on the interactions of chloro-substituted alcohols with
hen egg-white lysozyme.13 The observed for this protein int1@220 mmol dm~3 phosphate bu†er at pH 2.4 is 64.7 ¡C and that
of a-lactalbumin observed in this work at pH 7.0 is 64.6 ¡C.
The thermal stabilities of these two proteins under these con-
ditions are the same, as indicated by the stability index t1@2 .
Hence, we will compare the e†ect of chloro-substituted and
normal alcohols on these two proteins under these conditions.

The deposited data¤ gives a comparison of the e†ect of
alcohols on and for a-lactalbumin and hen egg-t1@2 *cal Hwhite lysozyme. The reduction in the thermal transition tem-
perature of a-lactalbumin is always greater than that for hen
egg-white lysozyme. For example, in the presence of 0.5 mol
dm~3 butan-1-ol, the reduction in in case of a-t1@2lactalbumin is nearly double the value for lysozyme. This
comparison supports the hypothesis that a-lactalbumin has a
less stable and relatively Ñexible structure than hen egg-white
lysozyme.

Acharya et al.28 have observed from crystallographic
studies that the three-dimensional native conformations of a-
lactalbumin have a relatively loose structure compared with
the C-type lysozymes. The total solvent accessible area for a-
lactalbumin (7241 is greater than that of hen egg-whiteA� 2)
lysozyme (6844 In a-lactalbumin, 76% of the hydropho-A� 2).
bicity is reported to be fully exposed or partly exposed to the
media whereas, in hen egg-white lysozyme, the corresponding
Ðgure is 66%.36 Again, the C-terminus was found to be more
Ñexible in a-lactalbumin than in lysozyme and the regions
between residues 104 and 111 were found to be highly Ñuctu-
ating.41,42 The partial heat capacities of native a-lactalbumin
and hen egg-white lysozyme are 1.40^ 0.05 and 1.30^ 0.05 J
K~1 g~1, respectively, at a similar temperature.19 This di†er-
ence between the heat capacities of these two structurally
homologous proteins is also a reÑection of the somewhat
looser structure of a-lactalbumin. These observations are con-
sistent with the thermodynamic data reported here.

work was supported by a grant from the Department ofThis
Science and Technology, New Delhi.
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