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Abstract

Differential scanning calorimetry (DSC) provides authentic and accurate value of ACX, the constant-pressure heat capacity change associated
with the N (native state)« X (heat denatured state), the heat-induced denaturation equilibrium of the protein in the absence of a chemical denaturant.
If X retains native-like buried hydrophobic interaction, ACE,( must be less than ACE , the constant-pressure heat capacity change associated with the
transition, N—D, where the state D is not only more unfolded than X but it also has its all groups exposed to water. One problem is that for most
proteins D is observed only in the presence of chemical denaturants such as guanidinium chloride (GdmCl) and urea. Another problem is that DSC
cannot yield authentic ACE, for its measurement invokes the existence of putative specific binding sites for the chemical denaturants on N and D.
We have developed a non-calorimetric method for the measurements of AC}? , which uses thermodynamic data obtained from the isothermal GdmCl
(or urea)-induced denaturation and heat-induced denaturation in the presence of the chemical denaturant concentration at which significant
concentrations of both N and D exist. We show that for each of the proteins (ribonuclease-A, lysozyme, a-lactalbumin and chymotrypsinogen)
ACI? is significantly higher than ACff. AC][,) of the protein is also compared with that estimated using the known heat capacities of amino acid
residues and their fractional area exposed on denaturation.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Differential scanning calorimetry (DSC) yields authentic and
accurate value of the constant-pressure heat capacity change
ACff, associated with the N (native state)—X (heat denatured
state), the heat-induced denaturation equilibrium of the protein
in the absence of a chemical denaturant [1]. If such heat-induced

Abbreviations: CD, circular dichroism; [0],, mean residue ellipticity at
wavelength, 4 nm; RNase-A, ribonuclease-A; apo-La, apo-a-lactalbumin; ctg,
chymotrypsinogen A; GdmCl, guanidinium chloride.
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denaturation is a two-state process, optical methods also provide
authentic and accurate ACI))( of the protein [2,3]. On the
contrary, if X is less unfolded than D, the GdmCl-induced
(or urea-induced) denatured state, no authentic value of ACE
associated with the equilibrium N«<D in the absence of the
chemical denaturant, is available from either DSC or optical
measurements. There are a few reasons for saying this. First,
in order to obtain ACFI,) , DSC measurements were carried out in
the presence of predenaturation concentration range of GdmCl,
and the observed AH,,, the enthalpy change at the midpoint of
the denaturation (7},) is corrected for the contribution due to
preferential interaction of the chemical denaturant with the
native and denatured protein. There are two problems with this
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procedure. (i) Optical methods suggest that a transition between
N and X is observed in the presence of the predenaturation
concentrations of GdmCl, which by themselves do not induce
protein denaturation near room temperature (Singh and Ahmad,
manuscript in preparation; for other cases see Ref. [4]). So the
observed thermodynamic parameters are not for the transition
N<D but are actually for the N«<X transition. (ii) The
correction for the preferential interaction contribution to the
observed AH,, (see Eq. (34) in Ref. [1]) uses An (number of the
‘specific’ binding site for GdmCl exposed on denaturation)
obtained from the analysis of the GdmCl-induced denaturation
(N<D) curves measured by optical techniques using the
binding model [5]. In fact, we have shown earlier that the
dependence of the unfolding Gibbs energy change of lysozyme
and other proteins on the GdmCl concentration is linear
throughout the denaturant concentration range [6], i.e., there
exists no specific binding site for GdmCI on the protein. This
observation supports the earlier arguments against the presence
of specific binding sites on the protein for GdmCl [7].
The second reason is that there is a problem with the method
used to obtain ACI]? from optical denaturation curves as well.
The observed equilibrium constant (Kp) for the reaction, N~D
is written as a product of three equilibrium constants, i.e., Kp=
Kp(7). Kp(GdmCl). Kp(pH), where Kp depends only on the
experimental variable given in the parenthesis, e.g., Kp(7)
depends on temperature only, i.e., it does not depend on either
pH or GdmCI concentration [8,9]. If it is so, then this relation
also implies that the enthalpy change on denaturation is
independent of the denaturant concentration. In fact, it has
been shown that this assumption is not valid [1,10]. Thus, the
authenticity of AC? obtained from the temperature dependence
of Kp, which assumed that Kp(7) is independent of the
denaturant concentration at a given pH, is questionable.

Pace and Laurent [11] have developed a method for the
determination of ACE from the measurements of thermal and
urea denaturation curves monitored by conformational techni-
ques. This method involves (i) measurements of AHL and 7o
from the heat-induced transition curves in the absence of the
chemical denaturant, where superscript X represents the fact
that quantities are associated with N<—X reaction; (ii) measure-
ments of the values of AGD, the Gibbs energy change (AGp) in
the absence of the chemical denaturant for the reaction, N—D at
several temperatures (at least 25 °C below T},) from the urea-
induced denaturation curves at the same pH as the thermal
denaturation experiments; and (iii) estimation of the constant-
pressure heat capacity change from AHX and T and AGY
values at different temperatures by using Gibbs—Helmholtz
equation. This method should give authentic value of the heat
capacity change if both the heat and urea give the same
denatured state of the protein, and both heat and urea induce a
two-state transition.

In this study we describe a method for measuring ACy,
which is based on results from the isothermal GdmCI (or urea)-
induced denaturation curves, and heat-induced denaturation
curves in the presence of different concentrations of the chemi-
cal denaturant, which by themselves induce N«<D transition
(i.e., detectable amounts of folded and unfolded proteins are in

equilibrium) at the temperature as the GdmCI (or urea)-induced
denaturation experiment. It has been observed that for a pro-
tein ACIE) is significantly larger than AC;(. Furthermore, ACI',D
of the protein is also estimated using the known heat capa-
cities of amino acid residues reported by Privalov et al. [12] and
the known fractional area of each residue exposed on dena-
turation. It has been observed that for a protein the measured
ACPD is very close to the predicted value for the transition
between the folded native and the theoretical compact denatured
states [13].

2. Materials and methods

Hen egg-white lysozyme (lot 111H-7010), a-lactalbumin
from bovine milk (Type I, lot 92H-7015), bovine pancreas
ribonuclease-A (Type III A, lot 41K-7651), and bovine pancreas
a-chymotrypsinogen A (Type II, 16H-7075) were purchased
from Sigma Chemical Co. Analytical grade EGTA (ethylene
glycol-bis (3-aminethylether) N, N, N, N'-tetra acetic acid)
and sodium cacodylate were also purchased from Sigma
Chemical Co. GdmCI and urea were ultrapure grade samples
purchased from ICN Biomedical, Inc. KCI, glycine and other
chemicals were of reagent grade and were used without further
purification.

Lysozyme, ribonuclease-A (RNase-A), a-lactalbumin and
a-chymotrypsinogen A (ctg) were dialyzed in cold (at ~4 °C)
against several changes of 0.1 M KCI (pH 7.0). Apo-a-
lactalbumin (apo-La) was prepared by adding 4 mM EGTA to
the solution of the holoprotein (with ca®" bound). Protein
concentration of the stock solutions were determined experi-
mentally using €, the molar absorption coefficient (M~ ' cm™ )
values 0f 39,000 at 280 nm for lysozyme [14], 9800 at 277.5 nm
for RNase-A [15], 29,210 at 280 nm for a-lactalbumin [16], and
50,562 at 280 nm for a-chymotrypsinogen A [17]. Concentra-
tions of stock solutions of GdmCI and urea in a given buffer
were determined refractometrically using tabulated values of the
solution refractive indices [18].

The buffers used throughout the denaturation studies were
0.1 M KCI-HCI buffer (pH 2.0) for lysozyme, 0.1 M glycine—
HCI buffer containing 0.1 M KCI of pH 2.2 for RNase-A and
pH 2.0 for ctg, and 0.05 M cacodylic acid buffer (pH 7.0)
containing 0.1 M NaCl and 4 mM EGTA for apo-La.

Far-UV circular dichroism (CD) measurements were carried
out in Jasco Spectropolarimeter (model J-715) equipped with
the peltier-type temperature controller (PTC-348). Thermal
denaturation curves were obtained at three different scan rates,
namely, 0.5, 1 and 1.5 °C/min. It has been observed that the
thermodynamic parameters obtained at different rates of scan
were constant. This observation indicates that the denaturation
process does not occur as a kinetically controlled process, and
each scan rate provided an adequate time for equilibration [19].
However we have shown denaturation curves obtained at a
heating rate of 1 °C in the temperature range 20—85 °C. Protein
concentrations used for CD measurements were in the range of
0.2-0.4 mg/ml, and 0.1 cm path length cell was used. CD
instrument was routinely calibrated with D-10-camphorsulfonic
acid. Results of all CD measurements are expressed as mean
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Fig. 1. Denaturation of RNase-A. Thermal denaturation curves of RNase-A in the presence of 1.1, 1.3, 1.5, 1.7, 5.0 and 6.0 M GdmCl at pH 2.2 (A). In order to
maintain clarity all data points are not shown. yy and yp describes dependencies of the native and denatured proteins, respectively. Inset (a) in Panel A shows the
GdmCl-induced transition between N and D of the protein at 25 °C, and inset (b) shows the far-UV CD spectra of the protein in the native state (curve 1), heat
denatured state (curve 2) and GdmCl denatured state (curve 3). Plots of AGp, versus temperature at 1.1, 1.3, 1.5 and 1.7 M GdmCl (B). Plot of 7%, versus [GdmCl] (C)

and that of AT5, versus [GdmCl] (D).

residue ellipticity ([0],) in ° cm? dmol ! at a given wavelength,
A (nm) using the relation,

0], = 0,My/10cl (1)
where 0, is the observed ellipticity in millidegrees at A, M, is
the mean residue weight of the protein, ¢ is the protein
concentration (mg/cm’), and / is the path length (cm). It should
be noted that each observed 6, of the protein was corrected for
the contribution of the solvent.

Details of the preparation of protein solutions for isothermal
denaturation by GdmCl and urea and renaturation experiments
were reported earlier [20]. Reversibility of the GdAmCI (or urea)
denaturation was completely established as revealed by the
identical CD value at a given denaturant concentration during
denaturation and renaturation experiments. Reversibility of the
heat-induced denaturation was checked by measuring the CD
spectrum of the renatured protein after heating, and comparing
it with that of the unheated protein sample. For this purpose,
(1) CD spectrum of the native protein (unheated sample) was
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measured at 20 °C, (ii) the protein sample was heated and the
scan was terminated at 85 °C, (iii) the denatured protein sample
was cooled immediately to 20 °C, and (iv) the CD spectrum of
the renatured protein was determined at 20 °C. Reversibility of
thermal denaturation was confirmed by the identical CD spectra
of the protein before heating and after cooling of the denatured
protein solution.

Calculations of accessible surface area (ASA) of the native
protein were performed by the software DSSP [21] using coor-
dinate data from the Protein Data Bank [22]. For the denatured
protein the extended state ASA values of the tripeptide Ala-X-
Ala were used. The extended state coordinates correspond to the

R. Singh et al. / Biophysical Chemistry 133 (2008) 81-89

ECEPP/2 algorithm [23] with the dihedral angles reported by
Oobatake and Ooi [24]. The values of extended state ASA
(in A?) are given in Ahmad et al. [25].

3. Results

GdmCl-induced and urea-induced denaturations at 25 °C and
the heat denaturation in the presence of different concentrations
of'the chemical denaturants (GdmCl and urea), were followed by
observing changes in the far-UV CD of RNase-A (pH 2.2),
lysozyme (pH 2.0) and apo-La (pH 7.0) as it serves as an
excellent probe for measuring changes in the conformation of
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Fig. 2. Denaturation of RNase-A. Thermal denaturation curves of RNase-A in the presence of 1.1, 1.3, 1.5, 1.8, 5.5 and 6.0 M urea at pH 2.2 (A). In order to maintain
clarity all data points are not shown. yy and yp, describes the dependencies of the native and denatured proteins. Inset (a) in Panel A shows the urea-induced transition
between N and D states at 25 °C, and inset (b) shows the far-UV CD spectra of the protein in the native state (curve 1), heat denatured state (curve 2) and urea denatured
state (curve 3). Panel B shows plots of AGp, versus temperature at 1.1, 1.3, 1.5 and 1.7 M urea. (C) Plot of 7% versus [urea] and that of AH%, versus [urea] (D).
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the entire polypeptide backbone [26], and in the near-UV CD of
ctg (pH 2.0). All measurements were done at least in triplicate. It
has been observed that denaturation of each protein is reversible.
All optical transition data were converted into thermodynamic
parameters using appropriate relations given below.

Inset (a) in Figs. 1A and 2A show the GdmCl-induced and
urea-induced denaturations of RNase-A monitored by [6],,,,
respectively. Such transition curves for lysozyme, apo-La and
ctg are given in the Supplementary materials. Assuming that the
chemical denaturant-induced unfolding follows a two-state
mechanism, the entire data of each transition curve were
analyzed for AGY using a nonlinear least-squares relation [27],

_ [d) + yo((d)) Exp[~AGY + myld)/RT]

(1) 1+ Exp[~AGY + my[d] /RT]

(2)

where y([d]) is the observed optical property at [d], the molar
concentration of the chemical denaturant, and yn([d]) and yp([d])
are, respectively, optical properties of the native and denatured
states of protein molecules under the same experimental
conditions in which y([d]) was measured. In this equation AG)
is the value of Gibbs energy change (AGp) in the absence of the
chemical denaturant, R is the universal gas constant, and 7 is the
temperature in Kelvin. (It should be noted that 7 is in Kelvin
throughout the text unless otherwise indicated.) It has been
observed that for all proteins the dependencies of yy and yp on [d]
are linear (i.e., yn([d])=an+bn[d] and yp([d])=ap+bp [d], where
a and b are, respectively, intercept and slope of the baseline).
Values of AGOD obtained from the GdmCl-induced and urea-
induced denaturation curves of all proteins are given in Table 1.
AG}, values obtained from both chemical denaturations are,
within experimental errors, identical (see Table 1). It should be
noted that the GdmCl-induced denaturation curve for ctg could not
be measured due to aggregation in the presence of low denaturant
concentrations. It has been observed that the AGY values are in
agreement with those reported earlier [6,30—33]. This led us to
believe that our measurements and analysis of the transition curves
are accurate. It may be noted that GdmCl is an ionic denaturant
and has the ability to shield all kinds of electrostatic interactions
whereas urea cannot, for it is an uncharged molecule. However,
the agreement of AG) values from GdmCl unfolding with AG}
from urea unfolding is an expected result as 0.1 M KCl is sufficient
to shield all the electrostatic effect [34].

Figs. 1A and 2A show the thermal denaturation curves of
RNase-A in the presence of different concentrations of GdmCl
and urea, respectively (such transition curves for other proteins
are given as Supplementary materials). It may be noted that the
denaturant concentration chosen for all proteins lies above the
pretransition region, i.e., these concentrations by themselves
induce a transition between N and D at 25 °C (e.g., see inset of
Figs. 1A and 2A in the case of RNase-A). In order to convert these
data into values of AGy, it is necessary to know yy and yp as a
function of composition variables ([d] and 7). The prerequisite
data for y were obtained from measurements of the heat-induced
denaturation curves of the protein in the presence of the chemical
denaturant concentration lying in the pretransition region. It has
been observed that the temperature dependence of yy of each
protein is independent of [GdmCIl] and [urea]. Such dependencies
for RNase-A are given in Figs. 1A and 2A, which were assumed
to apply within the transition region as well. It should be noted
that, for each protein, the heat-induced denaturation curves in the
presence of predenaturation concentration range of the chemical
denaturant are not displayed over the whole transition. In order to
obtain the dependence of yp of a protein on both [d] and 7, the
composition variables, we have used all data in the posttransition
region of the thermal denaturation curves as well as results from
the measurements on the denatured protein outside the transition
(posttransition). These data for a protein were fitted to a nonlinear
equation. The temperature dependence of yp of RNase-A on
[GdmCI] and [urea] are shown in Figs. 1A and 2A, respectively.
Dependencies for other proteins are given as Supplementary
materials. It has been assumed that the observed dependence of y,
of a protein on the composition variables is applicable in the
transition region as well.

Assuming that the heat-induced transition of each protein in
the presence of GdmCI and urea follows a two-state mechanism,
values of AGp(T)[d]) in the range —5.4<AGp (7, [d]),
kJ mol™' <5.4 were estimated from the transition curve using
the relation,

where y(7, [d]) is the observed optical property at a given 7'and
[d]; and yn(T, [d]) and yp(T, [d]) are, respectively, the optical
properties of the N and D molecules at the same 7 and [d] at

Table 1
Values of thermodynamic parameters of RNase-A, lysozyme, apo-La and ctg
GdmCl Urea ACY predicted® (ACYH*©
-1 -1
AGY, °0)  AHR0) (ACD)? AGY, °0)  AHR(0) (ACD) Lower bound  Upper bound <’ ™01~ K
kJ mol ™! °C kI mol ' kImol ' K' kJ mol ! °C kImol ' kImol 'K ' kimol "K' kImol 'K
RNase-A  11.37+0.75 449+0.4 293+8.4 10.45 11.58+0.33 45.3+0.3 293+10.4 11.07 11.37 13.92 4.81
Lysozyme 17.35+£0.33 59.3+0.5 376+9.2 11.33 17.55+0.50 60.0+£0.4 372+11.3 11.24 14.09 16.43 5.39
apo-La 10.07+0.33 49.3+0.3 230+84 8.99 9.82+£0.71 48.4+0.3 234+209 8.36 18.10 19.86 4.89
ctg! - - - - 11.07+0.84 49.2+0.3 376+12.5 18.90 26.38 30.26 10.78

N ACE values were estimated with the help of Eq. (4). Possible errors in the estimation of ACE are given in the text.
° AC? predicted values are estimated from Eq. (5) using the lower bound and upper bound models [13].
¢ Values of AC;( of RNase-A and lysozyme and those of Apo-La and Ctg were taken from Refs. [1,28,29], respectively.

4 GdmCl-induced denaturation could not be measured due to aggregation.
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which y(7, [d]) has been measured. For a protein stability curve
at a given [GdmCl] (e.g., see Panel B of Fig. 1) and [urea] (e.g.,
see panel B of Fig. 2) were constructed, and a procedure
described earlier [35] was used to obtain the values of AH% and
T2 The values of AHE and 72 of all the proteins in the presence
of GdmCl and urea are given in Table 2. For a protein, plots of
AHY and T versus [GdmCI] (e.g., see Fig. 1C and D), and plots
of AHy, and Th, versus [urea], (e.g., see Fig. 2C and D), which
were linear, were used to obtain values of AHy (0) and 7% (0),
the values of thermodynamic parameters in the absence of the
chemical denaturants. Such plots for lysozyme, apo-La and ctg
are given as Supplementary materials. The values of AHb (0)
and Th (0) of all the proteins are given in Table 1. Value of ACE
of a protein was estimated using a form of Gibbs—Helmholtz
equation with values of AHL (0) and Th (0) from thermal
denaturation measurements in the presence of GAmCI (or urea),
and AGY from the isothermal denaturation at 25 °C,

D
AGY(298.15) — AHP(0) (129 2813
ACP = ( 70(0) ) “

. [(5(0) — 298.15) +298.15 In (3533) |

72(0)

ACE values for all proteins thus obtained are given in Table 1.
ACp, for the transition between the folded native and the theo-
retical denatured states can also be predicted using the relation,

ACY =3 Cpitfi (5)
i=1

where 7 is the total number of residues in the protein polypeptide
chain, C,,; is the partial molar heat capacity of the ith residue (see

Table 2
Values of AHY, and T%, of proteins characterizing the transition N<D induced by
GdmCl and urea®

GdmCl Urea
M  T2°C AHOkImol' M The°C AHS kI mol '
RNase-A 1.0 31.5 217 1.1 335 230
1.3 275 188 1.3 303 205
1.5 255 167 1.5 277 175
1.7 225 146 1.7 253 159
Lysozyme 1.5 38.5 201 2.2 385 272
1.7 36.1 171 2.5 354 259
20 335 146 2.8 326 238
22 317 121 32 286 217
apo-La 1.2 347 125 1.8 322 167
1.3 325 113 2.0 303 159
1.5 304 96 25 277 129

1.8 269 79 3.0 241 104
ctg - - - 1.8 350 293
22 322 288
25 297 276
3.0 256 255

? From triplicate measurements values of maximum errors from the mean are
1% and 9% in 7o and AHD, respectively. It should be noted that the standard
error in the estimation of a thermodynamic parameter by fitting a set of data to
an appropriate equation is less than the mean error from three independent
experiments.

® GdmCl-induced denaturation could not be measured due to aggregation.

Table 3 in Ref. [12]) and f; is the fractional increase in the
accessible surface area of the ith residue when protein unfolds.
The value of f; is estimated using the relation,

 ASAy, — ASAg;

s ASAy,

(6)

where ASA; and ASA; are the accessible surface areas of the ith
residue in the unfolded and the folded states, respectively.
Calculation of ASAj; was performed by the software DSSP
[21] using coordinate data from the Protein Data Bank [22]. For
the ASA; values, both the lower bound and upper bound models
(see Table 1 in Ref. [13]) were used and the values of ACpD for
RNase-A, lysozyme, apo-La and ctg were predicted with the help
of Eq. (5). These predicted ACE values in cases of upper bound
and lower bound models are given in Table 1.

4. Discussion

We already have given reasons why earlier methods [1,9,11]
will not provide an accurate value of ACII,) , if the thermally
denatured protein is less unfolded than the GdmCI (or urea)
denatured state (see Introduction). We begin by explaining why
our non-calorimetric method will yield a reliable estimate of
ACE , 1.e., heat capacity change associated with the transition
between N and D (which is more unfolded than X).

Our main aim is to estimate ACII,) values of four model
proteins, namely, lysozyme, RNase-A, apo-La and ctg for the
transition, N—D. It is possible only when the values of AG)
(Gibbs energy change in the absence of the denaturant at 25 °C),
AH;, (0) (enthalpy change in the absence of the denaturant) and
7% (0) (midpoint of denaturation in the absence of the denaturant)
for each protein are accurately known (see Eq. (4)). These
thermodynamic parameters are obtained from the measurements
of AGp from the conformational transition curves. Estimation of
AGp from an optical transition curve is possible if the protein
operates under certain constraints. A few comments are therefore
necessary. First, the chemical denaturant-induced and heat-
induced transitions between N and D are reversible. It has been
observed that GdmCl-induced and urea-induced denaturations of
each protein at 25 °C and its heat-induced denaturation in the
presence of different concentrations of GdmCl and urea are
reversible as judged by the identical values of the optical property
during denaturation and renaturation experiments.

Second, in order to estimate AGp value from denaturation
curves a two-state mechanism has been assumed under all
experimental conditions. All available data strongly support that
this assumption is valid in case of GdmCl-induced and urea-
induced denaturations of lysozyme [1,36], RNase-A [1,37],
apo-La [38] and ctg [33,39].

Third, for estimating the AGY of proteins from the GdmCl
(or urea)-induced denaturation curves at 25 °C, we have ana-
lyzed our data using nonlinear least-squares method given by
Santoro and Bolen [27], which assumes a linear dependence of
AGp on the denaturant concentration. Our earlier studies on four
proteins, namely, RNase-A, lysozyme, cytochrome-c and myo-
globin have shown that AGY is linear in the entire concentration
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range of both denaturants [6,30,34]. Although such data are not
available in the cases of ctg and apo-La, it has been assumed that
AGp of these two proteins shows a linear dependence on
[denaturant]. This assumption is supported by Schellman [7]
who, using a thermodynamic approach, has shown that AGp, of
dilute protein solution is a linear function of [denaturant].

Fourth, in the derivation of Eq. (4), it has been assumed that
AC, is independent of temperature. AC,, must vary with tem-
perature [40], but the dependence is too small to measure [11].

Are AGP, AHY (0) and 7%, (0) the properties of the protein
alone, not of the protein and the chemical denaturant? In order
to answer this question, we estimated these quantities for two
chemical denaturants, GdmCI and urea, which are known to
induce the same N«D transition [41]. Since the AGY values
obtained from the urea-induced and GdmCl-induced curves for
RNase-A, lysozyme and apo-La are, within experimental errors,
identical (see Table 1), we therefore conclude that AGY is the
property of the protein alone. In case of ctg, we could not obtain
the AGY value from GdmCl-induced denaturation due to its
aggregation in the presence of low [GdmCI] up to 1.7 M.

AH® and T2 can be obtained from the measurements of the
effect of temperature on Kp, the equilibrium constant associated
with the transition, N<~D. This equilibrium exists only in the
transition region of the chemical-induced denaturation but not
in the absence or presence of denaturant concentrations corre-
sponding to the pre and posttransition regions [5]. We have
therefore measured the denaturation curves of the protein in the
presence of transition region concentration of the chemical
denaturant by following changes in the optical property as a
function of temperature (e.g., see Figs. 1A and 2A). Each
transition at a chemical denaturant concentration was analyzed
for AGp values as a function of temperature. Stability curve at a
given [d] was constructed (e.g., see Panel B of Figs. 1 and 2).
Following the earlier procedure [35] values of Th and ASD
(=—(0AGp/dT),, where p is pressure), the entropy change at
Th were determined. The product of ASH and 75 gave AHn,
the enthalpy change at 5. These values of AH5, and 7% for all
the four proteins in the presence of different concentrations
of the chemical denaturants are given in Table 2. It is seen in
this table that AHL shows strong dependence on [urea] and
[GAmCI]. These findings are in agreement with the recent DSC
and equilibrium measurements [10,42,43]. On the contrary, in
order to estimate ACII,) almost all analyses of heat-induced
transition curves followed by various conformational properties
of proteins in the presence of urea and GdmCl have assumed
that AH%, is independent of the chemical denaturant concentra-
tion [5,44,45].

In order to estimate A CE for the N« D transition in the absence
of a chemical denaturant, we require AH® and 72 values in the
absence of the denaturant. These values were obtained from the
plots of T2 versus [denaturant] (e.g., see Panel C of Figs. 1 and 2)
and AHS versus [denaturant] (e.g., see Panel D of Figs. 1 and 2)
using values of AHh and 75 at different GdmCl and urea
concentrations given in Table 2; the linear extrapolation of these
plots to 0 M denaturant gave values of AHS (0) and 75 (0) for all
the proteins (see Table 1). Since values of AHn (0) and 75, (0)
from the heat denaturations are, with in experimental errors,

identical (see Table 1), these thermodynamic quantities are the
properties of the protein alone.

Using values of AH> (0) and 7% (0) along with the AGY
values, AC} values were estimated for all the proteins with the
help of Eq. (4). The estimated values of ACY from this method
for all the proteins are given in Table 1. It can be seen in this table
that both urea and GdmCI denaturation gave, within experi-
mental errors, identical values of ACE . This is an expected result
because both urea and GdmCl induce the same conformational
transition between N and D [41]. For each protein, a comparison
of ACII,) with A C?,( from the DSC measurements in the absence of
the chemical denaturant (see Table 1) suggests that the heat
denatured protein retains residual native structure. This is sup-
ported by the CD spectra of N, X and D states of all proteins
studied here (see inset (b) in Figs. 1A, 2A, Figs. S1-S5); the
thermally denatured protein (curve 2) has more structure than
the GAmCI or urea denatured protein (curve 3). This could be a
most probable cause for the difference in ACE and ACI),( of a
protein [46].

How do errors in the measured values of AGY, AH% (0) and
T2 (0) affect the ACII,) values of proteins, which are estimated
with the help of Eq. (4)? Our estimate of the upper limits of the
probable errors are +0.8 kJ mol ! for AGY, £12.5 kJ mol~ ! for
AHY (0) and +£0.3 °C for T5 (0). Following the procedure of
Pace and Laurent [11], these errors lead, respectively, to errors
in ACp of £12.5, 12 and 1% for RNase-A; +4, 6 and 0.2% for
lysozyme; £10, 10 and 0.01% for apo-La; and +4.8, 5.4 and
0.6% for ctg. It has been shown that the error involved in AC,
from the DSC measurements is in the range 10—12% [40]. It is
then concluded that our method measures ACp with the same
accuracy as in the DSC.

Privalov [1] have used a different method for determining
ACpD . The observed calorimetric AH,, of the protein is corrected
for the contribution due to the denaturant binding. This correction
uses An (number of specific binding site exposed for the
denaturant molecules on denaturation). A question arises: are
there specific binding sites for the denaturant on proteins? The
calorimetric binding studies show that there is binding between
the protein and GdmCl, as well as urea [43]. As pointed out by
Makhatadze and Privalov [43], .. if protein interaction with these
denaturant can be regarded as a simple [specific] binding, the total
Gibbs energy of binding, and thus Gibbs energy of protein
unfolding, would not be a linear function of the denaturant
concentration”. Since dependence of AGp, of lysozyme and other
proteins on [GdmCl], as well as [urea], is linear [6], the protein
interaction with the denaturants is, therefore, not specific binding
[7,43]. Hence, in the absence of any evidence for the presence of
specific binding sites for GdmCI and urea on the protein, the
correction for the contribution due to specific denaturant binding
to the calometric AH,, is not justified.

We have also attempted to predict ACI? for the transition
between the folded native and the theoretical denatured states
with the help of the lower bound and the upper bound models
[13]. The two models mentioned here establish limits on the
accessible surface area of unfolded proteins without disulfide
cross-links. Backbone and side chain ASA values (see Table 1
in Ref. [13]) were summed up for each model, and f; was
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determined for lower and upper bound models with the help of
Eq. (6). For each denatured state model A CpD was predicted with
the help of Eq. (5) for RNase-A, lysozyme, apo-La and ctg.
These predicted values of ACE for both lower bound and upper
bound models are given in Table 1. This table also shows ACY
values of proteins obtained from DSC measurements. It is seen
in Table 1 that for each protein ACILI,D observed here is signi-
ficantly larger than ACI)f. This comparison clearly shows that the
heat denatured proteins are less unfolded than that obtained
during denaturation by GdmCl (or urea), and are stabilized by
hydrophobic interactions, for AC, is approximately proportional
to the non-polar surface area exposed to water upon unfolding
[47].

Table 1 also shows that for each protein ACy observed here
is significantly smaller than those predicted for the lower and
upper bound models of the linear random coil. One reason for
this discrepancy is that any analysis based on a tripeptide model
overestimates the backbone ASA of a linear random coiled
protein polypeptide chain [13,48]. Another reason for this
discrepancy is the fact that GdmCl (or urea) gives cross-linked
denatured states of all proteins used in this study, due to the
presence of intrachain disulphide bonds. These disulphide
cross-links will reduce the solvent accessibilities of the protein
groups in the denatured proteins. In fact, it has been shown that
such cross-links reduce the dimensions of the linear random
coiled (without disulphide bonds) RNase-A, ctg, lysozyme and
apo-La by 42, 59, 62 and 70%, respectively (see Table 4 in Ref.
[49]). It is interesting to note that the difference between the
observed and predicted ACpD values is smallest for RNase-A,
and largest for apo-La. It is expected that the discrepancy
between the observed and predicted ACPD will vanish for a
protein without disulphide bonds. The work is under progress
for such proteins to test which theoretically denatured model
(lower or upper bound) is best suited to describe the experi-
mentally observed denatured state.
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