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Abstract

Using a precise technique of scanning calorimetry the heat capacities of a series of carboxylic acids and their sodium
salts, alcohols, and N-substituted amides have been measured from 5 to 100 °C. From these data, the partial molar heat
capacities of ~CH,—, -CONH-, —COOH, and —COONa groups have been determined. It is shown that the heat capacity of
the —CH ,— group in aqueous solution is independent of the type of compound used for its determination, is positive at low
temperature, and is linearly decreasing in magnitude with an increase in temperature. In contrast, the heat capacities of
—COOH and —COONa groups in aqueous solution are negative at room temperature and their magnitude non-linearly
decreases with an increase in temperature. It appears that the partial heat capacity of ~-CONH~- group in aqueous solution
depends on the type of model compound used for its determination. These differences correlate with the difference in the
water accessible surface area of atoms in the —-CONH- group in different model compounds. © 1997 Elsevier Science B.V.
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1. Introduction

The partial heat capacity of proteins in an aqueous
solution is one of the basic thermodynamic parame-
ters specifying the state of a protein. The difference
in the heat capacities of native and unfolded states
determines the temperature dependencies of all ther-
modynamic functions describing protein folding /un-
folding, i.e. stability of its native structure [1]. With
the realization that the difference in the heat capaci-
ties of native and unfolded protein is caused mainly
by hydration of exposed groups it became clear that
the heat capacity of the unfolded state can be used as
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an indicator of the extent of protein unfolding. This
raised interest in the determination of the partial heat
capacity of the fully unfolded polypeptide chain in
an aqueous solution.

Several years ago an empirical method for calcu-
lating the partial molar heat capacities of proteins in
the unfolded state over a broad temperature range
was developed [2-5). This was done by careful
measurements of the partial molar heat capacities of
over two dozen different small organic compounds
which contain functional groups identical to those in
proteins [3]. Based on these data and using the
additivity of heat capacity we have calculated the
expected heat capacities of proteins in the unfolded
state for a broad range of temperatures from 5 to 125
°C. Initial comparison with the experimentally mea-
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sured heat capacities of four proteins (lysozyme,
cytochrome ¢, ribonuclease A and myoglobin) in the
unfolded states, have shown that there is excellent
agreement between experimental and calculated val-
ues of the heat capacity of unfolded proteins for the
entire experimentally accessible temperature range
{4,5]. Later the ability of our method to predict the
heat capacities of proteins in the unfolded state was
demonstrated for more than twenty different proteins
by our group [6-10] and many others [11-16]. Still
there were several questions that needed more de-
tailed examination. First, is the additivity principle
for calculation of the partial molar heat capacities of
organic compounds, which contain polar and charged
groups, valid? Second, what is the effect of ioniza-
tion on the heat capacity of charged groups? In this
paper we present the results of the measurements of
the partial molar heat capacities of the several or-
ganic compounds with the aim of answering these
questions.

2. Materials and methods

Methanol, ethanol, n-propanol, n-butanol, n-pen-
tanol, propionic acid, butanoic acid, pentanoic acid,
sodium propanoate, sodium butanoate, propi-
onamide, N-ethylacetamide, N-methylpropionamide,
and N-methylacetamide were purchased from Aldrich
Chemical Co. (Milwaukee, WI) and were used with-
out further purification. Aqueous solutions of these
compounds in water were prepared by mixing the
weighed components, the compound of interest and
Milli-Q Plus (Millipore) water. Five solutions for
each compound were prepared at the concentrations
ranging from 0.3 to 1.5 wt.%.

The apparent molar heat capacity, C,,, of the
solute at temperature 7 was determined by measur-
ing the heat capacity difference, AC, ,,,, between
the solvent (water) and the solution at this tempera-
ture using the differential scanning microcalorimeter
developed in The Johns Hopkins University (operat-
ing principles are described elsewhere [17], using the
equation:

Com,o' Vg M-AC

C — P.app (1)
p.¢ VHZO m

where C, 4 o and Vy o are the molar heat capacity
and molar volume of water, respectively. V' is the
partial molar volume of the solute, m is the mass of
the solute in the calorimetric cell, and M is molar
mass. All experiments were performed at a heating
rate of 1 °C min!. In the concentration range
studied, no concentration dependence for the appar-
ent molar heat capacity was found. Thus the mea-
sured values of C,, were considered as the partial
molar heat capacity values, i.e. C, ,,. Reported val-
ues of C} , are thus averaged values obtained at five
different concentrations.

The apparent molar volume of the studied com-
pounds in water, Vs, was determined from the den-
sity of solution, p, and the density of the solvent
(water), p,, using the equation:

M 1000-(p-—
v~ M 100 (p=p) @)
p cpp,
where ¢ is the molality of the solution. The density
was measured by vibrational densitometer DMA-
60,/602 (Anton Paar, Austria) at a fixed temperature
using water and air as a standard for calibration. The
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Fig. 1. (a) Temperature dependence of the partial molar volume of
N-methylformamide in aqueous solution. The symbols represent
experimental results, the dotted lines are the linear fit. Coefficients
for the linear fit are listed in Table 1. (b) Dependence of the
apparent partial molar volume of N-methylformamide in aqueous
solution on the molality of solution at different temperatures: (4 )
10 °C; (O) 25 °C; (1) 32 °C; (v) 40 °C. Dashed lines represent
linear extrapolation to the infinite dilution, i.e. partial molar
volume, Vdf’.
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Table 1
Partial molar volume, V,?, and its temperature dependence V,;? = b(0) + b(1) - 1(°C) + b(2) - #(°C)? for the studied compounds, in aqueous
solution
Compound Ve (em® mol™") Ve = b(0) + 5(1) - 1(°C) + b(2) - 1°C)*

25°C b(0) b(1) b(2)
Methanol 38.10 (38.1 *,38.25 ©) 38.00 1.01x 1074 1.59x 1074
Ethanol 55.09(55.0 °,55.12 ©) 55.52 —0.037 7.94x 1074
n-Propanol 70.77 (70.8 ®, 70.63 °©) 70.41 —547x 1073 7.97 x 10™*
n-Butanol 86.52(86.5 °, 86.48 °) 85.39 0.031 5.74x107*
n-Pentanol 102.47 (102.3 °, 102.88 ©) 100.69 0.0545 6.65Xx 1074
n-Propionic acid 67.35(67.8 2 67.9 9) 65.24 0.0847 -
n-Butanoic acid 83.61(84.6 ) 80.70 0.1163 -
n-Pentanoic acid 99.34 (100.5 9) 95.71 0.1453 -
Sodium propanoate 53.22(53.84 9) 51.00 0.0887 -
Sodium butanoate 68.71(69.19 9) 64.97 0.1496 -
n-Propionamide 71.10(71.3 &, 71.54 ¢) 69.18 0.0766 -
N-methylformamide 56.46 (56.78 ©) 54.84 0.0648 -
N-methylacetamide 73.89 (74.04 ©) 72.93 0.0383 -
N-methylpropionamide 89.65 (89.75 ©) 88.41 0.0497 -
N-ethylacetamide 90.21(90.72 ©) 88.56 0.0658 -

* Ref. [18).
® Ref. [19].
¢ Ref. [41].
4 Ref. [42].
Estimated error in the Vdj’ values is in the order of 0.5-1%.

partial molar volume at infinite dilution, Vd,", was
obtained by linear extrapolation of the apparent mo-
lar volumes, V,, to zero concentration (Fig. 1(b)).
Resultant partial molar volumes, V', obtained at
different temperatures have been extrapolated for the
entire temperature range from 5 to 100 °C (Fig. 1(a))
using a first- or second-order polynomial (Table 1).
The details of the partial molar volume determina-
tions are considered elsewhere [18].

3. Results

The partial molar volumes of methanol, ethanol,
n-propanol, n-butanol, n-pentanol, n-propionic acid,
n-butanoic acid, n-pentanoic acid, sodium
propanoate, sodium butanoate, propionamide, N-eth-
ylacetamide, N-methylpropionamide, and N-methyl-
acetamide at 25 °C are listed in Table 1. In the same
table the data on these compounds obtained by vari-
ous groups are also listed for comparison.

The partial molar heat capacities of methanol,

ethanol, n-propanol, n-butanol, n-pentanol, n-pro-
pionic acid, n-butanoic acid, n-pentanoic acid, sodium
propanoate, sodium butanoate, propionamide, N-eth-
ylacetamide, N-methylpropionamide, and N-methyl-
acetamide are listed in Table 2 and are presented in
Figs. 2—4. Fig. 2 also presents the partial molar heat
capacities of alcohols obtained by us earlier [19].
There is an excellent agreement between partial heat
capacities obtained on different preparations of alco-
hols using different generations of scanning
calorimeters. The same is valid for propionic acid
and propionamide (Figs. 3 and 4), for which the
partial molar heat capacities in the broad temperature
range were reported by us earlier [3].

Fig. 5 presents the dependence of the partial
molar heat capacity of the —CH,— group obtained
from the homologous series of the carboxylic acids,
sodium salts of carboxylic acids, and N-substituted
amides. This was done by considering differences
between partial molar heat capacities of homologous
compounds with different numbers of methyl groups.
There is good correlation between the values for
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Table 2

Partial molar heat capacity, Cg . and its temperature dependence Cy , = 5(0) + b(1) - 1(°C) + (2) - #°C)* + b(3) - #(°C)* for the studied

compounds in aqueous solution

Compound C,y UK mol™H) o 5= b0)+ 6(1) - 1(°C) + b(2) - 1°C)* + b(3) - 1(°C)?

25°C b(0) b(1) b(2) b(3)
Methanol 156 (158.3 2,158.2 ©) 155.1 0.0365 - -
Ethanol 268 (262.5 %,260.3 ©) 285.2 —0.8400 627x107° -
n-Propanol 361(355.2 ©,352.9 ©) 376.2 —0.7085 3.73x107° -
n-Butanol 447 (445.9 ©, 437 ©) 467.3 —0.8743 3.05x107°? -
n-Pentanol 544 (539.5 ®, 5238 ©) 574.9 —-1.3202 259 x 1073 -
n-Propionic acid 252 (257 °,253 ©) 2446 0.3427 -1.10x 1073 -
n-Butanoic acid 335(337 ©) 328.1 0.2875 -1.15%x 1073 -
n-Pentanoic acid 419 (432 ©) 416.6 0.1240 -127x1073 -
Sodium propanoate 158 83.3 4.1410 —-0.050 1.74 x 1074
Sodium butanoate 241 170.5 3.8870 —0.046 1.44 X 1074
n-Propionamide 257(258.2 #,253.6 ©) 243.5 0.6000 -2.50%x107* -
N-methylformamide 163 (164 ©) 142.6 0.8904 —2.86% 1073 -
N-methylacetamide 253(258 ©) 247.0 0.4785 —8.86x 1077 -
N-methylpropionamide 344 (334 ©) 338.8 0.2033 440 x 1073 -
N-ethylacetamide 347(343 ©) 337.2 0.4026 —841x107* -
? Ref. [3].
® Ref. [19].
° Ref. [41].

Estimated error in the C; 4 values is in the order of 3%.

Cp 4(~CH,-) obtained from these compounds and
the ones calculated from a different set of a homolo-
gous series of model compounds [3]. This once more
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Fig. 2. Temperature dependence of the partial molar heat capacity
of linear alcohols. The solid lines represent results of this work,
the symbols represent results of previous measurements (Ref. [3]
for methanol; Ref. [18] for the remaining alcohols).

indicates additivity of the group contribution to the
partial molar heat capacity of organic molecules in
aqueous solution. Using the partial molar heat capac-
ities of -CH,; and —-CH,— groups, reported earlier
[3], we can calculate the partial molar heat capacity
of the peptide unit, i.e. Cy ,(~CONH-) as:

€3 4(—CONH —)
= C3 4(amide) — Neyy, - €2 4( — CH;) — Ney,
Gy 4(—CHy =) =Ny Gy 4(—H) (3)

where Ngy ,, Ny, and Ny are the number of —CH,
—CH,—, and —H groups in the molecule of amide,
respectively, and Cp +(—CH;-), C“,"(b(—CHZ—), and
C, 4,(—H) are corresponding partial molar heat capac-
ities for these groups. The temperature dependence
of C; ,(~CONH-) is presented in Fig. 6, which also
presents the heat capacities of the —-CONH- group
calculated from two different model compounds,
glycine peptides and cyclodiglycine, reported by us
earlier [20]. There is a significant difference in the
heat capacity of the ~CONH- group depending on
the type of model compound used for its evaluation.
A possible explanation for this is discussed below.
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Fig. 3. Temperature dependence of the partial molar heat capacity
of N-substituted amides. The solid lines represent results of this
work, The symbols represent results of previous measurements for
n-propionamide [3]. a, N-methylformamide; b, n-propionamide; c,
N-methylacetamide; d, N-methylpropionamide; e, N-ethyl-
acetamide.
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Fig. 4. Temperature dependence of the partial molar heat capacity
of linear carboxylic acids ( ) and their sodium salts
(---). The lines represent results of this work, the symbols show
the results of previous measurements for n-propionic acid [3]. a,
propionic acid; b, butanoic acid; ¢, pentanoic acid; d, sodium
propionate; e, sodium butanoate.
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Fig. 5. Temperature dependence of the partial molar heat capacity
of the —-CH,—~ group, obtained from different model compounds.
The line represents the best fit over all points: Cg ,(~CH,-)=
90.85-0.16- 1(°C).

Using an equation similar to Eq. (3) we can
calculate the partial molar heat capacities of ~-COOH
and —COONa groups which are presented in Fig. 7.
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Fig. 6. Temperature dependence of the partial molar heat capacity
of the ~-CONH- group obtained from different model compounds.
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Fig. 7. Temperature dependence of the partial molar heat capacity
of the ~-COOH and —COONa groups.

As one can see, the partial molar heat capacity of the
sodium salt is always lower than the corresponding
acid. It should be noted that the C; ¢(—COOH) are in
good agreement with those obtained previously [3].

4. Discussion

4.1. Temperature dependence of the heat capacity of
the peptide unit

The peptide group, —-CONH-, is the most om-
nipresent group in proteins. However, its contribu-
tion to the partial molar heat capacity of protein in
the unfolded state is only in the order of 7% [4,5].
Nevertheless, it is important to know the partial
molar heat capacity of this group with reasonable
precision. This raises the question of which values of
the heat capacity of the —-CONH- group one should
use for the calculations of the partial molar heat
capacities of proteins in the unfolded state (see Fig.
6). For this, one has to first understand the possible
reasons for the observed differences in the heat
capacities of -CONH- groups obtained from differ-
ent model compounds, i.e. glycine peptides, cy-
clodiglycine, and N-substituted amides.

The heat capacity of any compound in aqueous
solution, Cy ,, can be represented by a sum of two
terms [3]:

po = G+ ACY 4)

where C;‘"h corresponds to the ‘‘intrinsic’’ heat ca-
pacity and depends only on the nature of constituting
atoms or covalent bonds, i.e. is additive [21]. The
second term, AC}*?, reflects the heat capacity effects
of interactions with the solvent (water) [3-5]. The
hydration heat capacity, AC*, is proportional to the
water accessible surface area (ASA) of the molecule
[3-5,22-27]. Thus one can suggest that the differ-
ence in the partial molar heat capacities of the
—CONH- group obtained from different model com-
pounds arises from the difference in the water acces-
sible surface areas of this group. Indeed calculations
show (Table 3) that there is a significant difference
in the ASA of atoms of the —-CONH- group in
glycine peptides, cyclodiglycine and N-substituted
amides. This difference is most pronounced for N
and O atoms. The absolute ASA values for these two
atoms vary from 12 A? to 27 A2, and 29 A? to 40 A2,
respectively (Table 3). For comparison, the surface
areas of N and O atoms in the extended polypeptide
chain are 5 and 24 A?, respectively. These calcula-
tions provide a qualitative description for the ob-
served differences in the values of C, ,(~CONH-)
obtained from different model compounds. A quanti-
tative description will be possible with the accumula-
tion of a larger set of model compounds and with the
improvements of the calculations of ASA. Currently
in most cases ASA is calculated for a given static

Table 3
Water accessible surface areas for the atoms in the —CONH-—
group, calculated for different model compounds

Compound ASA of ~-CONH- (A?)
C o} N
N-ethylacetamide 5 34 25
N-methylacetamide 6 34 26
N-methylpropionamide 7 28 27
Cyclo(GlyGly) 5 40 23
Glycine peptide (Gly,, n = 3-5) 4 29 12
Unfolded protein * 2 24 5

* Unfolded polypeptide chain is modeled in a fully extended
conformation as described in Ref. [43].
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structure which was generated using a particular
molecular modeling software package. Of course this
is a crude approximation of the dynamic structure of
the molecule in solution. More reliable surface area
calculations promise to be obtained on the Monte
Carlo ensemble of structures [28,29].

The question, however, remains as to which model
compound provides more reliable estimates for the
partial molar heat capacity of the peptide unit,
Cy ,(-CONH-). We believe that so far the best
studied model compounds are glycine peptides. This
is based on two major considerations: (i) glycine
peptides are closest in chemical nature to the protein
backbone; (ii) the surface area of the peptide unit in
glycine peptides is the closest to the exposure of the
peptide backbone in the extended state of poly-
peptides.

Based on the analysis of our experimental data on
model compounds [3], it has been argued by Khechi-
nashvili et al. [30] that the heat capacity of the
unfolded proteins cannot have a non-linear depen-
dence. This conclusion seems to be unjustified based
on our previous results [3,20], the experimental re-
sults presented here, as well as numerous direct
experimental measurements of the temperature de-
pendence of the partial molar heat capacities of
proteins in the unfolded state [6-16]. It seems quite
clear from the data on the model compounds that the
partial molar heat capacities of polar groups includ-
ing peptide unit have a non-linear dependence on
temperature.

4.2. Temperature dependence of the heat capacity of
non-polar groups

The partial molar heat capacities of the non-polar
groups (i.e. aliphatic and aromatic) appear to be
significantly dependent on temperature. It has been
shown on a number of model compounds for the
temperature range from 5 to 150 °C, that the partial
molar heat capacity of non-polar compounds mono-
tonically decreases with an increase of temperature
[19,20,22-24,31,32]. However, the heat capacity
functions for aliphatic and aromatic compounds dif-
fer both in the specific absolute values and in the
shape. For aliphatic compounds it appears that the
partial molar heat capacity can be described by the
linearly decreasing function of temperature (see, for

example, Refs. [19,20,22-24] and Fig. 5). In con-
trast, the heat capacity of aromatic groups seems to
be a non-linearly decreasing function of temperature
[31,33]. The heat capacity of aromatic group de-
creases faster at lower temperatures than at higher.
Nevertheless, for both aromatic and aliphatic com-
pounds the temperature dependence of the partial
molar heat capacity is a monotonic function. These
experimental observations are in contradiction with
the recent calculations by Gomez et al. [32]. They fit
experimental data on the partial molar heat capacities
of nine proteins and their water accessible surface
areas to 10 independent parameters. From these
Gomez et al. concluded that the heat capacity contri-
bution of non-polar groups should have a maximum
at about room temperature and should decrease sig-
nificantly only above 40 °C. Unfortunately such
behavior of the heat capacity of non-polar groups
have not been yet observed experimentally. It ap-
pears that even statistically sound solutions of global
fitting of experimental results should always be con-
sidered cautiously in terms of the physical meaning
that they contain.

4.3. Temperature dependence of the heat capacity of
ionizable residues

Comparison of the heat capacities of carboxylic
acids in the free and sodium salt forms show that
ionization effects can significantly affect the absolute
values of the partial molar heat capacities as well as
their temperature dependencies. It appears from Figs.
4 and 7 that the heat capacity of the ~COOH group
is always higher than the corresponding sodium salt,
i.e. ~COONa. Similar effects have been observed for
the analogs of the positively charged amino acid
residues Lys and Arg [3]. Thus protonation /deproto-
nation can affect the partial molar heat capacity very
significantly.

Unfortunately such effects are not always taken
into account which results in artifacts. This is partic-
ularly significant in the case of small compounds
such as small peptides. Contemporary differentiai
scanning microcalorimetry is a very sensitive tool
and can easily register very small differences in
solvent composition [1,17]. These small differences
affect both the absolute value of the measured heat
capacity and to a larger extent the temperature de-
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pendence of the partial heat capacity [1]. The sample
of interest prior to the calorimetric experiments
should be equilibrated with a corresponding solvent
to obtain equal chemical potential between solution
of compound studied and the solvent. In the case of
large solute molecules such as proteins, DNA, and
RNA this can be achieved by extensive dialysis
against a corresponding buffer. In the case of small
compounds such as Gly-X-Gly, this can be done
only by using gel filtration. Direct dissolution of a
peptide or protein sample in the corresponding buffer
gives an equimolar concentration of low molecular
weight component (buffer). In the case of ionic
compounds this will lead to the non-identical condi-
tions in terms of buffer composition. Ionic solute
will directly interact with the buffer components,
thus decreasing its bulk concentration. The relative
heat capacity difference of the solution and the so-
lute measured in DSC experiment in the case of
equimolar solution cannot be used for the determina-
tion of the partial molar heat capacity of the solute
according to Eq. (1). It appears that direct dissolution
of glycine-based tripeptides in buffered aqueous so-
lution produced significant ‘‘unexplained’’ contra-
dictions with the earlier reported values in the mea-
surements of partial molar heat capacity by Vogl et
al. [34].

Another important implication of the observed
changes in the heat capacities of charged residues
under different ionization states is its possible influ-
ence of the partial molar heat capacities of unfolded
proteins.

4.4. Heat capacity of proteins in the unfolded state

It has been experimentally observed on several
proteins (staph. nuclease [35], apomyoglobin [36],
a-lactalbumin, [37], and ubiquitin [38]) that the abso-
lute values of the partial molar heat capacity in the
unfolded state appear to decrease with a decrease of
pH from neutral to acidic. Two explanations for this
can be suggested. First, the changes in the heat
capacity upon decrease in pH are related to the
protonation of carboxylic groups which are charged
at neutral pH and neutral at acidic pH. Second, the
unfolded state can become more compact with the
decrease in the overall number of charges on the
molecule, as it leads to an increase of the hydropho-

bicity of side chains of aspartic and glutamic acids
{35]. Such compactization will lead to the decrease in
ASA and correspondingly the decrease in the heat
capacity. Data on the model compounds presented
here rules out the first explanation because protona-
tion of the carboxyl groups actually leads to an
increase in the heat capacity. Based on this we think
that the decrease of the overall dimensions of the
unfolded polypeptide is more probable. This is also
consistent with the theoretical calculations on the
compactness of the unfolded state [39,40].
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