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ABSTRACT 

Differential scanning calorimetry (DSC) measurements of the unfolding transition of 
/i-lactoglobulin in HCl-glycine-buffered solutions have been performed over a temperature 
range from 353.0 K at pH 2.3 to 362.2 K at pH 3.5. Three values for the van? Hoff transition 
enthalpies were calculated as follows: (1) from the fit of a two-state transition model to the 
heat capacity measurements (AH,,); (2) from the van? Hoff plot of ln(l/K) l/T where K 

is the transition equilibrium constant; and (3) from the equation AH,, = 4.OORT~C,“““/A, 

where R = 8.31451 J mol-i K-‘, T, is the transition temperature, Cpm” is the peak 
maximum, and A, is the peak area. The best linear fit of the van’t Hoff enthalpies to the 
transition temperatures, T,, was obtained with AH,, and is AH,, (kJ mol-‘) = (438.6 + 2.8) 
+ (1.8 + l.O)( T, - 358.0). Calorimetric transition enthalpies were determined from the transi- 
tion peak area using an extrapolated sigmoidal baseline and using an extrapolated straight 
baseline. The best linear dependence of the calorimetric enthalpy on T, was obtained with 
the sigmoidal baseline (AH,) and is A H,(kJ mol-‘) = (427.1 f 4.2) + (0.5 &- 1.5)( T, - 358.0). 
Linear least-squares fits of AH,, and AH, to T, were independent of the DSC scan rate, the 
source of /3-lactoglobulin, the buffer concentration from 0.1 to 0.2 M, and the concentration 
of the protein from 0.03 to 0.45 mM. The transition temperature exhibits a linear dependence 
on pH and a slight dependence on concentration. Cooperativity of the transition is 0.974+ 
0.007 while the average heat capacity change of the solution accompanying the transition is 
13.5 + 7.8 kJ mol-’ K-i over this temperature range. 

INTRODUCTION 

Heat capacity data on the unfolding transition of ribonuclease a [l] and 
lysozyme [2] in HCl-glycine-buffered solutions have been reported for use 
in the calibration and testing of differential scanning calorimeters (DSCs) 
specifically designed for microcalorimetry measurements on 1 ml samples of 
aqueous solutions. Transition enthalpies, temperatures, cooperativities, and 
solution heat capacity changes in HCl-glycine-buffered solutions were re- 
ported over a transition temperature range from 312 K (pH 2) to 335 K (pH 
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4) for ribonuclease a, and from 326 K (pH 2.3) to 349 K (pH 3.9) for 
lysozyme. To extend the range of heat capacity data to near the usual 
maximum operating temperature of most DSCs (373 K), the unfolding 
transition of the more thermally stable protein, bovine P-lactoglobulin, was 
similarly investigated. 

In the ribonuclease a and lysozyme investigations, two commonly 
employed methods were used to determine the van’t Hoff enthalpies. Van’t 
Hoff enthalpies were determined from a fit of a two-state transition model 
to the data [l] and from a van’t Hoff plot of In K vs. l/T, where K is the 
transition equilibrium constant and T is the temperature. For the lysozyme 
transitions, van’t Hoff enthalpies were also calculated from the ratio of the 
maximum transition peak height, CpmaX, to the peak area, A,, through the 
relationship 

AH,, = 4.00RT,ZC,ma”/‘A, (1) 
where R = 8.31451 J mol-’ K-’ and T, is the transition temperature. 
Calorimetric enthalpies were determined from the area under the transition 
profile with an extrapolated sigmoidal baseline and a straight baseline which 
is sometimes used to calculate the calorimetric enthalpy. All the transition 
enthalpies exhibited a linear dependence on temperature while the transition 
temperatures exhibited a linear dependence on pH and a slight linear 
dependence on concentration [1,2]. The cooperativities of the ribonuclease a 
transitions were slightly greater than unity, e.g. 1.057 f 0.014 at 333.2 K, 
and exhibited a slight linear dependence on temperature [l], while the 
cooperativities of the lysozyme transitions were 1.007 + 0.008 at 333.2 K and 
exhibited a smaller dependence on temperature [2]. The results were inde- 
pendent of the source of the proteins, the DSC scan rate, and the buffer 
concentration from 0.1 to 0.2 M [1,2]. 

Bovine P-lactoglobulin is the major whey protein in milk [3] and occurs in 
two different forms, /?-lactoglobulin A and P-lactoglobulin B. /3-lactoglobu- 
lin A, which has two more carboxyl groups than &lactoglobulin B per 
molecule of molecular mass 36 kDa, aggregates and exhibits an isoelectric 
point different from that of /3-lactoglobulin B which does not aggregate [4]. 
Commercial P-lactoglobulin consists of a mixture of these two forms in 
varying proportions. The thermal unfolding transition of P-lactoglobulin in 
aqueous solutions has been studied by UV spectroscopy from pH 1 to 7.5 [5] 
and by differential scanning calorimetry at pH 2.9 [6], 3.0-10.0 [7], and 6.5 
[3]. The UV measurements were performed on non-buffered aqueous solu- 
tions of the protein adjusted to the appropriate pH by the addition of acid 
and exhibited a decrease in the denaturation temperature with increase in 
pH from 356.5 K at pH 1.5 to 353.3 K at pH 3.0. The DSC results, however, 
exhibited a transition temperature of 358 K at pH 3.0 in HCl-water 
solutions [7] and a transition temperature of 363 K at pH 2.9 in 
HCl-glycine-buffered solutions [6]. In this study, the transition properties of 
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fi-lactoglobulin from four different sources were investigated as a function 
of concentration, pH, DSC scan rate, and buffer concentration. The transi- 
tion properties were the transition temperature, enthalpies, cooperativities, 
and heat capacity changes of the solution accompanying the transition. The 
results were compared with the results from the unfolding transitions of pure 
/I-lactoglobulin A and P-lactoglobulin B in solution. The pH range was 
limited to values below 3.5 to avoid aggregation of the protein which occurs 
over the pH range 3.5-5.2 [8]. Calorimetric and van’t Hoff enthalpies similar 
to those calculated for the unfolding transition of lysozyme were determined 
and compared to ascertain the suitability of the transition enthalpies of 
/I-lactoglobulin in solution for the calibration of DSCs in the temperature 
range from 353 to 362 K. These heat capacity data along with those of 
ribonuclease a and lysozyme would thus provide a complete set of enthalpies 
of well-characterized unfolding transitions for the calibration of DSCs from 
312 to 362 K. 

EXPERIMENTAL 

Materials 

Samples of bovine j?-lactoglobulin were obtained from four different 
commercial sources and contained different amounts of the A and B forms. 
Samples of the pure A form and the pure B form were also obtained from 
one of the commercial sources. The hydrochloric acid, phosphoric acid, 
acetic acid, glycine, sodium acetate, sodium phosphate, and sodium chloride 
were reagent quality. 

Preparation and analysis of solutions 

Solutions at a concentration of approximately 0.5 mM were prepared by 
dissolving 0.2 g of /3-lactoglobulin in 10 ml of 0.2 M HCl-glycine buffer 
solution at pH 3.0. The glycine buffer was prepared by dissolving 0.2 mol of 
glycine in 1 1 of distilled water and adding concentrated HCl dropwise with 
stirring until the solution reached the desired pH as monitored with an 
Orion 811 * pH meter operated with a Corning EX-L glass electrode. The 
solutions were dialyzed using a membrane with a molecular weight cut-off of 

* Certain commercial equipment, instruments and materials are identified in this paper in 
order to specify the experimental procedure as completely as possible. In no case does such 
identification imply a recommendation or endorsement by the National Institute of Stan- 
dards and Technology, nor does it imply that the material, instrument, or equipment 
identified is necessarily the best available for the purpose. 
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3500 against a volume of about 400 ml of the buffer solution which was 
replaced twice during the course of the dialysis. The solutions were stored at 
room temperature in the dark for up to one week. Prior to the DSC 
measurement, a 2 ml aliquot of solution was prepared at a specific con- 
centration and pH by diluting the dialyzed solution with buffer solution at 
an appropriate pH. A portion of this solution was set aside for analysis by 
UV spectroscopy. The spectroscopic analysis consisted of diluting the sam- 
ple to a concentration of approximately 10 PM with 0.1 M sodium acetate 
buffer at pH 4.0 and measuring the optical density at 280 nm with a 
Perkin-Elmer Lambda 4B sp~trophotometer. An extinction coefficient of 
3.46 X lo4 1 mol-’ cm-r was calculated from an absorptivity of 0.96 1 g-” 
cm-’ at 278 nm in 0.1 M sodium acetate buffer at pH 5.3 [8] and a molar 
mass of 36 kDa for /3-lactoglobulin [4] (the absorptivity at 278 nm was 
found to be the same at pH 4.0). The optical densities were measured at pH 
4 to rni~~ze any possibility of aggregation of the more concentrated 
samples. The density of the 0.1 M sodium-acetate-buffered solutions was 
determined by weighing known volumes of the solutions and was 1.005 t 
0.001 g ml-‘, while that of the 0.2 M HCl-glycine-buffered solutions was 
0.994 + 0.002 g ml-’ at room temperature. 

To ascertain the purity of the ~-lactoglobulin, 1 mass% 0.05 M sodium- 
phosphate-buffered solutions at pH 5.8 were prepared from each of the four 
commercial sources and analyzed using a Waters 650E HPLC. 50 ~1 samples 
of the solutions were analyzed by passage, at a flow rate of 0.1 ml rnin-‘, 
through a Waters 300 SW gel filtration column (15 cm X 3.9 mm) connected 
to a Waters 484 UV absorbance detector operated at 280 nm. The resolution 
of the column was such that a minimum molecular weight difference of 5 
kDa could be resolved. The samples were also analyzed by passage through 
a Waters DEAE-SPW anion exchange column substituted for the 300 SW 
column to determine the amount of /I-lactoglobulin A and B in each sample. 
This procedure was similar to a procedure for chromatographic separation 
of ~-lactoglobulins A and B developed by Piez et al. [4]. For elution through 
the column, a linear gradient was established by replacing the 0.05 M 
sodium phosphate buffer elutant (100% at zero time) with a solution of 0.08 
M sodium chloride-O.05 M sodium phosphate buffer (100% at time 30 min) 
over the first 30 min at a flow rate of 1 ml min-‘. The elution of the A 
component was completed by flowing the sodium chlo~de-sodium phos- 
phate solution through the column for an additional 30 mm. The sample size 
was 0.3 ml and the column was 7 cm x 8 mm. The A and B component 
peaks of the resulting chromatograms were identified by comparison with 
chromatograms of solutions of the pure A and B components. Known 
concentrations of samples of the pure A and B solutions and the peak areas 
of their chromatograms were used to determine the sensitivity factors 
(area/mass) of A and B. These factors were then used to determine the mass 
ratio of the A to B components in each of the commercial sources. 
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DSC measurements 

DSC measurements were performed with a Hart 7707 differential heat 
conduction scanning microcalorimeter as described previously [1,2]. During 
one scan, three sample cells containing 0.501 g of solution were scanned 
against a reference cell containing an equal mass of the buffer solution. The 
temperature and power calibration of all three of the DSC cells were 
performed in the same manner, as described in detail previously [l]. The 
DSC was normally operated at a scan rate of 20 K h-’ from 303.2 to 378.2 
K. An excess power vs. temperature scan for the /3-lactoglobulin transition 
was obtained by subtracting the power input of a thermal scan of buffer vs. 
buffer from the power input of a scan of the solution vs. buffer. All the 
excess-power thermal scans were corrected for the thermal lag of the DSC 
by the Tian equation and converted to excess heat capacity vs. temperature 
scans by dividing by the scan rate as described previously [l]. 

To determine the transitional baseline, temperature, van’t Hoff transition 
enthalpy, and the change in the excess heat capacity of the baseline, the 
excess heat capacity vs. temperature profiles were fitted to the two-state 
transitional model described by Schwarz and Kirchhoff [l]. During the 
fitting procedure, the number of moles of protein was fixed at a value 
determined by the spectroscopic analysis. The sigmoidal transitional base- 
line was detected from extrapolations of the pre- and post-transitional 
baselines to the midpoint of the transition and the fractional area (a) under 
the transition profile at a given temperature [l]. The temperature of the 
transition, T,, was the temperature at (Y = 0.5. The change in the excess heat 
capacity of the baselines, ACr, was recorded as the difference between the 
pre- and post-transtional baselines at T,. 

RESULTS AND DISCUSSION 

Purity analysis 

The chromatograms from the HPLC gel filtration column of the solutions 
exhibited only one peak at a mass of 35 f 5 kDa, in agreement with the 
mass of 35 kDa for /%lactoglobulin. Under the operating conditions of the 
column, the minimum resolution was 5 kDa. The elutions were continued 
until two column volumes of the solution were eluted. 

Retention times of the A and B j%lactoglobulins eluted from the DEAE 
anion exchange columns under the gradient conditions were, respectively, 
54.3 min and 33.5 min. By comparing their sensitivity factors at 54.3 and 
33.5 min, the ratio of component A to B in commercial source c was 1, in 
source d was 1.3, in source e was 1.1, and in source f was 1.5. In the 
chromatograms for sources c and f, an additional smaller peak with an area 



less than 5% of the B component peak area was observed at a retention time 
of 39.2 min. Assuming that this peak has the same sensitivity factor as the B 
component peak, c and f were at least 95%, by mass, pure A and B. Similarly 
the anion exchange column results show that the samples from sources d 
and e were close to a 100% pure mixture of the A and B components. 

DSC measurements 

Typical thermal scans of ~-lactoglobulin (0.3 mM) in 0.2 M 
HCl-glycine-buffered solutions are shown in Fig. 1 along with the com- 
puter-simulated excess heat capacity curve from the two-state model. The 
unfolding transition consists of a single symmetrical peak followed by an 
increase in the transitional baseline. An increase in the pH of the solution 
from 2.6 to 3.5 produces an increase in the transition temperature and very 
little change in the area under the transition profile. Both the pre-transi- 
tional and post-transitional baselines increase linearly with temperature, 
which has been observed for the unfolding of globular proteins such as 
ribonuclease a and lysozyme [1,2,9]. Extrapolation of the baselines to the 
transition temperature shows a positive increase from the pre-transitional to 
the post-transitional baseline, indicating an increase in the heat capacity of 
the solution, AC,, upon denaturation which is also observed for the globular 
proteins [9]. 

A repeated thermal scan of a sample exhibited similar transition profiles 
with a decrease in the transition enthalpy. The extent of the decrease 

332 341 350 359 368 377 

TEMPERATURE (K) 

Fig. l(a). DSC thermal scan number 22 in Table I (in 0.2 M HCl-glycine buffer at pH 2.6) at 
a scan rate of 20 K h-l: -, two-state model curve; 1.. . . 1, experimental data. The 
sigmoidal baseline was generated by the two-state model. 
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332 341 350 359 366 377 

TEMPERATURE (K) 

Fig. l(b). DSC thermal scan number 67 in Table 1 (in 0.2 M HCl-glycine buffer at pH 3.3) at 
a scan rate of 20 K h-‘: -, two-state model curve; . . . . . ., experimental data. The 
sigmoidal baseline was generated by the two-state model. 

depends on the pH of the solution, the temperature range, and rate of the 
thermal scan. A repeated scan of a transition occurring at 359 K which was 
initially scanned at 60 K h-’ from 333 to 369 K, resulted in a 30% decrease 
in the area under the transition profile. However, a repeated scan of a 
transition occurring at 352 K which was initially scanned at a slower rate of 
20 K h-’ from 333 to 364 K, resulted in an 80% decrease in the area. 
Apparently there is thermal degradation of the P-lactoglobulin at high 
temperatures similar to that observed for ribonuclease a [l] and lysozyme [2] 
in solution. Zale and Klibanov [lo] showed that denatured ribonuclease a 
undergoes irreversible hydrolysis of the peptide bonds at the aspartic acid 
residues and deamination of the asparagine and/or glutamine residues at 
363 K and pH 4. It appears that thermal degradation is responsible for the 
lack of total reversibility of the transition. The dependence of the degrada- 
tion on scan rate shows that the degradation proceeds at a slower rate than 
that of the unfolding transition, which will be shown below to be indepen- 
dent of scan rate. Only the results for the first thermal scan are reported for 
the samples studied. 

Thermodynamic information on the unfolding transition of P-lactoglobu- 
lin in 0.1-0.2 M HCl-glycine buffer determined from DSC scans of 85 
samples is summarized in Table 1. The P-lactoglobulin was from four 
different commercial sources designated by the letters c, d, e, and f. The 
leters a and b designate the A and B components of the protein which were 
obtained from source d. Samples were scanned at 20 and 60 K h-’ in three 

cells (1,2, and 3) which have different calibration factors. The samples 
scanned at 60 K h-’ are noted with an asterisk in Table 1. Most of the 
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solutions were 0.2 M HCl-glycine and those solutions at 0.1 M HCl- 
glycine buffer concentrations are designated as /2. The concentrations were 
determined from spectroscopic analysis of the solutions and used to de- 
termine van? Hoff transition enthalpies from the fit (AH,,) and the calori- 
metric transition enthalpies using the sigmoidal baseline (AH,) and a linear 
baseline (AH,). The van? Hoff enthalpy from the fit is corrected for 
temperature variation over the temperature range of the transition peak [l]. 
A value for the van’t Hoff enthalpy at the transition temperature, AH,,, was 
calculated from eqn. (1) with A, equal to the area under the peak with the 
sigmoidal baseline. A van? Hoff enthalpy without the temperature correc- 
tion, AH,,, was calculated from a traditional van’t Hoff plot described 
briefly as follows. The fraction of protein in the denatured state, 0(T), was 
taken as the ratio of the fractional area of the transition curve up to a 
temperature T over the total area of the curve above the sigmoidal baseline. 
The equilibrium constant is then K(T) = l?( T)/(l - t9( T)) and AH,, is 
obtained from the slope of In K vs. l/T 

d In K/dT-’ = -AH,,/R (2) 

The cooperativity of the transition, 77, was taken as the ratio of AH, to the 
temperature-corrected van? Hoff enthalpy determined from a fit of the 
two-state model to the data, AH,,. All five transition enthalpies were 
analyzed as linear functions of the transition temperature and the transition 
temperature was analyzed as a linear function of the pH. 

Transition temperature dependence on pH and concentration of /!Llactoglobulin 

A plot of the transition temperature as a function of pH is shown in Fig. 
2 along with the linear least-squares fit of the data. Over the pH range 
2.3-3.5 for the HCl-glycine buffer, the transition temperature increased 
with pH according to the following equation: 

T, = 337.5 + 0.8 + (6.95 + 0.25)pH (3) 

with a standard deviation of 0.9 K. A transition temperature of 358.4 K is 
calculated at pH 3.0 from eqn. (4), in agreement with the transition 
temperature of 358 K reported from the DSC results of Paulsson et al. [7]. A 
similar increase in the transition temperature with pH has also been ob- 
served with lysozyme [2], ribonuclease a [l] and other globular proteins [9]. 
This increase in the stability of the protein is brought about by a decrease in 
its net positive charge as the solution becomes less acidic [II]. 

The change in proton binding between the final, unfolded state, n,, and 
the initial, folded state, ni, of P-lactoglobulin in solution can be determined 
from the slope of eqn. (3) because [12] 

n, - ni = (AHJ2.303RTi) a(T,)/a(pH) (4) 
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2.2 2.46 2.76 3.04 3.32 3.6 

PH 

Fig. 2. Plot of the transition temperature vs. pH and the linear least-squares fit of T,, to pH, 
T,,(K) = 337.5 f 0.8 + (6.95 + 0.25)pH. 

At the intermediate temperature of 358 K, AH, = 427 kJ mol-‘, yielding 
n f - n i = 1.2 and thus 1.2 protons are absorbed per molecule of /3-lacto- 
globulin as it unfolds at this temperature. This is half the value of 2.2 
protons per molecule of ribonuclease a [ll] and 2.6 protons per molecule of 
lysozyme [2]. As the heat of ionization of glycine is about 2.51 kJ mol-’ [ll], 
this would only contribute about 0.5% to the transition enthalpies which is 
less than the experimental error. 

There is also a slight dependence of transition temperature on concentra- 
tion of the enzyme as shown by the deviation of the points clustered at pH 
2.6 in Fig. 2. At pH 2.6 the concentration of the samples ranged from 0.095 
to 0.414 mM and there is an increase in transition temperature with 
concentration of 3.4 f 1.4 X lo3 K mol-’ 1. Over nearly the same concentra- 
tion range at pH 3.28, the increase, if any, is within the error in the 
determination (2.1 f 2.5 x lo3 K mol-’ 1. This is in contrast with the 
decrease in T, with increase in enzyme concentration observed for 
ribonuclease a [l] and lysozyme [2]. The increase in the transition tempera- 
ture with concentration may be interpreted as a slight aggregation of the 
protein in the native state at pH 2.6. 

Dependence of transition enthalpy on temperature 

The values of the enthalpies AH,,, AH,,, AH,,, AH,, and AH, are given 
in Table 1 and are plotted in Figs. 3-7 as a linear function of the transition 
temperature, i.e. 

AH; = AH;, + AC,,,(T, - 358.0) (i = vf, ve, vs, s, 1) (5) 
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350 353 356 359 362 365 

TRANSITION TEMPERATURE (K) 

Fig. 3. Plot of AH,, vs. the transition temperature and the linear least-squares fit of AH,, to 
T,, AH,, (kJ mol-‘) = 438.6+2.8+(1.8+ l.O)(T, -358.0). 

The enthalpies were fitted by the method of least squares with a reference 
temperature of 358.0 K rather than the conventional 298.2 K, since it falls at 
the midpoint of the temperature range of measurements. The results of these 
fits to all the data are presented in Table 2 and show a small linear 
dependence on temperature (d(AH,,)/dT, = 1.8 + 1.0 kJ K-r mol-‘) as 
compared with the results of ribonuclease a (d( AH,/dT, = 3.6 k 1.9 kJ K-’ 
mol-’ [l]) and lysozyme (d(AH,,)/dT, = 5.81 + 0.24 kJ K-’ mol-’ [2]). 
The van? Hoff enthalpies AH,,, AH,,, and AH,, provide better linear fits 
of the enthalpy to the temperature, with standard deviations from 26.0 to 

200 f I I I I 

350 353 356 359 362 365 

TRANSITION TEMPERATURE (K) 

Fig. 4. Plot of AH,, vs. the transition temperature and the linear least-squares fit of AH,, to 
T,, AH,,(kJ mol-‘) = 458.3+4.1+(3.4+ 1.4)(T,, - 358.0). 
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Fig. 5. Plot of AH,, vs. the transition temperature and the linear least-squares fit of AH,, to 
T,, AH,,(kJ mol-‘) = 458.0+3.5 +(2.9+ 1.2)(T,, - 358.0). 

37.7 kJ mol-‘, than the calorimetric enthalpies, AH, and AH,, with stan- 
dard deviations of 38.6 and 144 kJ mol-‘, respectively. In comparing the 
linear dependences of the van? Hoff enthalpies on temperature, the best fit 
is obtained with the temperature-corrected van? Hoff enthalpy from the fit 
of the two-state transition model to the data, AH,,. In addition, the 
intercept AH, for AH,, = AH,, + ACd( T, - 358.0)) is 2.7% greater or within 
3 x a( A Ho) of A Ho for AH, = AH, + ACd( T, - 358.0)) while the AC; val- 
ues are the same, i.e. the linear dependence of AH,, on T,,, is within three 
standard deviations of the linear dependence of AH, on T,. 

600 

* 
X 
Q 

350 353 356 359 362 365 

TRANSITION TEMPERATURE (K) 

Fig. 6. Plot of AH, vs. the transition temperature and the linear least-squares fit of AH, to 
T,, A H,(kJ mol-‘) = 427.1+4.2+(0.5 + 1.5)(T, - 358.0). 
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1200 

350 353 356 359 362 365 

TRANSITION TEMPERATURE (K) 

Fig. 7. Plot of AH, vs. the transition temperature and the linear least-squares fit of AH, to 
T,, AH,(kJ mol-‘) = 518+16+(8.9+5.5)(T,-358.0). 

The linear dependence of AH,, on T, is well within a standard deviation 
of the linear dependence of AH,, on T,, as expected, since AH, from eqn. 
(2) is the value of R d(ln{ K,})/dT-’ from eqn. (3) at the midpoint of the 
transition. In Table 2, the intercepts of the fits of AH,, and AH,, to T, are 
4% or five standard deviations higher than the intercept of the fit of AH,, to 
T,, which could be accounted for by including the UV spectroscopic 
analysis results in the calculation of AH,,. The calculation of AH,, and 

TABLE 2 

Transition enthalpies of /Slactoglobulin in 0.1-0.2 M HCl-glycine-buffered solutions as a 
function of transition temperature 

Transition 
enthalpy a 
(kJ mol-t) 

Result of linear fit to T, AH = AH,, + AC,‘( T, - 358.0) 

AH, 
(kJ mol-‘) 

AC; 
(kJ K-t mol-‘) K mol-‘) 

AH,, 438.6+ 2.8 1.8 + 1.0 26.0 
AH,, 458.3+ 4.1 3.4+ 1.4 37.7 
AH”, 458.0* 3.5 2.9 f 1.2 31.9 
AH, 427.1 f 4.2 0.5 + 1.5 38.6 
AH, 518 *16 8.9 + 5.5 144 

a The transition enthalpies AH,,, AH,,, AH,,, AH,, and AH, were determined as follows: 
from the fit of a two-state transition model to the heat capacity measurements (AH,,); 
from the van’t Hoff plot of ln(l/K) vs. l/T where K is the transition equilibrium constant 
(AH,,); from the equation AH,, = 4.00RT~C~“/Ap where R = 8.31451 J mol-’ K-‘, T, 

is the transition temperature, Cr, max is the peak maximum, and A,, is the peak area; from 
the area of the peak with the sigmoidal baseline (H,); and from the area of the peak with a 
straight baseline (AH,). 
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AH,, is based solely on the properties of the transition peak while the 
calculation of AH,, is also based on the number of moles of protein in the 
sample which was determined by spectroscopic measurements. If, for exam- 
ple, the extinction coefficients were too low by 4%, then the amounts of 
protein in the cell would be calculated as 4% higher than they were and 
accordingly, the values of AH,, and AH, would be about 4% lower than 
their true values. However, there is no evidence to suggest that the extinction 
coefficient for the UV absorption by P-lactoglobulin at 278 nm is too low by 
4%. Alternatively, neglecting a temperature variation in the determination of 
AH,, and AH,, could account for the 4% difference between these values 
and AH,,. In eqn. (2), AH is assumed to be constant when, instead, it 
exhibits a temperature dependence as shown by the slopes, AC;, of the fits 
of AH to T, in Table 2. Not taking into account a temperature dependence 
could be responsible for the poorer fit of the AH,, and AH,, values to T,. 
As with the lysozyme results, the best linear dependence on T, is with the 
van? Hoff enthalpy, AH,,, and for the calorimetric enthalpy, AH,. 

Paulsson et al. [7] reported a calorimetric enthalpy of 482 kJ mol-’ at 355 
K which is in fair agreement with the AH, value of 425 * 6 kJ mol-’ 
obtained from eqn. (5). De Witt and Swinkels [3] reported a value for AH of 
230 f 15 kJ mol-’ at 343 K and pH 6.5 which was out of the pH range of 
Lhe measurements reported here. This low value could result from aggrega- 
tion of the /3-lactoglobulin which is known to occur at this pH [8]. 

The heat capacity change of the solution 

In Table 1, the change in the heat capacity of the solutions accompanying 
denaturation, A& is the same within experimental error at all the transition 
temperatures. This was also the case for the denaturation of ribonuclease a 
[l] and lysozyme [2]. The average value of ACp is 12.7 + 9.2 kJ mol-’ K-i 
which is within the range 4-7 kJ mol-’ K-i obtained by Privalov and 
Khechinashvili [9] for globular proteins in HCl-glycine-buffered solutions. 

Privalov and Khechinashvili [9] showed that, since AC, = d( A H)/dT for 
the globular proteins, the dependence of the transition enthalpy on tempera- 
ture results from the difference in the heat capacities between the folded and 
unfolded states of the protein. All the dA H/dT, (AC;) values in Table 2, 
however, are close to zero, e.g. dAH,/dT, = 0.5 + 1.5 kJ mol-’ K-’ and 
dAH,,/dT,= 1.8 k 1.0 kJ mol-’ K-‘. The smaller dAH,,/dT, and 
d A H,/d T, values could be partly accounted for by the smaller temperature 
range of 11 K for the measurements as compared with a range of 23 K for 
the globular proteins [1,2,9]. Apparently the change in the heat capacity 
between the folded and unfolded states of /3-lactoglobulin is not as evident 
in the transition enthalpy determinations as with the globular proteins. 
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Cooperativity of the transition 

The two-state model is based on the assumption that the transition is fully 
cooperative, i.e. that the total protein unfolds as a single entity, and the 
observed calorimetric heat for the unfolding transition should be the same as 
the van’t Hoff enthalpy. Actually Privalov and Khechinashvili [9] observed 
that the ratio of the calorimetric enthalpy to the van? Hoff enthalpy, the 
cooperativity, was 1.05 + 0.03 for the globular proteins, indicating that the 
unfolding was not exactly two state but involved intermediate states in the 
denaturation. Since the AH,, values have the best precision of the van? 
Hoff enthalpies, they were chosen for comparison with the calorimetric 
enthalpies, AH,, in determining the cooperativity of the unfolding transition 
of /3-lactoglobulin in solution. AH, is not thermodynamically correct be- 
cause it was determined with a straight baseline instead of a sigmoidal 
baseline. 

Values of the cooperativity are given in Table 1 and a least-squares fit of 
the cooperativities to the transition temperature yields 

AHJAH,, = (0.974 + 0.007) + (0.003 f O.O03)(T, - 358.0) (6) 

which does not show a temperature dependence. This is in contrast with the 
cooperativities of the ribonuclease a [l] and lysozyme [2] transitions which 
show a slight increase with increase in T,. The cooperativity of 0.974 &- 0.007 
is about 8% less than that observed by Privalov and Khechinashvili [9] for 
the globular proteins. A cooperativity of less than unity implies slight 
aggregation of the native protein [ll] which was also implied by the 
transition temperature dependence on concentration at pH 2.6. However, 
the near equality of the cooperativity to unity shows that the unfolding 
transition of /I-lactoglobulin is two state with a stoichiometry of unity. 

Error analysis of the enthalpy data 

To determine the possible sources of error in the enthalpy determinations, 
the T, dependence of the more precise van? Hoff enthalpies, AH,,, and the 
calorimetric enthalpies with the sigmoidal baseline, AH,, were examined in 
more detail. The transition temperature dependence of AH,, and AH, were 
determined for subsets of the data, consisting of a lower buffer concentra- 
tion of 0.1 M, a faster scan rate of 60 K h-‘, two different concentration 
levels, the four different sources of /?-lactoglobulin and the three different 
DSC cells used in the measurements. The results of the least-squares fits of 
the data in the subsets are presented in Table 3 for the AH,r determinations 
and in Table 4 for the AH, determinations. Since the slopes of the fits for 
the subsets were the same as for the complete set, the intercepts of the fits 
were compared to determine how well each of the subsets followed the same 
temperature dependence as the complete set. The comparisons of AH, in 
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TABLE 3 

Results of the linear fit AH,, = AH”,, + AC&((T, - 358.0) for ,&lactoglobulin in 
HCl-glycine-buffered solutions under various experimental conditions 

Data set 

All data 
0.1 M HCl-glycine 

buffer 
Scan rate of 60 K h-t 
High cont. >- 0.352 mM 
Low cont. I 0.283 mM 
Cell 1, all sources 
Cell 2, all sources 
Cell 3, all sources 
Sample from source c 
Sample from source d 
Sample from source e 
Sample from source f 
Pure /&lactoglobulin A 
Pure j?-lactoglobulin B 

A ffvw AC;,,, No. of Max. 
(kJ mol-‘) (kJ K-t ;kJ data a(%) 

mol-‘) mol-‘) points 

438.6+ 2.8 1.8 +l.O 26.0 85 6 

425.1+ 8.0 - 0.05 & 3.5 19.7 7 5 
437.92 4.5 3.8 il.5 13.3 10 3 
423.9* 4.9 2.2 i2.0 19.5 22 5 
445.4+ 4.6 1.2 +1.6 26.5 33 6 
429.5 + 4.4 1.8 k1.6 25.9 35 6 
441.7+ 2.5 1.6 +2.0 25.6 23 6 
447.5f 4.7 5.9 kl.6 24.3 27 5 
444.7& 3.6 3.9 k1.3 18.5 27 4 
457.3+ 5.3 3.5 f1.7 23.7 20 5 
425.4& 3.2 -0.7 +1.5 18.0 22 4 
396.7 + 12 2.8 +4.0 31.6 8 8 
409.9 + 7.8 0.2 + 3.5 15.1 4 - 
438.6 & 14 -8.7 +5.0 27 

SDevia- 
tion of 

AHvt.o 

3 
0 
3 
2 

2 
0 
2 

1 
4 
3 

10 
- 

terms of the percentage difference between the intercept of the complete set 
and of the different subsets are also presented in Tables 3 and 4. 

The DSC subset of data performed at the faster scan rate of 60 K h-’ 

TABLE 4 

Results of the linear fit AH, = A Hs,o + AC&{ T, - 358.0) for /I-lactoglobulin in HCl-glycine- 
buffered solutions under various experimental conditions 

Data set AH,., AC& 
;kJ 

No. of Max. SDevia- 
(kJ mol-‘) (kJ K-’ data a(%> tion of 

mol-‘) mol-‘) points A H,, 

All data 
0.1 M HCl-glycine 

buffer 
Scan rate of 60 K h-’ 
High cone. 10.352 mM 
Low cont. I 0.283 mM 
Cell 1, all sources 
Cell 2, all sources 
Cell 3, all sources 
Sample from source c 
Sample from source d 
Sample from source e 
Sample from source f 
Pure &lactoglobulin A 
Pure &lactoglobulin B 

427.1+ 4.2 0.5 i 1.5 38.6 85 

409.9 f 16 - 6.2 + 6.6 37.2 7 10 4 
437.9& 4.5 3.8 f 1.5 13.3 10 3 3 
414.2+ 9.0 - 4.1+ 3.6 35.5 22 9 3 
440.1* 7.0 0.1 f 2.4 40.2 33 9 3 
421.5+ 6.2 0.1 k2.2 36.2 35 9 1 
429.9+ 9.0 0.7 + 3.3 42.2 23 10 1 
432.0+ 7.9 l.lk2.7 40.5 27 9 1 
438.2& 7.1 2.6k2.6 36.2 27 8 3 
443.9f 7.4 2.2k2.3 33.1 20 8 4 
408.8% 8.3 - 3.41h 3.2 38.8 22 10 5 
396.7 & 12 2.8 f 4.0 31.6 8 8 8 
410.8+ 6.9 3.4k3.1 13.4 4 
419.6 f 20 - 12.4+ 7.2 38.9 4 
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yielded a linear fit for AH,, essentially the same as for all the data. Linear 
fits of AH, to T, at the faster scan rate yielded an intercept 3% higher than 
with the fit for the complete set. The least-squares fits at the faster scan rate 
are also better, yielded a maximum u of 3% whereas the maximum u was 9% 
for the whole set. (Maximum values of cr were calculated by dividing the 
standard deviation of the fit by the value of the enthalpy at the lowest 
transition temperature.) Apparently the enthalpy values and fit are indepen- 
dent of scan rate and, interestingly, the AH, fit is closer to the AH,, fit at 
the faster scan rate. 

DSC measurements on solutions at the lower buffer concentration of 0.1 
M HCl-glycine yield linear fits of AH,, and AH, to T, with intercepts 
respectively 3% and 4% lower than the corresponding intercepts of the 
complete data set fits. Again, these percentages are less than the maximum u 
of the fits as shown in Tables 3 and 4. It appears that the enthalpy 
determinations, AH,, and AH,, are independent of buffer concentration 
from 0.1 to 0.2 M HCl-glycine. 

The intercepts describing the linear dependence of AH,, and AH, on T, 

for the two concentration subsets, 2 0.352 mM and I 0.283 mM, agree 
within 3% with the intercept of the fit from the complete set; the high 
concentrations yield a lower intercept while the low concentrations yield a 
higher intercept. The maximum standard deviation of the AH,, fits is I 6% 
while for the AH, fits it is I 9%. Since the difference between the intercepts 
of the fit of the concentration subsets and the complete set is well within the 
maximum standard deviation of the fit, the linear fits of AH, and AH,, to 
T, are independent of concentration. The lower value of the intercept, A Ho, 

in the higher concentration range could reflect a contribution of a positive 
AH of association for aggregation of the /&lactoglobulin at the higher 
concentration. As observed by the slight increase in T, with concentration 
at pH 2.6, some of the protein could exist as aggregates in the native state 
and unfold into monomers in the denatured state. 

Comparison of the intercepts for the subsets of data from cells 1, 2, and 3, 
all of which were calibrated separately, yield deviations of O-2% from those 
of the intercepts of the complete sets in Tables 3 and 4. These deviations are 
less than the maximum standard deviation of the fits in each case, It should 
be noted that data from each of the three cells used in the DSC measure- 
ments yield the same results. 

The results of the linear fits with the different source subsets in Table 3 
(AH,,) show that the intercepts of the fit from sources c, d, and e deviate 
less than 4% from the intercept of the fit for the complete set. Similarly, the 
intercepts for the AH, fits of sources c, d, and e deviate less than 5% from 
the intercept of the complete data set. However, the fewer data points from 
source f exhibit intercepts with a much larger deviation of 10% and 8% from 
the intercepts of the complete set. The enthalpy vs. transition temperature 
fits of the data from this source also yield a maximum standard deviation of 
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8%, almost twice that of the fits from the other sources, which may reflect 
the use of fewer data points for the fits. Also, the samples from source f 
contain the largest amount of P-lactoglobulin A ([A]/[B] = 1.5). However, 
there does not seem to be any correlation between the standard deviation of 
the fit and the amount of A for the other three sources as [A]/[B] varies 
from 1 (source c) to 1.3 (source d). From the standpoint of the less than 5% 
disagreement between the intercepts from sources c, d, and e, it appears that 
the enthalpy data are independent of the source of /3-lactoglobulin. 

The results of the fits from solutions of the pure components, P-lacto- 
globulin A and B, are also presented in Tables 3 and 4. The intercepts and 
slopes of the fits of the pure components are within the range of the 
corresponding values for the fits from sources c-f. Apparently, the unfold- 
ing transitions of the pure components exhibit the same enthalpy values and 
dependences on T, as their mixtures over the pH range 2.3-3.5 

The linear least-squares fits of the enthalpies to T, yield a maximum 
standard deviation of 9% for the AH, fits and 6% for the AH,,, which are 
worse than the maximum standard deviations of the fits for lysozyme (5% 
and 4%, respectively). Part of the error could result from operation of the 
DSC near its maximum operating temperature, a region where the sensing 
elements may not respond as precisely as for the lysozyme measurements 
below 349 K. In fact, the DSC response exhibits a high degree of curvature 
near the maximum operating temperature which could introduce additional 
error in the extrapolation of the pre- and post-transitional baselines to the 
midpoint of the transition peak. The worse fit with the AH, enthalpies, 
calculated with a straight baseline in Fig. 3, is the result of neglecting this 
curvature by using a straight baseline. Additional sources of error in the 
determination of AH,, include a 1% uncertainty in the concentration 
determinations and a 1% uncertainty in weighing the sample cells. There is 
also an uncertainty in choosing the correct temperature limits for fitting the 
transition peak to a two-state model. 

CONCLUSIONS 

The transition enthalpies for P-lactoglobulin in 0.2 M HCl-glycine- 
buffered solutions can be determined with sufficient accuracy and repro- 
ducibility for the evaluation of DSC performance in the 353-362 K temper- 
ature range. DSC scans of dialyzed solutions of /%lactoglobulin in 
HCl-glycine buffer yield transition enthalpies which are independent of 
the source of the /?-lactoglobulin, of the buffer concentration from 0.1 to 0.2 
M, and of the scan rate. Furthermore, the transitions are two state, and thus 
amenable to analysis by the two-state transition model. As the AH,, en- 
thalpies were determined with a temperature correction, they are the most 
accurately determined van’t Hoff enthalpies. Because the AH, enthalpies 
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were determined with the sigmoidal baseline, they are the correct calorimet- 
ric enthalpies. The AH,, enthalpies of the unfolding transition of 0.03-0.45 
mM P-lactoglobulin in 0.2 M HCl-glycine-buffered solutions exhibit the 
following transition temperature dependence over the pH range 2.3-3.5: 

AH,,(kJ mol-‘) = (438.6 f 2.8) + (1.8 f 1.0)(7” - 358.0) (7) 

while the AH, enthalpies exhibit the dependence 

AH,(kJ mol-‘) = (427.1 f 4.2) + (0.5 + 1.5)(7” - 358.0) (8) 
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