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Abstract

We determined the partial molar volumes, /°, and adiabatic compressibilities, K°s, of N-acetyl amino acids with neutralized carboxyl termini,
N-acetyl amino acid amides, and N-acetyl amino acid methylamides between 18 and 55 °C. The individual compounds in the three classes have
been selected so as to collectively cover the 20 naturally occurring amino acid side chains. We interpret our experimental results in terms of the
volumetric contributions and hydration properties of individual amino acid side chains and their constituent atomic groups. We also conducted pH-
dependent densimetric and acoustic measurements to determine changes in volume and compressibility accompanying protonation of the aspartic
acid, glutamic acid, histidine, lysine, and arginine side chains. We use our resulting data to develop an additive scheme for calculating the partial
molar (specific) volume and adiabatic compressibility of fully extended polypeptide chains as a function of pH and temperature. We discuss the
differences and similarities between our proposed scheme and the reported additive approaches. We compare our calculated volumetric
characteristics of the fully extended conformations of apocytochrome ¢ and apomyoglobin with the experimental values measured in water (for
apocytochrome ¢) or acidic pH (for apomyoglobin). At these respective experimental conditions, the two proteins are unfolded. However, the
comparison between the calculated and experimental volumetric characteristics suggests that neither apocytochrome ¢ nor apomyoglobin are fully

unfolded and retain a sizeable core of solvent-inaccessible groups.
© 2008 Elsevier B.V. All rights reserved.
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1. Introduction

Volume and compressibility are fundamental thermody-
namic observables that have been proven sensitive to solute
hydration [1-6]. Volumetric measurements have been applied
to characterizing conformational states of proteins, including
the native, compact intermediate, and fully and partially un-
folded states, and, more recently, amyloidal fibrils [7—18]. In
these studies, the fully extended conformation is a useful
concept which refers to the extreme case of protein unfolding in
which all atomic groups are exposed to solvent. The fully
extended conformation is characterized by the lack of nonsteric
interactions between the amino acid residues constituting the
polypeptide chain. Therefore, to a good approximation,
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thermodynamic properties of a fully unfolded protein state
can be evaluated from additive calculations based on the
primary amino acid sequence and the group contributions of the
20 naturally occurring amino acid residues. The reliability of the
additive approach critically depends on the choice of model
compounds mimicking hydration and, ultimately, the volu-
metric properties of amino acid residues in polypeptides.
Survey of the literature reveals several additive schemes that
have been proposed for calculating the partial molar volumes
[19-21] and adiabatic compressibilities [22,23] of extended
polypeptides. Igbal and Verrall [22] and Kharakoz [24] have
used in their models the group contributions of side chains
derived from data on zwitterionic amino acids. In contrast,
Makhatadze et al. [19] and Héckel et al. [20] have based their
additive schemes on GlyXGly tripeptides. While these works
represent an important step forward toward developing a more
comprehensive understanding of the volumetric properties of
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unfolded polypeptide chains, close inspection reveals signifi-
cant numerical discrepancies between the models. For example,
the additive scheme proposed by Igbal and Verrall [22] yields
unrealistically negative partial compressibilities of their ana-
lyzed polypeptides. In general, zwitterionic amino acids make
poor models for mimicking the hydration properties of amino
acid residues in polypeptides. In zwitterionic amino acids, the
side chain is not independently hydrated, since it interacts via
overlapping solvation shells with the charged skeleton of the
molecule. GlyXGly tripeptides represent a more attractive al-
ternative. In these compounds, the amino acid side chains are
flanked in both sides by peptide bonds, while their interactions
with the charged but remotely located termini should be greatly
reduced. However, given the bulk size of tripeptides, one cannot
exclude the possibility that these molecules may have some
preferred conformations (which would render the constituent
atomic groups not fully solvent-exposed) depending on the size
and chemical nature of the amino acid side chain. In fact, a
combination of recent optical spectroscopic measurements has
provided evidence for the ability of peptides (even as short
as tripeptides) to form stable structures in aqueous solutions
[25,26]. Such conformational preferences may have a modulat-
ing effect on hydration of the side chain in question.

The underlying hypothesis of the present study is that
N-acetyl amino acid amides and N-acetyl amino acid methyl-
amides are arguably the best (close to ideal) system for mod-
eling the hydration properties of amino acid side chains in
unfolded polypeptides. These amino acid derivatives are small
which minimizes the possibility of their adoption of prefer-
ential conformations that may affect the side chain hydration.
Another important feature of this class of molecules is that the
side chains are flanked in both directions by peptide groups as
in peptides. In addition, the termini are uncharged which
reduces their interactions with the side chain. The volumetric
data on N-acetyl amino acid amides reported to date are
incomplete and mostly limited to a single temperature of 25 °C
and neutral pH [27-32]. These deficiencies prevent one from
using the existing data on N-acetyl amino acid amides in
additive calculations of the volumetric properties of polypep-
tides, in particular, as a function of temperature and pH.

In this work, we employ high precision acoustic and den-
simetric techniques to evaluate, as a function of temperature,
the partial molar volumes and adiabatic compressibilities of 14
N-acetyl amino acid amides (CH3;CONH-CHR-CONH,;),
two N-acetyl amino acid methylamides (CH;CONH-CHR-—
CONHCHj;), and eight N-acetyl amino acids (CH;CONH-
CHR—-COOH). The volumetric properties of the latter group
of compounds were measured at acidic pH (~pH 2) where
the terminal carboxyl group can be considered uncharged. The
chemical diversity of the compounds studied in this work is
related to the fact that commercially available N-acetyl amino
acid amides do not cover the entire range of naturally occurring
side chains.

Furthermore, we carried out pH-dependent measurements in
the solutions of the amino acid derivatives containing ionizable
side chains to determine changes in volume and compressibility
accompanying their neutralization. Our combined results enable

us to determine the group contributions of the complete set of
naturally existing amino acid side chains to volume and com-
pressibility as a function of temperature and pH. We interpret
these volumetric results in terms of the hydration properties of
the amino acid side chains and describe an additive scheme for
evaluating the partial molar volumes and adiabatic compressi-
bilities of fully extended polypeptides. We use our results to
calculate the temperature and pH-dependences of the partial
specific volumes and adiabatic compressibilities of six glob-
ular proteins in their fully unfolded, extended conformation. By
comparing our calculated volumetric parameters with the
experimental data on apocytochrome ¢ and apomyoglobin, we
discuss the thermodynamic implications of our results for
protein transitions and conformational equilibrium. In partic-
ular, our determined contributions of amino acid side chains
to partial molar volume, V°, expansibility, E°=(0V°/0T)p, and
adiabatic compressibility, K°s, can be used for developing
more reliable quantitative approaches to interpretation of pres-
sure perturbation calorimetric and high pressure data on tem-
perature- and pressure-induced conformational transitions of
proteins.

2. Materials and methods
2.1. Materials

All amino acid derivatives used in the studies reported here
were of the highest purity commercially available and used
without further purification. N-acetyl alanine amide, N-acetyl
valine amide, N-acetyl leucine amide, N-acetyl isoleucine amide,
N-acetyl proline amide, N-acetyl phenylalanine amide, N-acetyl
tryptophan amide, N-acetyl methionine amide, N-acetyl glu-
tamine amide, N-acetyl aspartic acid amide, N-acetyl glutamic
acid amide, N-acetyl lysine amide hydrochloride, N-acetyl
arginine amide acetate, N-acetyl glycine methylamide, and
N-acetyl histidine methylamide were purchased from Bachem
Bioscience, Inc (King of Prussia, PA, USA). N-acetyl glycine
amide, N-acetyl tyrosine amide, N-acetyl glycine, N-acetyl
alanine, N-acetyl phenylalanine, N-acetyl tryptophan, N-acetyl
cysteine, N-acetyl serine, and N-acetyl threonine as well as
sodium acetate were purchased from Sigma-Aldrich Canada,
Ltd. (Oakville, Ontario, Canada). N-acetyl asparagine was ob-
tained from Fluka (Buchs, Switzerland). All amino acid deriv-
atives except N-acetyl serine and N-acetyl threonine were in
L-stereoisomeric form. N-acetyl serine and N-acetyl threonine
were a mixture of D- and L-stereoisomeric forms.

Solutions of the amino acid derivatives were prepared using
doubly distilled water which had been degassed by boiling. The
concentrations of the samples were determined by weighing
10—20 mg of a solute material with a precision of +0.02 mg and
dissolving the sample in a known amount of water. All amino
acids were dried under vacuum in the presence of phosphorus
pentoxide for 72 h prior to weighing. To prevent formation of
air bubbles, all solutions were preheated to 5 °C above the
experimental temperature before placing them into the acoustic
or densimetric cell. The preheating was performed in herme-
tically sealed plastic tubes to prevent evaporation.
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2.2. Preparation of apocytochrome c

Horse heart cytochrome ¢ was purchased from Sigma-
Aldrich Canada (Oakville, Ontario, Canada). Apocytochrome ¢
was obtained and purified from the holoprotein following the
previously described protocol [33]. The heme was removed by
acid acetone extraction after the thioether bridges connecting the
heme with the polypeptide chain of the protein had been cleaved
by silver sulfate in the presence of acetic acid. Following the
removal of the unreacted silver sulfate and the cleaved heme by
centrifugation, the apoprotein was reacted with 2-mercaptoetha-
nol to get rid of the bound silver. The resulting apoprotein was
extensively dialyzed against water at 4 °C and used without
lyophilization. The content of the holocytochrome ¢ was as-
sessed spectrophotometrically by measuring light absorption in
the Soret region at 25 °C and using an extinction coefficient,
€408, 0f 106,500 M~ 'em™ ! [9]. Within the limit of the accuracy
of our spectrophotometric measurements (<0.5%), we could not
detect any contamination of the apocytochrome ¢ solution by the
holoprotein. The concentration of apocytochrome ¢ was de-
termined spectrophotometrically at 25 °C using the extinction
coefficient &,77,=10,500+300 M 'cm !, which was deter-
mined by dry weight analysis. This result is in good agreement
with the previously reported &,77 of 10,800 M~ 'em™ ! [33].

2.3. Methods

All densities were measured using a vibrating tube den-
simeter (DMA 5000, Anton Paar, Austria) with a precision of
+£1.5x10 %% at 18, 25, 40 and 55 °C. The apparent molar
volume, ¢V, was calculated from the equation:

¢V =M/p—(p—po)/(popm) (1)

where M is the molecular weight of the solute; m is its molal
concentration; p and p, are the densities of the solution and
solvent, respectively. Values for the density of water were taken
from the work of Kell [34].

The solution sound velocities and absorptions were mea-
sured at 18, 25, 40 and 55 °C using the resonator method at a
frequency of about 7.2 MHz [35-38]. Ultrasonic resonator cells
with sample volumes of 0.8 cm® were thermostated with an
accuracy of £0.01 °C, and a previously described differential
technique was employed for all measurements [38]. In this
technique, two identical resonator cells (sample and reference)
are placed in a common thermostated environment, with the
difference in the ultrasound velocities in the two cells being
measured. The accuracy of all the sound velocity relative mea-
surements achieved with this design is about =10~ *%, while the
accuracy of the relative sound absorption measurements is 2%
[38,39].

The acoustic characteristics of a solute which can be derived
directly from ultrasonic measurements are the relative molar
sound velocity increment, [U], and the molar increment of
ultrasonic absorption per wavelength, [aA]. The relative molar
sound velocity increment, [U], of a solute is equal to (U—Uy)/
(UpC), where C is the molar concentration of a solute; and U

and U, are the sound velocities in the solution and the solvent,
respectively. The molar increment of ultrasonic absorption per
wavelength, [o4], is equal to A(ald)/C, where o is the coef-
ficient of sound absorption; A is the sound wavelength; A(al)
is the difference in the ultrasonic absorption per wavelength
between the solution and the solvent.

Apparent molar adiabatic compressibility values for the
solutes were calculated from the density and ultrasonic velocity
data using the expression [40]:

PKs = Bso(2¢V —2[U] — M /py) (2)

where fso is the coefficient of adiabatic compressibility of
water.

The coefficient of the adiabatic compressibility of water, Sy,
required to evaluate ¢pKg from Eq. (2) was calculated from the
data on density [34] and sound velocity [41], since PBgo=
(poU3)~'. For each evaluation of ¢V or ¢Ks, three to five
independent measurements were carried out within a concen-
tration range of 2—3 mg/ml. Our reported values of ¢V or ¢pKg
represent the averages of these measurements, while the errors
were calculated as standard deviations.

2.4. Measurements in the solutions of N-acetyl amino acids

To minimize the influence of the ionizable carboxyl terminus
of the N-acetyl amino acids (N-acetyl glycine, N-acetyl alanine,
N-acetyl phenylalanine, N-acetyl tryptophan, N-acetyl cysteine,
N-acetyl serine, N-acetyl threonine, and N-acetyl asparagine)
on the side chains, their partial molar volume and adiabatic
compressibilities were determined at low ~pH 2 where the
terminus is uncharged. The initial values of pH of the N-acetyl
amino acid solutions were within the range of 2.3 to 2.8. The
pH of the N-acetyl amino acid solutions was further lowered by
HCI; equal aliquots of HCI were incrementally added to both
the solution and the solvent (water). The relative molar sound
velocity increment, [U], and apparent molar volume, ¢V, of the
solute were determined from the differential solution—versus—
solvent measurements at each pH point. To ensure full neu-
tralization of the carboxyl terminus, the pH-dependent mea-
surements of [U] and V° were performed until these volumetric
parameters level off (at ~pH 2). The plateau values of [U] and
J° were used to calculate apparent molar adiabatic compres-
sibilities, ¢Kg, at each experimental temperature.

2.5. Volume and compressibility changes accompanying neu-
tralization of ionizable side chains

To determine changes in relative molar sound velocity in-
crement, volume, and compressibility accompanying neutrali-
zation of the aspartic acid, glutamic acid, histidine, lysine, and
arginine side chains, we performed pH-dependent densimetric
and acoustic measurements. The pH-dependent density and
ultrasonic velocity and absorption measurements were per-
formed as previously described [42,43].

Acoustic titration experiments were performed by adding
equal aliquots of 0.1 or 1 M HCI (aspartic acid, glutamic acid,
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Table 1
Relative molar sound velocity increments, [U] (cm3 mol™ 1), as a function of
temperature

Compounds 18 °C 25°C 40 °C 55°C

N-Ac-Gly-NH, 38.5+0.5 342404 27.1+0.1 21.4+0.2
N-Ac-Gly-NH-Me 48.8+0.1 42.0+0.1 31.7+0.1 25.0+0.2
N-Ac-Gly 31.7£0.1  27.6+0.5 18.6+0.4 12.1+0.3
N-Ac-Ala-NH, 48.3+0.1 42.7+02 33.4+04 255+0.2
N-Ac-Ala 40.6£04 345+04 24.5+04 159+0.5
N-Ac-Val-NH, 67.9+0.1 60.1+0.1 47.0+0.7 33.5+0.9
N-Ac-Leu-NH, 81.1+£0.3  71.0+0.4 54.2+0.3 40.9+0.6
N-Ac-Ile-NH, 80.2+0.7  70.2+0.1 55.0£0.6 40.9+0.1
N-Ac-Pro-NH, 61.4+0.5 54.1+0.5 43.0+0.4 33.7+0.2
N-Ac-Phe-NH, 77.2+0.1  67.6+0.1 51.0+£0.3 39.7+0.3
N-Ac-Phe 68.0£0.2 58.2+04 41.6+0.1 28.1+0.2
N-Ac-Trp-NH, 752+03  67.0+£0.5 49.5+0.8 38.7+0.4
N-Ac-Trp 69.3+£0.6  59.3+03 43.4+0.1 29.6+0.1
N-Ac-Met-NH, 68.7+0.1 61.3+0.2 45.7+04 33.7+0.3
N-Ac-Cys 46.2+0.1  39.5+0.6 27.2+0.1 17.9+0.1
N-Ac-Tyr-NH, 63.1+0.6  54.4+03 41.3+0.2 29.9+0.3
N-Ac-Ser 38.1+0.5  32.1+0.3 229403 17.7+£0.6
N-Ac-Thr 47.1£0.2  409+02 30.3+0.1 22.2+0.2
N-Ac-Asn 40.5+£0.1 36.5+0.2 24.3+0.2 19.6+0.2
N-Ac-GIn-NH, 56.6+0.5 50.5+0.1 41.0+£0.3 33.4+0.1
N-Ac-Asp-NH, (pH 2.9 %) 43704 37.9+02 279+09 21.2+0.6
N-Ac-Glu-NH, (pH 3.2 ¥) 51.4+02 445404 34.0+0.1 25.7+0.4
N-Ac-His-NH-Me (pH 8.7 %)  64.4+£0.1 56.8+0.5 43.5+0.5 33.5+0.1
N-Ac-Lys-NH,-HCl 96.6+0.4  89.1+0.1 77.0+0.1 68.4+0.7

(pH 4.4 %)
N-Ac-Arg-NH,- 114.3+0.2 103.6+£0.3 87.6+£0.5 73.9+0.2

CH;COOH (pH 6.3 ¥

# Experimental pH at 25 °C.

and histidine) or NaOH (lysine and arginine) solutions to both
the sample and the reference cells filled with the same volume
of 0.80 cm? of the respective amino acid derivative solution and
water. Additions were made using Hamilton syringes equipped
with a Chaney adapter (Hamilton Co., Reno, NV). In cal-
culating the relative molar sound velocity increment, [U], and
molar increment of ultrasonic absorption per wavelength, [a4],
we took into account the changes in the sound velocity in the
solvent, Uy, and in the molar concentration of the solute, C, that
result from addition of acid or base solution.

Densimetric pH-titrations were performed in a specially
designed vial equipped with a magnetic stirring bar. The total
volume of the vial is 4 ml. The inlet and outlet of the vial were
connected to the two ends of a U-shaped densimetric cell via
tygon tubing, with one of the tubes passing through a peristaltic
pump. The latter is used to remove the solution from the cell
into the vial to add an aliquot of the titrant and to drive the
solution back to cell after a thorough mixing in the vial. Two
consecutive titrations with HCI or NaOH were conducted for
the N-acetyl amino acid amide solution and the solvent, using
the same initial volume of 3.00 ml and the same added aliquots
of the titrant. The partial molar volumes of the amino acid
derivatives at each pH point were calculated using Eq. (1) in
which p and p, correspond to the densities of water and amino
acid solutions containing the same concentration of HCI or
NaOH.

The pH of the N-acetyl amino acid amide solutions was
measured separately, using the same amounts and concentrations

of solutions and titrant, as for the ultrasonic and densimetric
measurements. The absolute error of the pH measurements was
+0.01 pH units.

3. Results

3.1. Relative molar sound velocity increments, partial molar
volumes, and partial molar adiabatic compressibilities of amino
acid derivatives

Tables 1-3 present the relative molar sound velocity in-
crements, [U], apparent molar volumes, ¢V, and apparent molar
adiabatic compressibilities, ¢Kg, of the amino acid derivatives
studied here at 18, 25, 40, and 55 °C. Our results are in good
agreement with the available literature data.

Previous studies have revealed that the apparent molar volumes
[28,30,44] and the apparent molar adiabatic compressibilities

Table 2
Apparent molar volumes, ¢¥ (cm® mol™ '), as a function of temperature
Compounds 18 °C 25°C 40 °C 55°C
N-Ac-Gly-NH, 90.1£0.1 90.5+0.1 91.9+0.2 93.3+0.2
91.02° 92.36" 93.53%
90.56°
N-Ac-Gly-NH-Me 108.0+£0.3  108.8+0.4  110.1£0.2  111.5+0.1
108.93¢
N-Ac-Gly 87.2+0.1 88.3+£0.2 89.8+0.1 90.8+£0.2
88.39°¢
N-Ac-Ala-NH, 107.1£0.1  107.3+0.3  109.1£0.2  111.2£0.2
108.06* 109.31% 110.75%
108.06°
N-Ac-Ala 105.0+£0.2 105.4+0.1 107.1+£0.2 108.7+0.2
105.78¢
N-Ac-Val-NH, 137.6+0.1 138.2+0.1 139.6+£0.6 142.3+0.1
138.92* 140.71% 142.50*
139.00¢
N-Ac-Leu-NH, 154.9+0.2 155.9+0.2 157.9+0.2 160.7+0.6
156.09% 158.15% 160.31%
N-Ac-Ile-NH, 153.6+£0.6  154.3+0.1 155.7£0.6  158.4+0.4
153.97 156.0° 158.37
N-Ac-Pro-NH, 1252+0.2  126.1+0.1  1282+0.3  130.0+0.2
126.51¢
N-Ac-Phe-NH, 168.8+0.1 170.4+0.3 172.8+0.1 175.7+0.1
N-Ac-Phe 166.1+0.1 168.2+0.2 171.2+0.1 173.5+0.1
N-Ac-Trp-NH, 191.2+0.1  192.6+0.1  1955+0.1  198.0+0.1
N-Ac-Trp 186.8+0.1 188.8+0.1 192.4+0.2 194.6+0.5
N-Ac-Met-NH, 152.2+0.2 153.3+0.1 154.94+0.3 157.6+0.2
N-Ac-Cys 116.4+0.3 117.9+0.5 120.1+0.1 122.4+0.2
N-Ac-Tyr-NH, 171.7+£0.3 172.7+£0.2 175.4+1.0 178.4+0.5
N-Ac-Ser 104.5+0.1 105.3+0.1 107.2+0.1 108.6+0.2
N-Ac-Thr 120.5+0.3  121.3£0.1  1233+02  125.5+0.2
N-Ac-Asn 121.2+0.3 122.2+0.1 124.3+£0.6 126.2+0.2
N-Ac-GIn-NH, 140.0+£0.1  141.3£0.1  143.1+£0.1  144.8+0.1
N-Ac-Asp-NH, 119.8+0.1 121.1+0.1 123.2+0.3 124.7+0.5
N-Ac-Glu-NH, 136.2+0.5  137.3£0.7  139.2+0.1  141.1+0.3
N-Ac-His-NH-Me 164.9+£0.3 165.8+0.4 168.0+0.1 170.0+£0.4
N-Ac-Lys-NH,-HCl  171.7+£0.2  172.5£0.4  174.8£02  176.7+0.2
N-Ac-Arg-NH,- 209.9+0.5 211.6+0.3 214.1+0.1 215.8+£0.7
CH;COOH
% Ref. [28]
® Ref. [30]
¢ Ref. [31]
4 Ref. [32]
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Apparent molar adiabatic compressibilities, ¢pKg (10 * cm® mol ! bar ), as a

function of temperature

Compounds 18 °C 25°C 40 °C 55°C
N-Ac-Gly-NH, -6.0+£05 —1.7+04 57402 11.0£02
-1.58°
-1.99°
N-Ac-Gly-NH-Me —-5.5+03 1.4+0.4 11.1£02 17.9£0.2
1.28°
N-Ac-Gly —2.9+0.1 1.8+0.4 10.5+£0.1 16.4+0.4
N-Ac-Ala-NH, -5.9+0.1 —0.6+0.3 8.7+0.4 16.7+0.2
-0.68°
-0.72°
N-Ac-Ala —1.1£03 4.6+05 143£04 223%0.5
N-Ac-Val-NH, -8.7+0.1 —1.1+0.1 11.1£0.8 24.2+0.8
-0.68°
N-Ac-Leu-NH, -115+£03 —-13+04  14.6+03 27.5+0.7
-1.92°
N-Ac-lle-NH, ~12.3+0.8 —2.5+0.1 11.6£0.7 26.5£0.3
-2.9°
N-Ac-Pro-NH, -13.5+£0.5 —5.7+0.4 6.0+£0.4 14.5£0.2
N-Ac-Phe-NH, -10.7£0.1 —0.6£03  154+03 26.6+0.3
N-Ac-Phe -52+0.1 5.4+04 21.7£0.3 34.1£03
N-Ac-Trp-NH, —63+03 23+05 193£0.7 29.6£0.3
N-Ac-Trp -5.4+0.6 5.4=0.5 21.5£0.5 33.9£0.6
N-Ac-Met-NH, -10.84£0.2 —3.1+£02 11504 23.2+0.3
N-Ac-Cys -10.6+0.1 —3.1£0.4 92402 18.4x03
N-Ac-Tyr-NH, —-2.5+0.6 6.1+0.3 19.0£0.9 30.0£0.5
5.7°
N-Ac-Ser —-6.7£04 —0.5+0.4 8.8+02 13.8+0.2
N-Ac-Thr —-6.8+03 —0.4£05  10.1£02 182x05
N-Ac-Asn -6.0+£03 —15+£04  10.6£0.6 15.5+02
N-Ac-GIn-NH, -95+0.4 —2.7+0.1 6.7+£0.3 13.9+0.1
-2.56°
N-Ac-Asp-NH, -10.5+£0.4 —3.7£0.2 6.5+0.8 12.8+0.7
N-Ac-Glu-NH, -8.7+0.5 —1.4+0.7 8.5+0.1 16.9+0.4
N-Ac-His-NH-Me —44+03 3.2+0.6 16.0£0.4 262+0.3
N-Ac-Lys-NH,-HCl —34+04 -258+04 —12.9+02 -44+06
N-Ac-Arg-NH,-CH;COOH —37.9+0.5 —27.0£0.4 —10.9+0.5 2.1£0.6
 Ref. [29].
b Ref. [27].

[29] of N-acetyl amino acid amides do not depend significantly
on concentration. We estimate that the difference between the
apparent molar volumes, ¢V, measured in this study (for solute
concentrations in the range of 2—3 mg/ml) and the corresponding
partial molar volumes, }°, obtained by extrapolation to infinite
dilution does not exceed 0.05 cm® mol ™', a variance that falls well
within the experimental error. Similarly, the difference between
the apparent molar adiabatic compressibilities, ¢pKs, of the solutes
at the concentrations used in this study and the partial molar
adiabatic compressibilities, K°g, is less than 0.2 x 10~% cm® mol ™!
bar ', which also falls within the experimental error. Thus,
hereafter, we do not discriminate between the apparent molar and
partial molar characteristics of the amino acid derivatives.

3.2. Volume and compressibility changes accompanying neu-
tralization of ionizable amino acid side chains

Despite the four decades of studying the volumetric changes
accompanying neutralization/ionization of the aspartic acid,
glutamic acid, histidine, lysine, and arginine side chains, there is

still no consensus about the exact values of these changes in
polypeptides [5,45,46]. A common shortcoming of all pre-
viously employed model compounds is the presence of other
titrable groups (as in zwitterionic amino acids) in addition to the
ionizable side chain under question. The overlapping titration of
more than one ionizable group leads to a complex interplay
between their hydration shells which may modify the
volumetric properties of neutralization of such groups in a
manner which is complex and difficult to predict. N-acetyl
amino acid amides do not have any ionizable termini except the
titrable groups in question. In addition, the side chains are
flanked by peptide groups. Consequently, changes in hydration
and related changes in volumetric properties accompanying
neutralization of ionizable side chains in N-acetyl amino acid
amides should closely resemble those in polypeptides.
Ionization/neutralization reactions of aspartic and glutamic
acids (Reaction 1), histidine (Reaction 2), and lysine and
arginine (Reaction 3) are given by the following equilibria:

~-COO™ + H"~-COOH (Reaction 1)

=N+ H"<~=NH" (Reaction 2)

~NH{ + OH <-NH, + H,0 (Reaction 3)

Our measured pH-dependences of the relative molar sound
velocity increment, A[U], and volume, AV, of the amino acid
derivatives with ionizable side chains in the acidic and alkaline
range (not shown) had profiles typical of such dependences
[42,43]. Changes in volume accompanying HCI [Eq. (3a)] and
NaOH [Eq. (3b)] titrations were fit by the following equations:

AV = AVy /(1 + 10°77PK) (3a)
AV = AVoy/ (1 + 10°%*PH) (3b)

where AV is the change in volume caused by protonation of
the side chain at acidic pH; AVgy is the change in volume
accompanying deprotonation of the side chain at alkaline pH;
and pKa is the dissociation constant of the side chain. From the
fit of our measured pH-dependent volume changes by Egs. (3a)
and (3b), we determined the values of AVqy, AVy, and pKa for
each protonation/deprotonation reaction studied here.

The pH-dependent change in [U], the relative molar sound
velocity increment, associated with ionization/neutralization of
a titrable group can be presented as the sum of two terms:

A[U] = A[Ulyyq + A[U] g (4)

where A[U]pyq is the hydration component which represents a
change in solute hydration accompanying the protonation/
deprotonation reaction; and A[U], is the relaxation component
caused by proton-transfer reactions [42,43,47].

The pH-dependence of A[U];yq can be approximated by the
following functions which are similar to Egs. (3a) and (3b):

A[Ulyyq = A[Uyy/ (1 + 10°17P52) (5a)

A[Ulyyq = AU]og/ (1 + 1072771) (5b)
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Table 4a

Dissociation constants, pKa, and changes in volume, AV, and adiabatic
compressibility, AKg, accompanying protonation of titrable side chains and
terminal carboxyl and amino groups at 18 °C

Table 4c

Dissociation constants, pKa, and changes in volume, AV, and adiabatic
compressibility, AKg, accompanying protonation of titrable side chains and
terminal carboxyl and amino groups at 40 °C

Side chain pKa AV, cm® mol ™! AKg, 1074 cm® mol™! bar ™! Side chain pKa AV, cm® mol ™! AKg, 107% cm® mol™! bar™!
Asp*® 3.9+0.1 11.2+0.7 22.8+0.8 Asp 3.9+0.1 12.1+£0.3 20.7+£0.4

Glu?® 4.4+0.1 10.9+0.2 22.9+0.2 Glu 4.4+0.1 12.1+£0.3 21.6+0.7

His® 6.3+0.1 —1.5+0.1 —11.4+0.7 His 6.1+0.4 -1.3+0.4 —12.4+0.7

Lys® 10.5+0.1 —5.6+0.2 —-12.1+1.1 Lys 10.0+0.1 -5.840.3 -15.3+1.0

Arg® 12.5 132 1.1 Arg 12.5 13.5 =72

~COOH™¢ 3.3+0.1 10.2+0.5 18.3+£0.9 ~COOH* 3.2+0.1 11.0+£0.4 17.7+£0.9

—~NH, &4 8.2+0.1 —-6.8+£0.4 -17.3£0.7 —NH,*? 7.7+0.1 -5.1£0.5 -17.94+0.9

* Reaction -COO +H" —~-COOH.

® Reaction =N+H' —-NH".

¢ Reaction -NH,+H" — -NHj3.

4 Terminal groups in triglycine from V. S. Gindikin and T. V. Chalikian
(unpublished).

where A[UTn is the change in [U] caused by protonation of
the side chain at acidic pH; A[U]Jon is the change in [U]
accompanying deprotonation of the side chain at alkaline pH.

The relaxation term, A[U],, in Eq. (4) can be calculated
from the pH-dependent data on molar increment of ultra-
sonic absorption per wavelength, [aA] (not shown), using the
expression:

A[U] —[al]/(2TwT) (6)

rel —
where 7 is the pH-dependent relaxation time of the proton-
transfer reaction that can be determined from pH-dependent
sound absorption data as described previously [42,43,47,48].

We analyze our data using a previously described method, in
which the relaxation characteristics of a proton-transfer reaction
are determined from the pH-dependences of ultrasonic velocity
and absorption measured at a single frequency [42,43,48]. We
use this method in conjunction with our measured pH-de-
pendences of [U] and [aA] to calculate the relaxation contri-
bution of A[U], as a function of pH. Subtracting A[U], from
A[U] [see Eq. (4)] we evaluate A[U]pyq that is subsequently
approximated using Egs. (5a) and (5b). With this approxima-
tion, we determine A[U]oy and A[U]y. In these calculations,
we use the values of pKa determined from analyzing our partial
molar volume data. With the values of AVy, AVon, A[U]H,
and A[U]opp, we determine the respective changes in adiabatic
compressibility from AKg=2fso (AV—A[U]).

Table 4b

Dissociation constants, pKa, and changes in volume, AV, and adiabatic
compressibility, AKg, accompanying protonation of titrable side chains and
terminal carboxyl and amino groups at 25 °C

? Terminal groups in triglycine from V. S. Gindikin and T. V. Chalikian
(unpublished).

In contrast to other amino acids with titrable side chains
studied here, the pH-dependent acoustic and densimetric
measurements in the N-acetyl arginine amide acetate solution
were carried out at a single temperature of 25 °C. Moreover, due
to an extremely alkaline dissociation constant of the arginine
side chain (pKa=12.5), we were not able to perform pH-de-
pendent densimetric and acoustic measurements in the solution
of N-acetyl arginine amide acetate all the way to completion
(full neutralization of the ionizable group). The highest pH of
these measurements was ~13.2 at which ~20% of solute
molecules are still ionized. The values of AVgy and A[U]on
were obtained by fitting the collected experimental points with
Egs. (3a), (3b), (4), (52), (5b), (6).

Tables 4a—d present the values of pKa, AV, and AKg for
protonation of the aspartic acid, glutamic acid, histidine, lysine,
and arginine side chains as well as our previous data on the
terminal amino and carboxyl groups in triglycine (V. S. Gin-
dikin and T. V. Chalikian, unpublished). Volume changes for
protonation of lysine and arginine and amino terminus (—NH, +
H" < -NHj3) were calculated by adding to the measured values
of AVoy the volume of ionization of water [AV;,,=V°(H,O)—
V°(H")—V°(OH )]. The values of AV, are —21.9, —21.7,
—22.2, and —23.1 cm’ mol™ " at 18, 25, 40, and 55 °C, re-
spectively (the value at 55 °C was obtained by extrapolation of
the data obtained between 0 and 45 °C) [49]. Similarly, the
protonation compressibilities for the lysine and arginine side
chains and amino terminus were calculated by adding to the
measured values of AKgoy the adiabatic compressibility of
ionization of water [ AKg;on=K°s(H,0)—K°s(H")— K°5(OH)].

Table 4d

Dissociation constants, pKa, and changes in volume, AV, and adiabatic
compressibility, AKg, accompanying protonation of titrable side chains and
terminal carboxyl and amino groups at 55 °C

Side chain pKa AV, em® mol ™! AKs, 1074 cm® mol ! bar !

Side chain pKa AV, em® mol ™! AKg, 10°* cm® mol ! bar !

Asp 3.940.1 12.1+0.4 21.6%0.5
Glu 43+0.1 11.8£0.4 22.4+0.4
His 6.2+0.1 ~1.4%0.1 ~11.1£03
Lys 10.5£0.1  —5.940.5 ~14241.1
Arg 12.5 13.0 -2.6
~COOH®  3.3+0.1 10.5+0.4 18.4+0.9
~NH,* 8.00.1 —4.840.5 ~16.940.9

Asp 4.0+0.1 12.8+0.5 21.5+0.5
Glu 4.4+0.1 13.5+0.3 23.2+0.3
His 5.9+0.1 -1.0+0.3 —13.8+0.4
Lys 9.7+0.1 -5.240.1 —132+1.2
Arg 12.5 14.4 =52
—COOH* 3.2+0.1 10.7+£0.5 17.1£1.0
~NH,* 7.2+0.1 —5.1+0.6 —14.7+1.1

# Terminal groups in triglycine from V. S. Gindikin and T. V. Chalikian
(unpublished).

* Terminal groups in triglycine from V. S. Gindikin and T. V. Chalikian
(unpublished).
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The values of AKg;o, are —52.8x 1074, —49.1x 10 %, —44.5 x
107, and —46.5x10* cm® mol™" at 18, 25, 40, and 55 °C,
respectively (the value at 55 °C was obtained by extrapolation
of the data obtained between 0 and 45 °C) [49]. For arginine,
the values of AVoy and AKgoy obtained at a single tem-
perature of 25 °C were used to determine the protonation
volume and compressibility at all experimental temperatures.
While this approximation may render the values of A Vg and
A[U]oy for arginine less accurate compared to other data, its
relative effect on the additive scheme developed in this work is
insignificant. Neutralization of an arginine residue in protein
studies is an extremely rare event. Therefore, in most pro-
tein studies, it is sufficient to know the group contribution of
charged arginine.

4. Discussion

4.1. Volume contributions of amino acid residues do not depend
on the model

The volume or compressibility contribution of a specific
amino acid residue in an extended polypeptide can be ob-
tained by adding the group contribution of the glycyl unit
(—CH,CONH-) to the group contribution of the respective
side chain. The latter can be obtained as the difference in
partial molar volume, V°, between the corresponding amino
acid and glycine. Table 5 lists our evaluated volume con-
tributions for the 20 amino acid side chains as a function of
temperature. For amino acids containing titrable groups
(aspartic and glutamic acids, histidine, lysine, and arginine),
the data presented in Table 5 refer to the unionized state of the
side chain. For aspartic and glutamic acids, the uncharged
group contributions, V(—R), were evaluated from V(—R)=
Vo(pH)— V°(Gly)+ A V/(1+10P%*~PH) "wwhere V°(pH) is the
partial molar volume of N-acetyl aspartic or glutamic acid
amide at the experimental pH; V°(Gly) is the partial molar
volume of N-acetyl glycine amide; AV and pKa are, re-
spectively, the protonation volume and dissociation constant
ofthe side chain given in Tables 4a—d. The group contribution
of the histidine side chain was calculated from V(—R)=
V°(pH)— 1°(Gly)— AV/(1+10P" "PX%) "where V°(pH) is the
partial molar volume of N-acetyl histidine methylamide
at the experimental pH; and V°(Gly) is the partial molar
volume of N-acetyl glycine methylamide. The group contri-
bution of lysine side chain was calculated from V(—R)=
Ve(pH)— V°(Gly)— VP(HC)— A V/(1+10PH " PX%) " where
V°(pH) is the partial molar volume of N-acetyl lysine amide
hydrochloride at the solution pH; and F°(HCI) is the partial
molar volume of HCI from Ref. [49]. The group contribution
of arginine side chain was calculated from V(—R)=V°(pH)—
V°(Gly)— V°(HCl)+ V°(NaCl)— V°(CH;COONa)— A V/(1+
10PH7PE%) “where F°(pH) is the partial molar volume of N-
acetyl arginine amide acetate at the experimental solution pH;
J°(NaCl) is the partial molar volume of NaCl from Ref. [50];
and V°(CH;COONa) is the partial molar volume of sodium
acetate. Our measured values of V°(CH3;COONa) are 39.0+
0.2,39.6+0.3,40.3+£0.3,and 41.2+0.5 cm® mol " at 18, 25,

Table 5
Partial molar volume contributions of amino acid side chains, /(—R) ((:m3
mol "), as a function of temperature

SC 18 °C 25 °C 40 °C 55 °C
Ala 17.0+0.1 16.8+0.3 172403 17.940.3
18.2° 17.23° 18.4° 18.4°
18.32
16.14°
17.9¢
17.5¢
Alaf 17.8+0.1 17.2+0.1 17.3+£0.2 17.9+0.3
Val 47.5+0.1 47.7+0.1 47.7+0.6 49.0+0.2
48.2° 47.46° 48.6° 49.0°
4837
46.11°
4924
49.1°¢
Leu 64.8+0.2 65.4+0.2 66.0+£0.3 67.4+0.6
643 64.64° 65.1° 66.0°
64.5°
63.39°
66.19
65.7¢
Ile 63.5+0.6 63.8+0.1 63.840.5 65.1+0.4
64.8° 62.61° 66.1° 67.3°
65.2°
64.4¢
Pro 35.1£0.2 35.6+0.1 36.3+0.4 36.7£0.3
32.9° 39.44° 33.5% 34.0°
33.1°
Phe 78.7+0.1 79.9+0.3 80.9+0.2 82.4+0.2
80.3° 79.0° 82.2° 83.4°
80.9°
79.22°¢
79.9¢
79.1°
Phe’ 78.9+0.1 79.9+0.1 81.4+0.1 82.7+0.2
Trp 101.1+0.1 102.1+0.1 103.6+0.2 104.7+0.2
98.5° 100.6° 99.9° 101.02
98.9°
Trp® 99.6+0.1 101.6+0.1 102.6+0.1 103.8+0.5
Met 62.1£0.2 62.8+0.1 63.0+0.4 64.3+£0.3
64.7° 62.38° 66.4° 67.8°
65.2°
Cys® 29.2+0.1 29.7+0.1 30.3+0.2 31.6+0.4
31.3% 30.08 31.9° 3232
31.5°
Tyr 81.6+0.3 82.2+0.2 83.5+1.0 85.1+£0.5
82.4° 81.2° 84.0° 85.1°
82.92
Ser’ 17.3+0.1 17.1+0.1 17.4+0.1 17.8+0.3
17.9° 17.43° 18.1° 18.2°
18.0°
16.34¢
Thrf 33.3+0.3 33.1+0.1 33.5+0.2 34.7+0.3
33.9° 33.64° 34.4° 34.7°
34.0°
32.27°¢
Asn® 34.0+0.3 34.0+0.2 34.5+0.6 35.4+0.3
37.7° 33.9° 39.1° 40.2°
38.1°
33.88°¢
Gln 49.9+0.1 50.8+0.1 51.2+0.2 51.5+0.2
50.1° 50.42° 50.92 51.52
50.3°

(continued on next page)
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Ne 18 °C 25°C 40 °C 55°C
Asp 30.7+0.4 31.7+0.1 32.4+0.4 32.3+0.5
31.4° 31.6° 32.4%° 32.9°
31.7°
Glu 46.7£0.5 47.7+0.7 48.0+£0.2 48.6+0.4
47.6° 46.66° 48.7° 49.3°
48.0°
Hish 56.9+0.4 57.0+0.6 57.9+0.2 58.5+0.4
59.1° 55.11° 60.3° 61.0°
59.5°
Lys 69.6+0.2 70.1+0.4 70.7+£0.3 70.6+0.3
64.3° 64.5° 65.1° 65.8°
Arg 66.0+0.5 67.4+0.3 67.6+0.3 66.3+0.7
71.6° 72.1° 73.0° 73.7°

Table 6
Partial molar adiabatic compressibility contributions of amino acid side chains,
Ks(—R) (107* cm® mol ™! bar '), as a function of temperature

* GlyXGly tripeptides from Ref. [20].

b Zwitterionic amino acids from Ref. [31].

¢ GlyX dipeptides from Ref. [52].

4 XGlyGly tripeptides from Ref. [68].

¢ GlyGlyX tripeptides from Ref. [68].

 Calculated from N-acetyl amino acid data.

¢ Zwitterionic amino acids from Ref. [51].

" Calculated from N-acetyl amino acid methylamide data.

40, and 55 °C, respectively (measurements were conducted at
a CH3;COONa concentration ~2 mg/ml).

Also shown in Table 5 are the side chain contributions
calculated from the partial molar volumes of zwitterionic amino
acids, glycyl dipeptides, and diglycyl tripeptides [20,31,51,52].
Comparison between the several sets of data shown in Table 5
reveals that, with the exception of Lys and Arg, the volume
contribution of an amino acid side chain is essentially independent
of the model compound (in most cases, within +1-2 cm? mol ).
This observation attests to the relative insensitivity of the partial
molar volume observable to the microenvironment of individual
atomic groups, a feature that renders additive calculations of the
partial molar volumes of solutes successful.

4.2. Compressibility contributions of amino acid side chains
depend on the model

The compressibility contributions of amino acid side chains
were calculated by subtracting the partial molar adiabatic com-
pressibility of glycine from that of the corresponding amino acid.
Table 6 lists our calculated adiabatic compressibility contribu-
tions for the 20 amino acid side chains as a function of tem-
perature. For amino acids with ionizable side chains, Table 6
presents the compressibility contributions of the unionized state.
For aspartic acid and glutamic acid side chains, these con-
tributions were calculated using Ks(—R)=K°s (pH) — K°s(Gly)+
AKg/(1+10°%2 Py where K°y(pH) is the partial molar adi-
abatic compressibility of N-acetyl aspartic or glutamic acid
amide at the experimental solution pH; K°g(Gly) is the par-
tial molar adiabatic compressibility of N-acetyl glycine amide;
and AKjy is the protonation compressibility from Tables 4a—d.
For histidine, Ks(—R) was calculated from Kg(—R)=K°s(pH)—
K°s(Gly)— AKs/(1+10°""PE%) " where K°s(pH) is the partial
molar adiabatic compressibility of N-acetyl histidine methyla-
mide at the experimental solution pH; K°s(Gly) is the partial
molar adiabatic compressibility of N-acetyl glycine methyla-

SC

18 °C

25°C

40 °C

55°C

Ala

Ala®
Val

Leu

Tle

Pro

Phe

Phe®
Trp

Trp
Met

Cys®

Tyr

Ser®

Thr®

Asn®

Gln

Asp

0.1+0.5

1.8+0.3
—2.7£0.5

-5.5+0.6

-6.3+0.9

-7.5+1.4

—4.7£0.5

—2.3+0.1
-0.3+0.6

-2.5+0.6
—4.8+0.5

—7.7£0.1

3.5+0.8

-3.8+£0.4

-3.9+0.3

—3.1+£0.3

-3.5+0.6

—6.6+0.6

1.1£0.5
3.7°
1.5°
-3.5¢
6.0¢
6.1°
21"
2.8+0.6
0.6+0.4
1.82
-22°
-6.7°¢
5.0°
2.5f
0.4+0.6
132
-3.9°
—7.4¢
3.6°
02"
—~0.8+0.4
432
-3.7°
16"
-4.0+0.6
-520
3.2°
1.1£0.5
5.8°
-7.1°
-1.8¢
1.2¢
0.6
3.6£0.6
4.0+0.6
-4.1°
3.6+0.6
—1.4+04

3.0+0.5

3.8+0.4
5.4+0.8

8.9+0.4

59+1.3

0.3+£0.5

9.7+0.4

11.2+0.3
13.6+0.7

11.0£0.5
5.8+0.4

-1.3£0.2

13.3+£0.9

-1.7+0.2

—0.4+0.2

0.1+0.6

1.0+£0.4

—1.1£0.8

5.7+0.3

5.9+0.6
13.240.8

16.5+0.7

15.5£0.4

3.5+£0.3

15.6+0.4

17.7£0.5
18.6+0.4

17.5+0.7
12.2+0.4

2.0+0.5

19.0+0.5

-2.6£0.4

1.8+0.6

-0.9+0.4

2.9+40.2

0.2+0.7
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Table 6 (continued)

SC 18 °C 25°C 40 °C 55°C
Glu —4.1£0.7 -1.3+0.8 1.5+0.2 45+0.4
-0.1"
-29°
His' 1.4+0.4 1.8+£0.7 4.9+0.4 8.3+0.4
42%
-5.9°
Lys —6.0£0.6 —2.4+0.6 1.9+0.3 4.4+0.6
Arg -14.5+£0.7 -8.5+£0.6 0.3+0.5 1.9+0.6

? GlyXGly tripeptides from Ref. [69].

® Zwitterionic amino acids from Ref. [57].

¢ GlyX dipeptides from Ref. [70].

4 XGly dipeptides from Ref. [70].

¢ XGlyGly tripeptides from Ref. [68].

f GlyGlyX tripeptides from Ref. [68].

¢ Calculated from N-acetyl amino acid data.

" GlyXGly tripeptides from Ref. [46].

I Calculated from N-acetyl amino acid methylamide data.

mide. The contribution of lysine was calculated from Kg(—R)=
K°s(pH)— K°(Gly)— K°s(HCI)— AKg/(1+10°7 ~PX2) " wwhere
K°s(pH) is the partial molar adiabatic compressibility of N-
acetyl lysine amide hydrochloride at the experimental pH;
and K°g(HCI) is the partial molar adiabatic compressibility
of HCI from Ref. [49]. The group contribution of arginine was
determined from Kg(—R)=K°s(pH)—K°s(Gly)—K°s(HCI)+
K°s(NaCl)— K°s(CH;COONa)— AKg/(1+10P" "PX%) " wwhere
K°s(pH) is the partial molar adiabatic compressibility of N-
acetyl arginine amide acetate at the solution pH; K°s(HCI) is the
partial molar adiabatic compressibility of HCI from Ref. [49];
K°s(NaCl) is the partial molar adiabatic compressibility of NaCl
from Ref. [50]; and K°s(CH3;COONa) is the partial molar adia-
batic compressibility of sodium acetate. Our measured values
of K°s(CH;COONa) are —(63.6+0.6)x 10" %, —(56.5+0.6)
1074, —(47.840.6)x 10 %, and —(42.1+0.9)x 10~ * cm? mol '
bar ! at 18, 25, 40, and 55 °C, respectively.

Table 6 also shows the side chain contributions determined
from the data on zwitterionic amino acids, glycyl dipeptides,
diglycyl tripeptides, and GlyXGly tripeptides. Inspection of
data presented in Table 6 reveals two important observations.
Firstly, our determined compressibility contributions of amino
acid side chains in N-acetyl amino acid amides are distinct from
those in zwitterionic amino acids, glycyl dipeptides, and
XGlyGly and GlyGlyX tripeptides. Importantly, the distinctions
may involve both the magnitude and the sign of compressibility
contributions. Secondly, the side chains in uncharged N-acetyl
amino acid amides and GlyXGly tripeptides, while still being
significantly different for some amino acids, share a greater
degree of similarity with respect to their compressibility
contributions. These observations are consistent with a picture
in which hydration of a peripherally located amino acid side
chain (e. g., in an XGlyGly tripeptide) is influenced by the
adjacent charged amino or carboxyl terminus which causes the
side chain to exhibit an altered compressibility contribution. On
the other hand, the observed greater similarity between the side
chain contributions in N-acetyl amino acid amides and GlyXGly
tripeptides suggests that, in these molecules, the side chains
share similarities in their microenvironment and hydration.

4.3. The hydration properties of amino acid side chains

The partial molar volume of a solute, V'°, can be related to its
hydration via the expression [51,53]:

V' =Vc+ Wi+ ProRT (7)

where V¢ is the volume of the cavity in the solvent enclosing a
noninteracting solute; 77 is the interaction volume that rep-
resents a change in volume accompanying the “switching on” of
solute—solvent interactions; frq is the coefficient of isothermal
compressibility of the solvent. The BroRT term, which orig-
inates from the availability of the entire volume of the solution
to the solute, describes the volume effect related to the kinetic
contribution to the pressure of a solute molecule due to its
translational degrees of freedom.

The cavity volume, V, consists of the van der Waals
volume of the solute and the thermal volume, Vr . The latter
has three components — steric, vibrational, and structural.
The steric component reflects the imperfect packing of solute
and solvent molecules in the solution. The vibrational com-
ponent reflects thermally-induced mutual vibrational motions
of solute and solvent molecules and, theoretically, should
subside to zero at 0 K. The structural component reflects the
open (tetrahedral) structure of water and related packing ef-
fects around solute molecules. The thermal volume has been
proposed to be proportional to the van der Waals surface area,
Sw, of a solute [51]. In this approximation, two molecules,
which are different with respect to the chemical nature of the
solvent-exposed atomic groups but exhibit the same value of
Sw, should be characterized by the same thermal volume, V7.
Using this approximation and the assumption that the inter-
action volume, V), of nonpolar groups is negligibly small,
Kharakoz has determined the interaction volumes of several
amino acid side chains in zwitterionic amino acids [51]. We
use below the same approach to evaluate the interaction vol-
umes, V7, of all the side chains in the amino acid derivatives
investigated in this work.

Fig. 1 plots the difference between the volume contributions,
V(—R) (from Table 5), and the van der Waals volumes, Vy;, of
amino acid side chains against their van der Waals surface areas,
Sw, at 18, 25, 40, and 55 °C. The values of Vy and Sy were
calculated using an additive procedure and group contributions
reported by Bondi [54]. For alanine, phenylalanine, and tryp-
tophan, the average of the two evaluations of V(—R) has been
used in Fig. 1 (see Table 5). The straight lines passing through
the points corresponding to amino acids with nonpolar side
chains (Ala, Val, Leu, Ile, Pro, and Phe) represent the baselines
for “noninteracting” groups with V; of zero. Consequently,
deviations of specific amino acid points from the straight lines
in Fig. 1 are equal to the respective interaction volumes, 7.
Table 7 presents our evaluated interaction volumes, V7, for all
the amino acid side chains examined in this work along with the
similar data evaluated by Kharakoz from zwitterionic amino
acids [51]. The two sets of data are in good agreement which
further attests to the additivity of the partial molar volume
observable and its components.
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Fig. 1. Difference between the partial molar volume contributions and van der
Waals, V(—R)— Vy, of amino acid side chains plotted against the van der Waals
surface area, Sw, at 18 (black), 25 (red), 40 (green), and 55 °C (blue). (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

n
Interaction volume can be presented as V1=>" o;4V;, where

o, is the fractional composition of the hydratedlicoomplex with i
solvating water molecules; # is the maximum number of i for a
solute or an atomic group; and AV; is the volume change
accompanying formation of the hydrated complex of a solute
with i water molecules [55]. For the simplest case when each
interacting water molecule causes the same change in volume,

AV (hence, AV;=iAV), one obtains Vlzzn: oidV = npAV,
where n,=>" o;i is the effective hydration rumber of a solute.

Since alllioside chains listed in Table 7 are uncharged, the
interaction volumes, V;, predominantly originate from solute—
solvent hydrogen bonding. The value of AV for solute—solvent
hydrogen bonding has been estimated to be —2.2 cm® mol ! at
25 °C [53]. With this estimate, the effective number of solute—
solvent hydrogen bonds, n, for each amino acid side chain can
be determined by dividing its interaction volume at 25 °C by
—2.2 cm® mol™ . Our calculated values of ny, are presented in
the second column of Table 7. The values of ny, range from 1.6
to 7.5 and correlate with the number of polar atomic groups in
the side chain.

There have been attempts in the past to analyze the
compressibility contributions of amino acid side chains in
terms of the groups contributions of constituent atomic groups
[56,57]. Such attempts implicitly assume that atomic groups in
amino acid side chains are independently hydrated and that an
atomic group exhibits the same compressibility contribution in
any solute. Inspection of Table 6 suggests that neither
assumption is valid for amino acid side chains. For example,
the contribution of a —CH,— group can be obtained as a
difference between leucine and valine, isoleucine and valine,
glutamine and asparagine, and glutamic acid and aspartic acid.
At 25 °C, these estimates yield the values of —0.2x 1074,
-1.4x10"% 23x10°% and 2.7x10°* cm® mol ! bar !,
respectively. However, the compressibility contribution of an
independently hydrated methylene group in an unbranched

aliphatic chain at 25 °C is —(1.6+0.2)x 10" * cm® mol™ ' bar ™'
[58]. The observed uncertainty in the compressibility contribu-
tions of nonpolar groups undermines the validity of determina-
tion of the group contributions of polar moieties using an
additive approach rendering it virtually impossible.

The observed nonadditivity of the compressibility contribu-
tions of atomic groups in amino acid side chains may reflect a
complex interplay between two factors. Firstly, the hydration
shells of constituent atomic groups may overlap. Secondly,
interatomic interactions between adjacent groups that do not
necessarily result in any significant hydration overlap may
nevertheless mutually modulate the extent of solute—solvent
interactions. In this respect, it should be noted that the
compressibility observable, in contrast to volume, is sensitive
not only to the effective number of solute—solvent interactions,
ny,, but also to the distribution of the number of such interactions
in the statistical assembly of solvated solute molecules [55].

Thus, compressibility contributions, while reflecting the hy-
dration properties of individual amino acid side chains in their
entirety, cannot be unequivocally rationalized in terms of
individual contributions of constituent atomic groups. We pro-
pose that our measured group numbers shown in Table 6
represent the best approximation of the compressibility con-
tributions of independently hydrated amino acid side chains in
an extended polypeptide chains.

4.4. Volumetric properties of fully unfolded proteins

We use our data in conjunction with the additive approach to
calculate the partial specific volumes and adiabatic compressi-
bilities of several proteins in their fully unfolded conformations

Table 7
Hydration numbers, ry,, and interaction volumes, ¥; (cm® mol '), of amino acid
side chains as a function of temperature

SC Ty 18 °C 25°C 40 °C 55°C
Trp 1.6 —4.5 -3.6 -34 -4.0
-1° -1°
Met 1.8 -4.1 -4.0 —4.5 —4.6
-37 —4.5*
Cys 1.7 —4.1 -3.7 -35 -29
—4.5% —4.5"
Tyr 2.5 -5.1 -54 —-4.8 —4.8
-6.5%
Ser 3.1 —6.7 —6.8 -6.9 -7.1
=77 =77
Thr 3.1 —6.6 -6.9 -7.0 —6.7
-5.5%
Asn 5.6 —12.1 -12.4 —125 —12.6
-13? -13*°
Gln 5.4 —12.1 —11.8 -12.0 —13.0
-12° -13.5%
Asp 5.0 —11.8 —11.0 —-10.8 -11.9
Glu 5.0 —11.6 —11.1 —11.5 —12.1
-13* -13*
His 42 —8.8 -9.2 -89 -9.5
-9 -9
Lys 2.8 -5.9 —6.2 -6.3 -7.9
Arg 7.5 -17.0 —-16.5 -17.1 —-20.1

* Calculated from data on zwitterionic amino acids from Ref. [51].
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Fig. 2. Calculated temperature dependences of the partial specific volumes, v°,
of the fully extended conformations of ubiquitine (cyan), apocytochrome (red),
ribonuclease A (dark yellow), lysozyme (green), apomyoglobin (blue), and
a-chymotrypsinogen A (black) at pH 7. Experimental temperature depen-
dence of v° for apocytochrome ¢ is shown in orange. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web
version of this article.)

at 18, 25, 40, and 55 °C. The calculations were performed based
on the primary amino acid structure of the polypeptide using the
following additive scheme:

X = | X (trigly) — AXn, /(1 + 10PHPKavy )
+ AXcoon/ (1 + 10PKcoon =PI

+ (n — 3)X(—CH,CONH-) + Z X:(—R)

+

i
AX;/ (1 + 10PH-PEa)

Jj=1

me: AX, /(1 + 10PF%P) | /g (8)
k=1

where x° is the partial specific volume or adiabatic compres-
sibility of the protein in question; X°(trigly) is the partial molar
volume or adiabatic compressibility of triglycine; AXyy, and
AXcoon are the protonation volumes or compressibilities of the
amino and carboxyl termini, respectively; pKayy, and pKacoon
are the dissociation constants of the amino and carboxyl termini,
respectively; X;(—R) is the volume or compressibility contribu-
tion of the i-th amino acid side chain [for an ionizable side
chain, X;(—R) corresponds to its neutral state]; » is the number
of amino acid residues in the polypeptide chain; / is the number
of basic side chains; pKa; and AX; are the dissociation constant
and the protonation volume or compressibility of the j-th basic
side chains; m is the number of acidic side chains; pKa; and AXj,
are the dissociation constant and the protonation volume or
compressibility of the A-th acidic side chain; and M is the
molecular weight of the polypeptide.

The volume, V(—-CH,CONH-), and compressibility,
Kg(—CH,CONH-), contributions of the glycyl unit have been

determined from the volumetric data on oligopeptides con-
taining repetitive glycyl residues. Our previous study of
oligoglycines has produced the values of V(—CH,CONH-)
0f 36.84+0.1, 37.4%0.1, 39.0%0.1, and 39.3+0.1 cm’ mol '
and the values of Kg(~CH,CONH-) of —(2.4+0.5)x 10" %,
—(1.1£0.5)x 10" %, (2.0£0.5)x 10", and (2.9+0.5)x 10" * cm?
mol ' bar ! at 18, 25, 40, and 55 °C, respectively [59]. These
values are in good agreement with the oligoglycine-based
data obtained by Hedwig and collaborators [60]. However,
subsequent investigations from the same group of the Ala
(Gly), oligopeptides have revealed somewhat different values
of V(-CH,CONH-) and Ks(—CH,CONH-) [20,60,61]. The
values of V(—CH,CONH-) calculated from the Ala(Gly),
data equal 36.1, 36.3, 36.7, and 37.1 cm® mol ! at 18, 25,
40, and 55 °C, respectively. The differences between the
two sets of V(—CH,CONH-) data [from the (Gly), and Ala
(Gly),, peptides] mainly involve not the absolute values but
their temperature dependence. The compressibility data on
Ala(Gly),, and Ser(Gly),, oligopeptides reported by Hedwig
and collaborators [61] have produced a compressibility contri-
bution of the glycyl unit equal to —(2.7+0.1)x 10" * cm’
mol~ ! bar ! at 25 °C. This value is more negative than the
oligoglycine-based value of Kg(—CH,CONH-) of —(1.1+
0.5)x10"* cm® mol™ ! bar™'. The volumetric disparities be-
tween the (Gly), and Ala(Gly),, and Ser(Gly),, data are yet to be
rationalized and do not permit one to unequivocally choose the
group numbers for the backbone glycyl group for calculating
the partial molar volume and adiabatic compressibility of a
polypeptide using Eq. (8). While acknowledging this fact, we
use below our data derived from studying oligoglycines [59].

Figs. 2 and 3 show, respectively, our calculated partial
specific volumes, v°, and adiabatic compressibilities, £°g, of
the fully extended conformational states of ubiquitine, apoc-
ytochrome ¢, ribonuclease A, lysozyme, apomyoglobin, and
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Fig. 3. Calculated temperature dependences of the partial specific adiabatic
compressibilities, £°g, of the fully extended conformations of ubiquitine (cyan),
apocytochrome (red), ribonuclease A (dark yellow), lysozyme (green),
apomyoglobin (blue), and a-chymotrypsinogen A (black) at pH 7. Experimental
temperature dependence of k°g for apocytochrome ¢ is shown in orange. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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a-chymotrypsinogen A at pH 7 as a function of temperature.
They also show the temperature dependences of our mea-
sured partial specific volume, v°, and partial molar adiabatic
compressibility, k°s, of apocytochrome ¢ in water at ~pH 7.
Note that apocytochrome ¢ is unfolded under the physiolo-
gical conditions [33,62]. Inspection of Fig. 2 reveals that the
unfolded proteins studied here exhibit similar temperature-
dependent changes in the partial molar specific volume. At
25 °C, the average slope (0v°/0T)p equal to the partial
specific expansibility, E°, is (1.27+0.03)x10° cm® g !
K~ '. This value is almost twice as high as (0.68+0.03)x
1072 ecm® g ' K™, the experimental value of the partial
specific expansibility of apocytochrome c¢. To understand the
origin of this disparity, recall that most atomic group are
characterized by positive hydration contributions to expan-
sibility [51,63]. Therefore, the observed disparity between
the calculated and experimental partial specific expansibil-
ities of apocytochrome ¢ is consistent with the picture in
which the protein is not fully extended but retains a con-
siderable number of water-inaccessible atomic groups.

Inspection of Fig. 3 reveals that our calculated partial specific
adiabatic compressibilities, £°g, of fully extended polypeptides
are significantly less negative than the previous estimates
[5,14,22,23]. For example, at 25 °C, the average value of £°g is
—(5.9+0.4)x10 ®cm® g~ ' bar . This value is more than twice
as high as —13.5x10 ¢ cm® g ! bar ', the average value
reported by Kharakoz in what appears to be the most careful
additive calculation reported to date [23]. The disparity reflects
more negative contributions of the amino acid side chains (based
on zwitterionic amino acid data) and the glycyl unit (based on
old and rather inaccurate data on oligoglycines) used by
Kharakoz [23]. All proteins studied in this work exhibit similar
temperature dependences of partial specific adiabatic compres-
sibility, £°g; at 25 °C, the average value of (0k°s/ 0T )p is equal to
(5.0£0.1)x10 " em® g ' bar ' K.

Within the entire temperature range studied, the calculated
partial specific adiabatic compressibility, £°s, of the fully
extended state of apocytochrome ¢ is lower (more negative)
than the experimental value. For example, at 25 °C, the exper-
imental value of k°s of apocytochrome ¢ is —2.7x10™° cm?®
g ! bar !, a value typical of unfolded proteins [14,64,65]. At
the same temperature, the calculated value of k°g is significantly
lower and equals —6.9x 10 ® cm® g~ ' bar '. At room tem-
perature, the majority of atomic groups exhibit negative hy-
dration contributions to compressibility [57,66]. Consequently,
judging by the differential compressibility (—2.7 x 1076 versus
-6.9%x10°° cm® g ! bar '), apocytochrome ¢ is not fully
unfolded at our experimental conditions and retains a sizeable
core of water-inaccessible atomic groups. This notion, which is
in agreement with the expansibility data discussed above, is
further supported by the differential temperature slopes of £°s.
Our calculated temperature dependence of £°g of apocyto-
chrome ¢ is steeper than the measured one. At 25 °C, the
experimental value of (0k°s/0T)p is 2.8x10"7 ecm® g~ ' bar ™'
K™ ! against the calculated value of 4.8x10" " cm® g~ ' bar !
K™'. Since most atomic group are characterized by positive
temperature slopes of partial compressibility [57], the observed

disparity is consistent with the protein being not fully extended
and retaining a significant number of water-inaccessible atomic
groups.

Our experimental data in conjunction with Eq. (8) can be
used for studying pH-dependent protein behavior. As an ex-
ample, Fig. 4 depicts our calculated pH-dependences of the
partial specific volume (panel A) and adiabatic compressibility
(panel B) of apomyoglobin at 25 °C. Fig. 4 also shows the
experimental pH-dependences of v° and k°g of apomyoglobin
in 20 mM NaCl from our previous work [67]. At these con-
ditions, the protein is native (N) at pH 6, while adopting a
molten globule (MG) conformation at pH 4 and an unfolded (U)
conformation at pH 2 [67]. As is seen from Fig. 4a, the partial
specific volume of apomyoglobin in the fully extended con-
formation is 0.014 cm® g~ ! smaller than that of the native state,
while being close to that of the molten globule state (see the
inset). The unfolded conformation exhibits a volume which is

a
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Fig. 4. Calculated (red) and experimental (black) pH-dependences of the partial
specific volumes, v°(panel A), and adiabatic compressibilities, £°5 (panel B), of
apomyoglobin at 25 °C. Inset in panel A shows the difference between the
calculated and experimental partial specific volumes of apomyoglobin as a
function of pH. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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0.006 cm® g~ ' higher relative to the fully extended conforma-
tion, however the differential volume is less negative than for
the native state. Inspection of Fig. 4b reveals that, as the protein
denatures from the native to molten globule and further to
unfolded conformation, the difference between its partial spe-
cific adiabatic compressibility and that of the fully extended
conformation becomes smaller. However, even at pH 2, the
unfolded state of apomyoglobin exhibits a higher partial spe-
cific adiabatic compressibility than its fully extended confor-
mation. This observation is consistent with the picture in which
the acid-induced unfolded state of apomyoglobin is not fully
unfolded and retains a sizeable core of solvent-inaccessible
atomic groups.

5. Conclusion

We determined the volumetric properties of N-acetyl amino
acid amides, N-acetyl amino acid methylamides, and N-acetyl
amino acids with neutralized carboxyl termini between 18 and
55 °C. The individual compounds in the three classes were
selected so as to collectively cover the 20 naturally occurring
amino acid side chains. We also determined changes in volume
and compressibility accompanying the protonation/deprotona-
tion reactions of amino acids with ionizable side chains. We
rationalized our data in terms of the volumetric contributions
and hydration properties of each individual amino acid side
chain and its constituent atomic groups. In particular, we eval-
uated the contributions to interaction volumes, V7, of all amino
acid side chains. Based on the assumption that the interaction
volumes, V7, of uncharged side chains predominantly originate
from solute—solvent hydrogen bonding, we estimated the
effective number of solute—solvent hydrogen bonds, n;,, for
each amino acid side chain. Our calculated values of n;, range
from 1.6 to 7.5 and correlate with the number of polar atomic
groups in the side chain. The compressibility contributions of
the amino acid side chains cannot be unequivocally rationalized
in an additive way as the sum of contributions of constituent
atomic groups. The observed nonadditivity of the compressi-
bility contributions of atomic groups in amino acid side chains
may reflect a complex interplay between two factors. Firstly, the
hydration shells of constituent atomic groups may overlap.
Secondly, interatomic interactions between adjacent groups that
do not necessarily result in significant hydration overlap may
nevertheless mutually modulate the extent of solute—solvent
interactions. The compressibility observable, in contrast to
volume, is sensitive not only to the effective number of solute—
solvent interactions, n;,, but also to the distribution of solute—
solvent interactions in the statistical assembly of solvated solute
species.

We used our data to develop an additive scheme that is
further used to calculate the partial specific volumes, v°, and
adiabatic compressibilities, k°g, of the fully extended con-
formational states of ubiquitine, apocytochrome ¢, ribonuclease
A, lysozyme, apomyoglobin, and a-chymotrypsinogen A as a
function of temperature at pH 7. The unfolded proteins studied
here exhibit similar partial specific adiabatic compressibilities,
k°s, and the temperature slopes of v° and £°g. At 25 °C, the

average value of k° is —(5.9+£0.4)x10" % cm® g~ ' bar '; the

average slope (0v°/0T)p is (1.27+£0.003)x107* em® g~ ' K™';
while the average value of (9k°s/0T)p is (5.0+0.1)x 10~ 7 cm?
g 'bar 'K

We calculated the values of v° and £°g for the fully extended
conformation of apomyoglobin as a function of pH at 25 °C. We
compared the calculated values of v° and £°g of the fully
extended states of apocytochrome ¢ and apomyoglobin with the
experimental values of v° and k°g of their unfolded states.
Apocytochrome ¢ is unfolded at native conditions (water at
neutral pH), while apomyoglobin denatures to the molten
globule state and further to the unfolded state upon a decrease in
pH from 7 to 2. The comparison between the calculated and
experimental values of k°s, (0v°/0T)p, and (0k°s/ OT)p suggests
that neither apocytochrome ¢ nor apomyoglobin are fully
unfolded under the experimental conditions of our study and
retain a sizeable core of solvent-inaccessible groups.

Acknowledgements

This work was supported by a grant from the Natural Sci-
ences and Engineering Research Council of Canada to TVC. SL
gratefully acknowledges her graduate support from the CIHR
Protein Folding Training Program.

References

[1] H. Hoiland, Partial molar volumes of biochemical model compounds in
aqueous solution, in: H.-J. Hinz (Ed.), Thermodynamic Data for Biochem-
istry and Biotechnology, Springer-Verlag, Berlin, 1986, pp. 17-44.

[2] H. Hoiland, Partial molar compressibilities of organic solutes in water, in:
H.-J. Hinz (Ed.), Thermodynamic Data for Biochemistry and Biotechnol-
ogy, Springer-Verlag, Berlin, 1986, pp. 129-147.

[3] A.P. Sarvazyan, Ultrasonic velocimetry of biological compounds, Annu.
Rev. Biophys. Biophys. Chem. 20 (1991) 321-342.

[4] A.A. Zamyatnin, Amino acid, peptide, and protein volume in solution,
Annu. Rev. Biophys. Bioeng. 13 (1984) 145-165.

[5] T.V. Chalikian, Volumetric properties of proteins, Annu. Rev. Biophys.
Biomol. Struct. 32 (2003) 207-235.

[6] T.V. Chalikian, R.B. Macgregor, Nucleic acid hydration: a volumetric
perspective, Phys. Life Rev. 4 (2007) 91-115.

[7]1 B. Nolting, S.G. Sligar, Adiabatic compressibility of molten globules,
Biochemistry 32 (1993) 12319-12323.

[8] D.P. Kharakoz, V.E. Bychkova, Molten globule of human alpha-
lactalbumin: hydration, density, and compressibility of the interior,
Biochemistry 36 (1997) 1882—1890.

[9] T.V. Chalikian, V.S. Gindikin, K.J. Breslauer, Volumetric characterizations
of the native, molten globule and unfolded states of cytochrome c at acidic
pH, J. Mol. Biol. 250 (1995) 291-306.

[10] D.N. Dubins, R. Filfil, R.B. Macgregor Jr., T.V. Chalikian, Volume and
compressibility changes accompanying thermally-induced native-to-
unfolded and molten globule-to-unfolded transitions of cytochrome c: a
high pressure study, Biochemistry 42 (2003) 8671-8678.

[11] T.V. Chalikian, J. Volker, D. Anafi, K.J. Breslauer, The native and the heat-
induced denatured states of alpha-chymotrypsinogen A: thermodynamic
and spectroscopic studies, J. Mol. Biol. 274 (1997) 237-252.

[12] R.Filfil, T.V. Chalikian, Volumetric and spectroscopic characterizations of
the native and acid-induced denatured states of staphylococcal nuclease,
J. Mol. Biol. 299 (2000) 827-842.

[13] N. Taulier, T.V. Chalikian, Characterization of pH-induced transitions of
beta-lactoglobulin: ultrasonic, densimetric, and spectroscopic studies,
J. Mol. Biol. 314 (2001) 873-889.



198 S. Lee et al. / Biophysical Chemistry 134 (2008) 185—199

[14] N. Taulier, T.V. Chalikian, Compressibility of protein transitions, Biochim.
Biophys. Acta 1595 (2002) 48-70.

[15] R. Kitahara, H. Yamada, K. Akasaka, P.E. Wright, High pressure NMR
reveals that apomyoglobin is an equilibrium mixture from the native to the
unfolded, J. Mol. Biol. 320 (2002) 311-319.

[16] V. Smirnovas, R. Winter, T. Funck, W. Dzwolak, Thermodynamic
properties underlying the alpha-helix-to-beta-sheet transition, aggregation,
and amyloidogenesis of polylysine as probed by calorimetry, densimetry,
and ultrasound velocimetry, J. Phys. Chem., B 109 (2005) 19043—-19045.

[17] V. Smirnovas, R. Winter, T. Funck, W. Dzwolak, Protein amyloidogenesis
in the context of volume fluctuations: a case study on insulin,
Chemphyschem 7 (2006) 1046—1049.

[18] K. Akasaka, A.R.A. Latif, A. Nakamura, K. Matsuo, H. Tachibana, K.
Gekko, Amyloid protofibril is highly voluminous and compressible,
Biochemistry 46 (2007) 10444—10450.

[19] G.I. Makhatadze, V.N. Medvedkin, P.L. Privalov, Partial molar volumes of
polypeptides and their constituent groups in aqueous solution over a broad
temperature range, Biopolymers 30 (1990) 1001-1010.

[20] M. Hackel, H.J. Hinz, G.R. Hedwig, Partial molar volumes of proteins:
amino acid side-chain contributions derived from the partial molar
volumes of some tripeptides over the temperature range 10-90 °C,
Biophys. Chemist. 82 (1999) 35-50.

[21] G.R. Hedwig, H.J. Hinz, Group additivity schemes for the calculation of
the partial molar heat capacities and volumes of unfolded proteins in
aqueous solution, Biophys. Chemist. 100 (2003) 239-260.

[22] M. Igbal, R.E. Verrall, Implications of protein folding — additivity
schemes for volumes and compressibilities, J. Biol. Chem. 263 (1988)
4159-4165.

[23] D.P. Kharakoz, Partial volumes and compressibilities of extended polypeptide
chains in aqueous solution: additivity scheme and implication of protein
unfolding at normal and high pressure, Biochemistry 36 (1997) 10276—10285.

[24] D.P. Kharakoz, Partial volumes and compressibilities of extended
polypeptide chains in aqueous solution: additivity scheme and implication
of protein unfolding at normal and high pressure, Biochemistry 36 (1997)
10276-10285.

[25] F. Eker, X.L. Cao, L. Nafie, R. Schweitzer-Stenner, Tripeptides adopt
stable structures in water. A combined polarized visible Raman, FTIR, and
VCD spectroscopy study, J. Am. Chem. Soc. 124 (2002) 14330-14341.

[26] F. Eker, K. Griebenow, X.L. Cao, L.A. Nafie, R. Schweitzer-Stenner,
Preferred peptide backbone conformations in the unfolded state revealed
by the structure analysis of alanine-based (AXA) tripeptides in aqueous
solution, Proc. Natl. Acad. Sci. 101 (2004) 10054—10059.

[27] G.R. Hedwig, H. Hoiland, Partial molar isentropic pressure coefficients of
some N-acetyl amino acid and peptide amides at infinite dilution in
aqueous solutions at the temperature 298.15 K, J. Chem. Thermodyn. 27
(1995) 745-750.

[28] A.W. Hakin, G.R. Hedwig, The partial molar heat capacities and volumes
of some N-acetyl amino acid amides in aqueous solution over the
temperature range 288.15 to 328.15 K, Phys. Chem. Chem. Phys. 2 (2000)
1795-1802.

[29] G.R. Hedwig, H. Hoiland, Partial molar isentropic and isothermal
compressibilities of some N-acetyl amino acid amides in aqueous solution
at 298.15 K, Phys. Chem. Chem. Phys. 6 (2004) 2440-2445.

[30] G.R. Hedwig, J.F. Reading, T.H. Lilley, Aqueous solutions containing
amino acids and peptides .27. Partial molar heat capacities and partial
molar volumes of some N-acetyl amino acid amides, some N-acetyl
peptide amides and two peptides at 25 °C, J. Chem. Soc., Faraday Trans.
87 (1991) 1751-1758.

[31] A.K. Mishra, J.C. Ahluwalia, Apparent molal volumes of amino acids,
N-acetylamino acids, and peptides in aqueous solutions, J. Phys. Chem.
88 (1984) 86-92.

[32] T.E. Leslie, T.H. Lilley, Aqueous solutions containing amino acids and
peptides. 20. Volumetric behavior of some terminally substituted amino
acids and peptides at 298.15 K, Biopolymers 24 (1985) 695-710.

[33] E. Stellwagen, R. Rysavy, G. Babul, Conformation of horse heart
apocytochrome C, J. Biol. Chem. 247 (1972) 8074-8077.

[34] G.S. Kell, Density, Thermal expansivity, and compressibility of liquid
water from 0 °C to 150 °C. Correlations and tables for atmospheric

pressure and saturation reviewed and expressed on 1968 temperature scale,
J. Chem. Eng. Data 20 (1975) 97-105.

[35] F. Eggers, T. Funck, Ultrasonic measurements with milliliter liquid
samples in 0.5—100 MHz range, Rev. Sci. Instrum. 44 (1973) 969-977.

[36] F. Eggers, Ultrasonic velocity and attenuation measurements in liquids
with resonators, extending the MHz frequency range, Acustica 76 (1992)
231-240.

[37] F. Eggers, U. Kaatze, Broad-band ultrasonic measurement techniques for
liquids, Meas. Sci. Technol. 7 (1996) 1-19.

[38] A.P. Sarvazyan, Development of methods of precise ultrasonic measure-
ments in small volumes of liquids, Ultrasonics 20 (1982) 151-154.

[39] A.P. Sarvazyan, T.V. Chalikian, Theoretical analysis of an ultrasonic
interferometer for precise measurements at high pressures, Ultrasonics 29
(1991) 119-124.

[40] B.B. Owen, H.L. Simons, Standard partial molal compressibilities by
ultrasonics. 1. Sodium chloride and potassium chloride at 25 °C, J. Phys.
Chem. 61 (1957) 479-482.

[41] V.A. Del Grosso, C.W. Mader, Speed of sound in pure water, J. Acoust.
Soc. Am. 52 (1972) 1442—-1446.

[42] T.V. Chalikian, D.P. Kharakoz, A.P. Sarvazyan, C.A. Cain, R.J. McGough,
1.V. Pogosova, T.N. Gareginian, Ultrasonic study of proton transfer reac-
tions in aqueous solutions of amino acids, J. Phys. Chem. 96 (1992)
876-883.

[43] N. Taulier, T.V. Chalikian, Volumetric effects of ionization of amino and
carboxyl termini of «,w-aminocarboxylic acids, Biophys. Chemist. 104
(2003) 21-36.

[44] J.L. Liu, A.W. Hakin, G.R. Hedwig, Amino acid derivatives as protein

side-chain model compounds: The partial molar volumes and heat

capacities of some N-acetyl-N’-methyl amino acid amides in aqueous

solution, J. Solution Chem. 30 (2001) 861-883.

M.A. Schwitzer, G.R. Hedwig, Thermodynamic properties of peptide

solutions. Part 17. Partial molar volumes and heat capacities of the

tripeptides GlyAspGly and GlyGluGly, and their salts K[GlyAspGly] and

Na[GlyGluGly] in aqueous solution at 25 °C, J. Solution Chem. 34 (2005)

801-821.

G.R. Hedwig, H. Hoiland, Thermodynamic properties of peptide solutions.

Part 18. Partial molar isentropic compressibilities of gly-X-gly tripeptides

(X = Tyr, Pro, Gln, Asp and Glu), and the peptide salts K[GlyAspGly],

Na[GlyGluGly] and GlyLysGly acetate in aqueous solution at 25 °C,

J. Solution Chem. 34 (2005) 1297—-1310.

[47] A.P.Sarvazyan, D.P. Kharakoz, P. Hemmes, Ultrasonic investigation of the
pH-dependent solute—solvent interactions in aqueous solutions of amino
acids and proteins, J. Phys. Chem. 83 (1979) 1796—-1799.

[48] D.P. Kharakoz, Single frequency ultrasonic measurement of kinetic
constants and volume and compressibility effects of the proton transfer
reaction in aqueous solutions, J. Acoust. Soc. Am. 92 (1992) 287-289.

[49] J.P. Hershey, R. Damesceno, F.J. Millero, Densities and compressibilities
of aqueous HCI and NaOH from 0 °C to 45 °C. The effect of pressure on
the ionization of water, J. Solution Chem. 13 (1984) 825-848.

[50] F.J. Millero, J. Ricco, D.R. Schreiber, PVT properties of concentrated

aqueous electrolytes. 2. Compressibilities and apparent molar compressi-

bilities of aqueous NaCl, Na,SO,4, MgCl,, and MgSO, from dilute solution

to saturation and from 0 to 50 °C, J. Solution Chem. 11 (1982) 671-686.

D.P. Kharakoz, Volumetric properties of proteins and their analogs in

diluted water solutions. 1. Partial volumes of amino acids at 15-55 °C,

Biophys. Chemist. 34 (1989) 115-125.

[52] G.R. Hedwig, J.D. Hastie, H. Hoiland, Thermodynamic properties of
peptide solutions. 14. Partial molar expansibilities and isothermal com-
pressibilities of some glycyl dipeptides in aqueous solution, J. Solution
Chem. 25 (1996) 615-633.

[53] D.P. Kharakoz, Partial molar volumes of molecules of arbitrary shape and the
effect of hydrogen bonding with water, J. Solution Chem. 21 (1992) 569—-595.

[54] A.Bondi, van der Waals volumes and radii, J. Phys. Chem. 68 (1964) 441-451.

[55] T.V. Chalikian, On the molecular origins of volumetric data, J. Phys.
Chem., B 112 (2008) 911-917.

[56] F.J. Millero, A.L. Surdo, C. Shin, Apparent molal volumes and adiabatic
compressibilities of aqueous amino acids at 25 °C, J. Phys. Chem. 82
(1978) 784-792.

[45

=

[46

=

[51

—



S. Lee et al. / Biophysical Chemistry 134 (2008) 185—199 199

[57] D.P. Kharakoz, Volumetric properties of proteins and their analogs in
diluted water solutions. 2. Partial adiabatic compressibilities of amino
acids at 15-70 °C, J. Phys. Chem. 95 (1991) 5634-5642.

[58] T.V. Chalikian, A.P. Sarvazyan, K.J. Breslauer, Partial molar volumes,

expansibilities, and compressibilities of «,m-aminocarboxylic acids in

aqueous solutions between 18 and 55 °C, J. Phys. Chem. 97 (1993)

13017-13026.

T.V. Chalikian, A.P. Sarvazyan, T. Funck, K.J. Breslauer, Partial molar

volumes, expansibilities, and compressibilities of oligoglycines in aqueous

solutions at 18—55 °C, Biopolymers 34 (1994) 541-553.

A.W. Hakin, H. Hoiland, G.R. Hedwig, Volumetric properties of some

oligopeptides in aqueous solution: partial molar expansibilities and

isothermal compressibilities at 298.15 K for the peptides of sequence

Ala(gly)(n), n= 1-4, Phys. Chem. Chem. Phys. 2 (2000) 4850—4857.

[61] G.R. Hedwig, Isentropic and isothermal compressibilities of the backbone
glycyl group of proteins in aqueous solution, Biophys. Chemist. 124
(2006) 35-42.

[62] J.S. Cohen, W.R. Fisher, A.N. Schechter, Spectroscopic studies on the
conformation of cytochrome ¢ and apocytochrome ¢, J. Biol. Chem. 249
(1974) 1113-1118.

[63] L.N. Lin, J.F. Brandts, J.M. Brandts, V. Plotnikov, Determination of the
volumetric properties of proteins and other solutes using pressure
perturbation calorimetry, Anal. Biochem. 302 (2002) 144—160.

[59

—

[60

=

[64] K. Gekko, Y. Hasegawa, Compressibility—structure relationship of
globular proteins, Biochemistry 25 (1986) 6563—6571.

[65] D.P. Kharakoz, A.P. Sarvazyan, Hydrational and intrinsic compressibilities
of globular proteins, Biopolymers 33 (1993) 11-26.

[66] T.V. Chalikian, A.P. Sarvazyan, K.J. Breslauer, Hydration and partial
compressibility of biological compounds, Biophys. Chemist. 51 (1994)
89-107.

[67] N. Taulier, L.V. Beletskaya, T.V. Chalikian, Compressibility changes
accompanying conformational transitions of apomyoglobin, Biopolymers
79 (2005) 218-229.

[68] T.V. Chalikian, V.S. Gindikin, K.J. Breslauer, Hydration of diglycyl
tripeptides with non-polar side chains: a volumetric study, Biophys.
Chemist. 75 (1998) 57-71.

[69] G.R.Hedwig, H. Hoiland, Thermodynamic properties of peptide solutions.
Part 11. Partial molar isentropic pressure coefficients in aqueous solutions
of some tripeptides that model protein side chains, Biophys. Chemist. 49
(1994) 175-181.

[70] G.R.Hedwig, H. Hoiland, Thermodynamic properties of peptide solutions.
7. Partial molar isentropic pressure coefficients of some dipeptides in
aqueous solution, J. Solution Chem. 20 (1991) 1113-1127.



	Partial molar volumes and adiabatic compressibilities of unfolded protein states
	Introduction
	Materials and methods
	Materials
	Preparation of apocytochrome c
	Methods
	Measurements in the solutions of N-acetyl amino acids
	Volume and compressibility changes accompanying neutralization of ionizable side chains

	Results
	Relative molar sound velocity increments, partial molar volumes, and partial molar adiabatic co.....
	Volume and compressibility changes accompanying neutralization of ionizable amino acid side cha.....

	Discussion
	Volume contributions of amino acid residues do not depend on the model
	Compressibility contributions of amino acid side chains depend on the model
	The hydration properties of amino acid side chains
	Volumetric properties of fully unfolded proteins

	Conclusion
	Acknowledgements
	References


