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Abstract 

In an ongoing effort to understand the thermodynamic properties of proteins, ovalbumin, lac- 
toglobulin, lysozyme are studied by adiabatic and differential scanning calorimetry over wide 
temperature ranges. The heat capacities of the samples in their pure, solid states are linked to an 
approximate vibrational spectrum with the ATHAS analysis that makes use of known group vi- 
brations and a set of parameters, | and 03, of the Tarasov function for the skeletal vibrations. 
Good agreement is found between experiment and calculation with rms errors mostly within 
_+3 %. The analyses were also carried out with an empirical addition scheme using data from 
polypeptides of naturally occurring amino acids. Due to space limitation, only selected results 
are reported. 
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Introduction 

The Advanced THermal Analysis System (ATHAS) was originally developed for 
the study of the thermal properties of linear macromolecules and related com- 
pounds and is the basis of a critically evaluated data bank [1]. As a result of these 
efforts, detailed thermodynamic information exists now for about 250 linear macro- 
molecules and related small molecules. As building blocks for the study of proteins, 
the heat capacities of poly(amino acid)s of 20 naturally occurring amino acids and 
four copoly(amino acid)s have been measured and analyzed [2-4]. The agreement 
of the experimental data with predictions was +_2 % or better for the homo- and co- 
polymers. Furthermore, heat capacity data of several proteins, from both our own 
work and the literature have been calculated with the ATHAS to a _+3 % error com- 
pared to measurement [5]. In this paper, ovalbumin, lactogtobulin and lysozyme are 
analyzed based on heat capacity data on anhydrous samples over wide temperature 
ranges gained from DSC and adiabatic calorimetry. 

The ATHAS scheme links the macroscopic heat capacity of solids to its micro- 
scopic cause, the vibrational motion. As temperature increases, large-amplitude 
motion begins in the form of conformational motion (internal rotation) and, for 
small molecules, also translation and rotation. These motions begin either at well 
defined phase transitions (glass, melting, or other disordering transitions) or gradu- 
ally over wide temperature ranges. Once the vibrational heat capacity is known at 
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low temperature, it can be safely extended to higher temperatures to identify even 
gradual changes in the heat capacity. Endothermic and exothermic gradual transi- 
tions, indicative of molecular motion and ordering prior to or within the glass tran- 
sition or on decomposition are expected for some of the proteins and were found al- 
ready for two poly(amino acid)s [6]. Recently, it could also be shown that more 
complicated molecules, particularly those which display mesophases, may gain 
large-amplitude motion in the crystal at temperatures far below the disordering 
transitions [7]. 

In the literature one finds only few measurements of the heat capacity of anhy- 
drous, solid proteins [8-10]. In many papers, however, thermal properties of hy- 
drated proteins and proteins in solutions are examined. The main effort in these pa- 
pers is centered around the helix/coil transition and the heat and cold denaturation. 
It has been shown that the denaturation effect becomes less important and occurs at 
higher temperatures with decreasing hydration [ 11]. It is generally assumed that the 
denaturation effect arises from protein-water interactions rather than from changes 
of the proteins themselves. To resolve such complex questions, it is crucial to estab- 
lish quantitative information on the heats and entropies of transition. This, in turn 
is only possible with proper heat capacity "baselines" from measurements on an- 
hydrous proteins. For example, the heat capacity of hydrated collagen has a compli- 
cated temperature dependence that is difficult to interpret without reference to its 
anhydrous form, which is easier to explain [12]. 

Experiments 

The sample proteins were selected because of their well established structures 
and stability. All samples were purchased from Sigma Chemical Company and used 
without further purification. Samples ranging from 5 to 15 mg were weighed on a 
Cahn 28 Electrobalance that is accurate to +0.001 mg. Matched aluminum sample 
pans of 25.3+0.05 mg were used for samples and reference. 

The measurements were performed on three different instruments. The low tem- 
perature data from 5-330 K were obtained with an adiabatic calorimeter [5]. The 
data from 130-270 K were from a DuPont 912 dual sample DSC (DSDSC), cooled 
with liquid nitrogen [13-15]. Experiments from 220-420 K were from a Perkin El- 
mer DSC7 with a mechanical refrigeration accessory for both standard and dy- 
namic modes (DDSC). Dry nitrogen purging gas flowed through the DSC cells at 
20 ml min -1. The DSC7 is also equipped with a dry box to avoid signal instability 
due to drafts or changes in room temperature. Low pressure dry nitrogen gas is kept 
flowing at constant rate through the dry box to prevent condensation of moisture. 
Successive runs of baselines and sapphire (A1203), as a standard [16], were made 
to calibrate the measurement at every temperature. The primary heating rate used 
on all scanning instruments was 10 K min -1. Prior to each measurement, the sam- 
pies were dried by heating to and holding at 390 K until no more water loss was de- 
tected (steady baseline). The data reported here are averages of at least three sepa- 
rate runs. 
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Calculations 

In the ATHAS computation scheme, the vibrational spectra of solid polymers are 
separated into group and skeletal vibrations (N= 3xtotal number of atoms =Ng+Ns) 
based on the chemical structures. The number and types of group vibrations, Ng, 
are represented by a series of single frequencies and box-distributions over narrow 
frequency ranges. These frequencies can be taken from normal-mode calculations 
on isolated chains that are fitted to experimental IR and Raman frequencies of the 
macromolecule or suitable low-molar mass analogs. All approximate group vibra- 
tional frequencies that are relevant to the current study of poly(amino acid)s and 
proteins were collected by Roles et al. [3]. The remaining number of skeletal vibra- 
tions, N s, are not well represented by present day normal mode calculations, but can 
be approximated for linear molecules by fitting the experimental, low temperature 
heat capacities to a Tarasov function with two frequency parameters v~ and v 3 (or 
the temperatures, 01, and @3, where hv /k=O with h and k as Planck's and 
Boltzmann's constants). Most sensitive in the 0-50 K region, the parameter O 3 gov- 
erns the contributions of a quadratic frequency distribution, largely representative 
of the intermolecular vibrations; while in the 100-300 K region, O 1 does the same 
for a constant frequency distribution (box), largely representative of the intra- 
molecular linear chain vibrations [17, 18]. The resulting approximate vibrational 
spectrum, consisting of group and skeletal vibrations, is inverted to give the heat 
capacity at constant volume C v. To convert between Cp and C v, standard thermody- 
namic relationships can be used. Since expansivity and compressibility are, how- 
ever, not known for these proteins, we used the modified Nernst-Lindemann ap- 
proximation that was proven applicable for polymers [19]. 

The low temperature experimental heat capacities from 5-300 K, corrected for 
group vibrational contribution and converted to C v, were fitted as the skeletal por- 
tion to the Tarasov function with adjustable O 1 and 03. The optimization procedure 
for obtaining 01, and 03 is newly constructed from a standard routine for energy 
minimization [20]. A 20 by 20 mesh, with 03 between 10-200 K, and 01 between 
200-960 K, is evaluated for the least square error of fitting the experimental Cp to 
the Tarasov function. Absolute and relative errors can be used as fitting criteria. An 
interpolation method is then employed to determine the global minimum between 
mesh points that corresponds to the best fit. Figure 1 shows the results for chicken 
ovalbumin in a contour plot. When low temperature C o data of the sample are un- 
available, but | can be estimated, this procedure caneasily be adapted to fit only 
O 1 with a fixed, estimated O 3. 

Besides the detailed interpretation of the heat capacity in terms of an approxi- 
mate vibrational spectrum, a purely empirical addition scheme was developed in 
our laboratory, based on group contributions of the chain elements [21]. This treat- 
ment is particularly useful for the description of the heat capacity of solid copoly- 
mers above 100 K and for liquid polymers over the whole temperature range. An 
attempt was made for four copolypeptides by simply adding the homopolymer heat 
capacities in the proper molar ratios of their compositional content [4]. These ad- 
dition scheme calculations led to rms errors from 1.6 to 3.1%, mostly lower than 
the expected experimental errors of about 3 % [4]. With the thermodynamic data of 
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Fig. 1 Fit of the ovalbumin experimental Cp to a pair of the ~ temperatures of the Tarasov 
function 

all poly(amino acid)s readily available [2, 3], proteins, which are practically ran- 
dom copolymers made of the about 20 naturally occurring amino acids in the L 
configuration, are ideal for such an approach. Protein amino acid compositions 
were obtained [22, 23] and also confirmed with the Swiss-Prot protein sequence da- 
tabase [24]. 

Results 

The experimental data table will be presented later. Representative results from 
the calculation are shown as in Fig. 2 for ovalbumin with experimental data. The 
average and rms percentage errors of the fit are -1.06+4.75%. The results from the 
addition scheme, using the known heat capacities for the poly(amino acid)s, are 
also given. Some values of 0 t and 03 for typical poly(arnino acid)s and the newly 
analyzed proteins evaluated by fitting to the Tarasov functions, are listed in the Ta- 
ble below: 

Poly(amino acid)s | _OJK So!!d state proteins _ | |  

Polysalanine 634 58 bovine insulin 599 79 

Polyglycine 750 91 chymotripsinogen 631 79 

Polyvaline 664 65 bovine lactoglobulin 586 91 

Polymethionine 542 83 chicken lysozyme 618 79 

Polyphenylalanine 396 67 chicken ovalbumin 637 83 
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Fig.  2 0 v a l b u m i n  experimental  heat capacity compared to the calculations. The low tempera- 
ture data are derived from adiabatic calorimetry, the high temperature data from DSC 

Discussion 

The selective new experimental heat capacities shown in Fig. 2 are compared to 
the calculated results over 0-600 K. The heat capacity of all samples gradually in- 
creases over the temperature interval studied. Of all investigated proteins, only the 
heat capacity of anhydrous t~-chymotrypsinogen was the subject of an earlier study 
[8]. The results by Hutchens et al. are in agreement with our calculated and meas- 
ured data [5]. The discrepancies between various sets of experimental data are 
about 2-3 %. As an approximation, an average over all sets is compared to the cal- 
culation and used as recommended experimental data in the ATHAS data bank. 

An earlier attempt to calculate the heat capacity of ct-chymotrypsinogen [25] 
could not be compared to the present data since the author used a Debye model for 
strongly bonded matter, inappropriate for linear polymers. Indeed, these calcula- 
tions deviate from the measured heat capacities by hundreds of percent. From the 
ATHAS computation, the parameters O 1 and O 3 fitted for a-chymotrypsinogen are 
631 K and 79 K with average and rms errors of 0.5 and _+3.2%. All results in the 
Table are comparable to 01 =599 K and 03 =79 K for bovine zinc insulin, the first 
protein studied by this method [5]. The value of 03 is a measure of the intermolecu- 
lar vibrational frequencies and the small differences shown for the proteins point to 
similar, average interactions. Although 01 and 03 should not be affected much by 
the exact amino acid sequence of a protein, they ought to be related to the concen- 
trations Of its composing amino acids. To support this argument, the average of 03 
is 73 K for the 5 poly(amino acid)s, polyglycine (O3=91 K), polyalanine (58 K), 
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polyvaline (65 K), polymethionine (83 K) and polyphenylalanine (67 K), for which 
low temperature Ct, is available [2, 5, 26]. Although 01 fitted with a constant (93 
may differ some wlth values based on fitting with low temperature Cp, it is a good 
approximation for the temperature range of most interest, 200-500 K. The largest 
sensitivity in the @ to C v inversion is at the point of inflection of the Tarasov func- 
tion at about 0 /4  to | [27]. At higher temperatures, the sensitivity of the inver- 
sion decreases and approaches zero above the | temperature as C v approaches Ns• 
(Dulong-Petit's rule). Since the number of proteins is unlimited, our goal is to un- 
derstand the intrinsic relationships between structures and properties by studying 
representative samples. This should then make it possible to predict the heat capaci- 
ties of all proteins of similar composition. 

Compared to the earlier fitting method for the | temperatures [17, 18], the new 
optimization procedure of Fig. 1 is more efficient since both | and 03 are ob- 
tained consistently in a single run. In addition, the fitting is directly linked to the 
error in C v. Previously, the condition was to achieve a constant value of 01 over a 
chosen temperature range. The new approach is relatively simple, i.e. the directly 
evaluated percentage least square error of all data in the chosen temperature interval 
is calculated. With the help of interpolation, the true minimum between mesh 
points is found as shown in Fig. 1. This optimization with one unique global mini- 
mum demonstrates the physical relevance of the two-parameter description. Also, it 
remains to establish the changes in | values if absolute errors are used instead of 
percentage errors. The absolute errors would be of advantage for the optimization 
of the integral properties (H, S, and G), while the percentage error is useful for the 
assessment of the heat capacity as a function of temperature as in Fig. 2. 

With the knowledge of heat capacities from 0 K, we can calculate the basic ther- 
modynamic functions enthalpy H, entropy S, and Gibbs free energy G. The data ta- 
bles and corresponding curves, as well as tables of the computed Cp and the recom- 
mended experimental Cp for the proteins, can be inspected and reproduced from the 
ATHAS data bank available on the World Wide Web over the Internet [1]. 

This work was supported by the Division of Materials Research, NSF, Polymers Program, 
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