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Abstract

A recent paper in this journal [Amend and Helgeson, Biophys. Chem. 84 (2000) 105] presented a new group
additivity model to calculate various thermodynamic properties of unfolded proteins in aqueous solution. The
parameters given for the revised Helgeson—Kirkham—Flowers (HKF) equations of state for all the constituent groups
of unfolded proteins can be used, in principle, to calculate the partial molar heat capacity, Cp,, and volume, VY, at
infinite dilution of any polypeptide. Calculations of the values of Cp, and 1Y for several polypeptides have been
carried out to test the predictive utility of the HKF group additivity model. The results obtained are in very poor
agreement with experimental data, and also with results calculated using a peptide-based group additivity model. A
critical assessment of these two additivity models is presented. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction void of any structure [1,2]. It is, in effect, at one
extreme of a range of different structural confor-

The random coil form of an unfolded protein in mat.ions that have been obsewed for protf:ins in
aqueous solution is one which is completely de- their denatured states [2]. This random coil form

of a denatured protein is of particular interest
because it is the ideal reference state to use in
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many proteins [2,4], the random coil form is not
widely accessible by experiment. It is useful,
therefore, to have a procedure by which its ther-
modynamic properties can be obtained by some
indirect method. One such method is to use the
principle of group additivity. This procedure as-
sumes that any thermodynamic property of a fully
unfolded protein, e.g. the partial molar volume or
heat capacity, is given by a simple summation of
the thermodynamic properties of the various con-
stituent groups of the protein molecule. It is
convenient in the case of proteins to choose as
the constituent groups the various amino acid
side-chains, the repeating unit of the backbone
chain, and the ionic amino and carboxyl terminal
groups. Assuming the principle of group additivity
applies to oligopeptides, then any partial molar
thermodynamic property for a protein at infinite
dilution, Y7, is given by the expression:

Y, =Y,)(NH} + CHCOO™)
+(N - 1Y, (CHCONH) + XY, (R,) (1)

where N is the number of amino acid residues in
the protein, R; is the side-chain of the ith amino
acid, CHCONH is the repeating unit of the back-
bone peptide chain, and NH; and CHCOO™ are
the ionic end groups of the peptide chain. The
group contributions to the thermodynamic
property are obtained using data for small solutes
that are chosen to model the various components
of a protein molecule.

In recent years, the amino acid side-chains in a
protein have been modeled using a variety of
small molecules. The zwitterionic amino acids
have been used to derive, for example, the partial
molar volume [5-7] and partial molar compress-
ibility [5,6] of the amino acid side-chains in pro-
teins. One of the limitations in using the simple
amino acids as model compounds is that the
charged NH; and COO~ groups interfere with
the solvation of the adjacent side-chain. The cal-
culation of side-chain contributions based on
thermodynamic data for the amino acids will not
necessarily be appropriate for a polypeptide.
Makhatadze and Privalov [8] used the partial
molar heat capacities of a disparate set of small

organic molecules to derive the heat capacity
contributions of amino acid side-chains. For ex-
ample, the side-chains of the amino acids leucine
and glutamine were modeled using r-butane and
propionamide, respectively. The use of these so-
lutes as model compounds has severe limitations,
as has been discussed in detail elsewhere [9,10].
In previous work over several years [9,11,12], we
have used small peptides as compounds to model
the amino acid side-chains of proteins. This pep-
tide-based model to evaluate the group contribu-
tions for the various constituents of proteins, the
details of which are outlined below, has some
distinct advantages over previous models that have
been used. It also shows considerable promise
[9,13] as a means to estimate reliable partial
molar heat capacities and volumes of unfolded
proteins.

In a recent paper in this journal [14], Amend
and Helgeson have proposed yet another method,
based on group additivity algorithms, to predict
various thermodynamic properties of unfolded
proteins over extended ranges of temperature and
pressure. Unfortunately, in their paper, no con-
sideration was given to recent work on peptide-
based group additivity [9], or to other additivity
models reported in the literature [5,8]. It is impor-
tant, therefore, to examine carefully the predic-
tive utility of the model proposed by Amend and
Helegson [14]. In this paper, we report a critical
comparison of how reliably their model, and our
own peptide-based model [9,13], predict the par-
tial molar volumes and heat capacities of
oligopeptides in aqueous solution. As shown
herein, the results from this comparison are quite
astounding.

2. Peptide-based group additivity model

To obtain reliable estimations of thermody-
namic properties of an unfolded protein using Eq.
(1), it is important to choose as model compounds
those that resemble, as closely as possible, the
moieties being modeled. Several years ago we [11]
proposed the use of tripeptides of sequence gly-
cyl-X-glycine (gly-X-gly), where X is one of the
naturally occurring amino acids, as compounds to
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model the amino acid side-chains in polypeptides
and proteins. In these tripeptides, the single
side-chain on the central amino acid is flanked by
two peptide groups, which is structurally analo-
gous to that found in proteins. The retention of
this backbone peptide structure, along with the
side-chain, makes the tripeptides ideal com-
pounds to model the side-chains of proteins.

The general method used to derive amino acid
side-chain contributions is illustrated as follows
for the thermodynamic property heat capacity.
The partial molar heat capacity of any side-chain
R of amino acid X, Cr‘j(R), is obtained using the
equation:

Co(R) = C},(gly-X-gly)
— C9,(glyglygly) + C9(H) 2

where Cp,(gly-X-gly) and C;,(glyglygly) are the
partial molar heat capacities at infinite dilution
for the peptides gly-X-gly and glyglygly, respec-
tively, and C (H) is the heat capacity of the
hydrogen atom of the methylene moiety of
triglycine. The assumption inherent in the deriva-
tion of CJ(R) using Eq. (2) is that any interac-
tions between the side-chain R and the charged
amino and carboxyl groups in the tripeptide gly-
X-gly make negligible contributions to the side-
chain heat capacity. This assumption has been
verified in a recent paper [15]. The side-chain
heat capacities derived using C,, data for two
tetrapeptides with the amino acid sequences gly-
X-glygly and glygly-X-gly, and two pentapeptides
of sequence glygly-X-glylgly were identical, within
the combined experimental uncertainties, with
those derived using tripeptides as model com-
pounds. If ionic end-group effects were indeed
significant in the tripeptides, then different values
for C;(R) would have been obtained using C;,
data for tetra- and pentapeptides, since in these
peptides each side-chain is at a greater distance
from the ionic end-groups. The C;(H) values
used in Eq. (2) are taken from the literature [8],
although, as shown below, this is of little conse-
quence in additivity calculations. In recent papers
[9,10], we derived the partial molar heat capaci-
ties over the temperature range 10—100°C for all

20 amino acid side-chains using C, data for the
tripeptides of the sequence gly-X-gly.

The partial molar heat capacity of the back-
bone peptide group, CHCONH, required for
group additivity calculations using Eq. (1) is de-
rived from the partial molar heat capacity of the
glyeyl group, CH,CONH, using the equation:

CS(CHCONH) = C2(CH,CONH) — C3(H)  (3)

where C(H) is as previously defined for Eq. (2) It
is evident from a comparison of Egs. (2) and (3)
that the sum {C)(CHCONH) + C;(R)} is inde-
pendent of the value chosen for CSEH), and hence
is unaffected by any debate there may be over the
correct Cp(H) values to use for tripeptide model
compounds [10]. The partial molar heat capacity
of the glycyl group was derived using C;, data
over the temperature range 10—100°C for a series
of peptides of sequence ala(gly),, n=2-4 [16].
This procedure is outlined in more detail in Sec-
tion 4.

The contribution to the heat capacity of a
polypeptide of the ionic end-groups NHJ and
CH,COO™ was derived using the equation:

Co(NH3 + CH,CO0")

= C3,(glyglygly) — 2CS(CH,CONH)  (4)

where Cp,(glyglygly) is the partial molar heat
capacity of triglycine at infinite dilution. The par-
tial molar heat capacity of the end-groups (NH}
+ CHCOO™) is obtained from the quantity
C,(NH3 + CH,COO ") by subtraction of the heat
capacity of the H atom.

Using the estimates of the heat capacities of all
20 amino acid side-chains, the backbone peptide
group, and the ionic end-groups, the heat capacity
of any random-coil form of a polypeptide or pro-
tein of known amino sequence can be obtained at
any temperature in the range 10—100°C using Eq.
.

Essentially the same procedure as outlined for
heat capacity may be used to estimate the partial
molar volumes of unfolded proteins [13]. The only
difference is that the amino acid side-chain par-
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tial molar volumes were estimated using the
equation:

VOUR) =V, (gly-X-gly)

— V) (glyglygly) 3)

The quantity V"°(R) gives the contribution to the
partial molar volume on replacing the methylene
hydrogen atom of the glycyl unit with the side-
chain R. These V°(R) values were then coupled
with the partial molar volume for the glycyl group
V°(CH,CONH) in additivity relationships. This
approach was used for volumes because compar-
isons of our side-chain volumes with those ob-
tained using other model systems were not re-
quired.

3. HKF group additivity model

The HKF group additivity model, which com-
bines the revised Helgeson—Kirkham-—
Flowers (HKF) equations of state with group ad-
ditivity algorithms, has been discussed in con-
siderable detail in the literature [17,18]. However,
it is useful to outline briefly the application of the
model to partial molar heat capacities and
volumes, which are the properties of interest in
this paper. The basic premise of the revised HKF
equations of state [19] is that any partial molar
thermodynamic property of a solute at infinite
dilution, Y, can be represented as the sum of two
components, a solvation (or electrostatic) con-
tribution and a non-solvation (or structural) con-
tribution, viz.:

Yy =Y, +Y5, (6)

The electrostatic contribution, Y, is obtained
from the Born equation that defines the relation-
ship between the standard molar Gibbs energy of
solvation of a species, AGS, and the dielectric
constant of the medium, e. This relationship is
given by the equation:

AGS = w((1/e) — 1) )

where o is an effective Born coefficient that is
specific to the species of interest. The value of ®
for a species is often obtained empirically from
correlations of w with the standard molar entropy
of various neutral and charged aqueous species
[17,20]. The electrostatic contribution to the par-
tial molar volume at infinite dilution is obtained
by differentiating Eq. (7) with respect to pressure
at constant temperature:

V)= —00+((1/8) = 1)(w/dp)r (8)

where the quantity —(Q is the derivative of the
reciprocal of the dielectric constant of the medium
with respect to pressure, at constant temperature.
The form of the electrostatic contribution to the
partial molar heat capacity at infinite dilution is
somewhat more complicated:

y2e=0T0Y/IT), +2TY(d0/IT),
- T(/e—=1(9*w/T?), (9)

In this expression, the Born function —Y is the
derivative of the reciprocal of the dielectric con-
stant of the medium with respect to temperature,
at constant pressure. For neutral organic species,
the somewhat abstruse forms of Egs. (8) and (9)
are overcome by setting the derivatives of w with
respect to temperature and pressure equal to zero
[20].

The structural contributions to the partial molar
volumes and heat capacities at infinite dilution
are represented by the following empirical equa-
tions:

VztfS =a, + (a,/(V +p))
+(1/(T—0)a; + (a, /(¥ +p))}  (10)

Cors=c1+ (cz/(T— 6)2)

- {ZT/(T— 9)3}[a3(p -p.)
+a,In{(¥ +p) /(¥ +p)}] a1

In Egs. (10) and (11), a,, a,, as, a,, ¢, and ¢, are
solute-dependent coefficients and 6 and V¥ are
solvent-dependent parameters which, for water,
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are assigned values of 6 =228 K and ¥ = 2600
bar [17]. The term p, defines a reference pressure
that is set equal to 1 bar. Eq. (10) is often
presented in a simplified form as:

Vi, =0+ (&/(T—6)) (12)
Similarly, at p =p,, which is the focus in this
study, Eq. (11) reduces to:

Coa=c + (co/(T—0)) (13)
The final expressions for the partial molar volume
and heat capacity for a solute at infinite dilution
are then obtained by combining the relevant
equations given above to obtain:

VY=o + (£/(T-0) — 00 (14)
and
Cor=ci+ (c/(T=0)°) + 0TX (15)

In Eq. (15), the symbol X represents the quantity
€)% aT)p. Values for the various equation-of-
state parameters a; and c; are generally obtained
[18] from regression analyses using partial molar
volume, compressibility and heat capacity data
taken from the literature. If C;, data as a func-
tion of temperature are unavailable, then the c,
and ¢, coefficients are evaluated using group
additivity methods [14,18].

In the specific model proposed by Amend and
Helgeson [14], regression analyses of literature
data for the peptides (gly),,, m = 3-5, were used
to obtain the coefficients of Eqs. (14) and (15).
Equation-of-state parameters for the glycyl group
were then obtained from correlations of the co-
efficients with the number of glycyl groups. The
coefficients for all the amino acid side-chains
were calculated from those of the parent zwitteri-
onic amino acids, reported in earlier work [18], by
subtraction of the corresponding coefficients for a
group defined as the amino acid backbone (AAB),
which has the structure CHNH,COOH. The co-
efficients for AAB were in turn derived from

analyses of the partial molar properties of the
AAB group obtained using the equation [18]:

Y, (AAB) =Y, (serine) — Y, (CH,OH) (16)

where Y, (serine) and Y,(CH,OH) are the par-
tial molar properties of the species in parenthe-
ses. Equation-of-state parameters for the peptide
backbone group (PB), CHCONH, were obtained
using literature heat capacity [21] and volumetric
data [22] for four unfolded proteins. Firstly, the
partial molar heat capacities and volumes of PB
were calculated from the experimental protein
data using group additivity methods. The con-
tributions of the various protein constituent
groups were calculated using Egs. (14) and (15)
and generated coefficients [14]. Having obtained
the group partial molar properties for PB, the
various coefficients were then obtained by regres-
sion analyses [14].

4. Glycyl group contributions

A perusal of the literature results for the heat
capacity of the glycyl group at 25°C reported
previously [16] indicated considerable disparity
amongst the various estimates. Furthermore, in
the only study to determine the temperature de-
pendence of C};’(CHZCONH) [8], data were avail-
able at only five temperatures in the range
5-100°C. As a result of this survey, we carried out
a careful and detailed study [16] to determine
reliable values of the partial molar volumes and
heat capacities of the glycyl group over a wide
temperature range. Amend and Helgeson [16]
chose not to use the results obtained in our study
and instead, repeated analyses of literature data
that had essentially been carried out previously
[8]. In view of this oversight, a careful examina-
tion of the results reported by Amend and
Helgeson is pertinent.

The most reliable of the earlier determinations
of C;(CH,CONH) were obtained using C;, data
for the oligoglycines, (gly),,, m =1-5. Plots of
C,, against the number of glycyl groups are linear
in the range m = 3-5, so estimates of
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C,(CH,CONH) are obtained from the slopes of
these plots. The main difficulty with this proce-
dure is that the oligoglycines tetra- and pen-
taglycine are only sparingly soluble in pure water.
This means that the C;, values obtained for
these compounds have large uncertainties, which
in turn leads to a high uncertainty in the estimate
for C)(CH,CONH). To overcome these difficul-
ties, we used an alternative series of peptides,
ala(gly),, n =2-4, the higher members of which
are more soluble in water than the corresponding
oligoglycines. Values for C;(CH,CONH) were
also estimated [16] using C,, data for the two
neutral amino acid and peptide derivatives N-
acetylglycinamide (CH,;CONHCH,CONH,,
AcglyNH,) and N-acetylglycylgylcinamide
(CH;CONHCH,CONHCH,CONH,, Acglyg-
lyNH,). The difference between the Cp, values
for these two compounds is simply
C,(CH,CONH). Plots of C(CH,CONH) against
temperature for these two sets of model com-
pounds are shown in Fig. 1. The agreement
between the temperature dependence of
C,(CH,CONH) derived using the two sets of
model compounds is within the combined esti-
mated uncertainties. Over the temperature range
used, C;(CH,CONH) increases with increasing
temperature. In contrast, the results calculated
using the ¢,, ¢, and » parameters reported by
Amend and Helgeson [14] have a significantly
different temperature dependence, as shown in
Fig. 1. With increasing temperature, the values of
C,(CH,CONH) initially decrease and become
approximately constant in the range 80-100°C.
Included in Fig. 1 are the results reported by
Makhatadze and Privalov, which were obtained
using Cy, data for the (gly),, series of peptides
[8]. It is interesting to note the different tempera-
ture profile for these results, given that these
same C7, data were part of the data set used by
Amend and Helgeson [14] in regression analyses
to generate their ¢, and ¢, coefficients for the
glycyl group.

In our earlier paper [16], the partial molar
volumes of the glycyl group, IV°(CH,CONH), over
the temperature range 10-80°C were derived from
Iy data for the ala(gly), peptides and for the
compounds AcglyNH, and AcglyglyNH,. As the
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Fig. 1. Temperature dependence of the partial molar heat
capacity of the glycyl group: — derived from Cp, data for the
ala(gly), peptides [16]; — — — derived from Cp, data for
AcglyNH, and AcglyglyNH, [16]; O data from [8]; and
————— calculated using Eq. (15) and the parameters from

solution densities were measured using a differ-
ential scanning densimetric method (DSD) [23],
the uncertainties for the V°(CH,CONH) values
are high. The results obtained, along with the
uncertainties, are shown in Fig. 2. In a recent
study [24], more precise partial molar volume
data have been determined for the peptides
ala(gly),, n =2-4, at the four temperatures 18,
25, 30 and 40°C. The V°(CH,CONH) values de-
rived from these results are also given in Fig. 2.
The agreement among the sets of 1V°(CH,CONH)
results is within the estimated uncertainties.

As shown in Fig. 2, the temperature depen-
dence of the V°(CH,CONH) results reported by
Amend and Helgeson [14] is opposite in sign to
that derived in our own work. This trend is simi-
lar to that which we derived earlier [16] using V2O
data for the (gly),, peptides reported by
Makhatadze et al. [22]. It should be noted, how-
ever, that if the 1)) values for the (gly),, peptides
determined by Chalikian and co-workers [25] had
been used in the regression analyses carried out
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Fig. 2. Temperature dependence of the partial molar volume
of the glycyl group. — derived from V) data for the ala(gly),
peptides [16]; @ from V7, data for the ala(gly), peptides [24];
— — — derived from V) data for AcglyNH, and Acglyg-
IyNH, [16]; and — - — - — calculated using Eq. (14) and the
parameters from [14].

by Amend and Helgeson, then the temperature
dependence of V°(CH,CONH) would have been
large and positive [16]. The disparity among the
results that can be derived from V) data for the
(gly),, peptides is an illustration of how difficult it
is to obtain reliable results for compounds which
are sparingly soluble and also slow to dissolve.
For this reason, the earlier recommendation [16]
that the partial molar heat capacities and volumes
of the glycyl group derived from thermodynamic
data for the ala(gly), series of peptides better
represent the glycyl group contributions in a poly-
peptide is still valid.

5. Partial molar heat capacities of oligopeptides

In the paper by Amend and Helgeson [14], a
summary is given of the parameters for the equa-
tions of state for all the amino acid side-chains,
the peptide backbone unit (PB), and the unit
referred to as the amino acid backbone (AAB).
This latter group was used by Amend and

Helgeson to model the ionic end-groups of a
protein. In principle, these parameters can be
used to generate the heat capacity contributions
for all of the constituent groups of any fully
unfolded polypeptide. Although Amend and
Helgeson have used their additivity scheme to
evaluate only the thermodynamic properties of
some unfolded thermophilic proteins, if their
scheme has any general predictive utility, then it
should also be applicable to small polypeptides.
After all, these smaller molecules have exactly
the same types of functional groups exposed to
the solvent as for any completely unfolded pro-
tein. It is of interest therefore, to see how well
these equation-of-state parameters can predict
the partial molar heat capacities of some small
oligopeptides.

In recent work [26], we synthesized some tetra-
and pentapeptides which have different combina-
tions of neutral side-chains. The partial molar
heat capacities of these peptides have been de-
termined experimentally over the temperature
range 10-100°C [15]. The specific purpose of this
work was to test the applicability of our peptide-
based group additivity model. The Amend and
Helgeson group additivity model can also be
tested using these compounds.

A comparison is given in Fig. 3 of the partial
molar heat capacities of tetraglycine obtained ex-
perimentally by DSC [9] with those calculated
using both the peptide-based group additivity
scheme [9] and that proposed by Amend and
Helgeson [14]. The latter calculation of Cg,z(calc)
was carried out using the equation:

Cg’z(calc) = Cg(AAB) + C[‘)’(—Gly-)
+2CJ(PB) + 3Ry, 17

where, in the nomenclature used by Amend and
Helgeson [14], C)(AAB) is the heat capacity of
the end-groups, C(-Gly-) is the glycyl-group heat
capacity, C;(PB) is the heat capacity of the pep-
tide backbone group, and Ry, is the heat capac-
ity of the side-chain for glycine, which is just the
H atom. The temperature dependence of the
partial molar heat capacity at a pressure of 1 bar
for each of the terms in Eq. (17) was calculated
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Fig. 3. Temperature dependence of the partial molar heat
capacities of tetra- and pentaglycine. Cp, data for te-
traglycine: — from [9]; @ from [27]; O from [16]; and V from
[8]. Cp, data for pentaglycine: #from [27]; and A from [8].
Calculated partial molar heat capacities: — — — using pep-
tide-based group additivity [9], — - — - — using HKF group
additivity, Eq. (17); and ...... using Eq. (15) and parameters
from [14].

using the equation-of-state parameters given by
Amend and Helgeson [14]. For the peptide-based
model, the heat capacity of tetraglycine is calcu-
lated by adding the heat capacity of the glycyl
group [16] to the experimental data for triglycine
[10]. This is, in effect, exactly the same as using
Egs. (1)-(4), as outlined in Section 2.

As shown in Fig. 3, the agreement between the
experimental data (represented by the full line)
and that calculated using peptide-based group
additivity (the dashed line) is excellent over the
complete temperature range. For the purposes of
comparison, other C7, data for tetraglycine taken
from the literature [8,16,27] are also included in
Fig. 3. At 25°C, all the literature data are concor-
dant, but at higher temperatures the results of
Makhatadze and Privalov [8] differ from those we
obtained [9]. It is clear from Fig. 3 that the
C,,(calc)—temperature curve (the dash—dot line)

predicted using the Amend and Helgeson group
additivity model gives an extremely poor repre-
sentation of the experimental DSC data. The
curve for tetraglycine (the dotted line) derived
using the c;, ¢, and w parameters reported for
tetraglycine [14] follows closely the C;, data de-
termined by Makhatadze and Prlvalov [8] which
is to be expected, as these results were actually
used to generate the coefficients. It would appear
that some of the coefficients reported for the
various constituent groups used in Eq. (6) give a
very poor representation of these groups in a
small peptide such as tetraglycine.

The only €7, data for pentaglycine determined
over a temperature range that have been re-
ported in the literature are those given by
Makhatadze and Privalov [8]. As shown in Fig. 3,
there is excellent agreement between the experi-
mental data at 25°C [8,27] and those predicted
using peptide-based group additivity, but at higher
temperatures the experimental data are lower
that those predicted. Again, the heat capa-

1100 L b
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e | T
¥4
— 900 r
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>
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Fig. 4. Temperature dependence of the partial molar heat
capacity of glyphevalglygly and glyglyleuglygly: — experimen-
tal Cp, data [15]; — — — calculated using peptide-based
group additivity [9]; and — - —- — calculated using HKF
group additivity [14].
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city—temperature curve predicted using the
Amend and Helgeson parameters for the various
constituent groups of pentaglycine does not re-
semble the experimental data.

Fig. 4 displays the partial molar heat capacities
for the two peptides glyglyleuglygly and glypheval-
glygly. The experimental data were obtained over
the temperature range 10—-100°C using DSC [15].
The predicted C;,(T) curves obtained using the
peptide-based additivity model that are also in-
cluded in Fig. 4 are in excellent agreement with
the experimental results. In contrast, the results
calculated using the Amend and Helgeson [14]
group parameters have temperature dependences
that are the inverse of those observed experimen-
tally.

In Fig. 5, the experimental partial molar heat
capacities at infinite dilution are shown for a
tetrapeptide with two hydrophilic side-chains and
for a pentapeptide with one hydrophilic side-chain
adjacent to a hydrophobic side-chain. For each
peptide, there is excellent agreement over the
entire temperature range studied between the
experimental Cp, data and those calculated using
the peptide-based group additivity scheme. For
these particular peptides, the Amend and
Helgeson additivity scheme predicts a tempera-
ture dependence which has the same shape as
that observed experimentally. For glyserthrgly, the
quantitative agreement with the experimental re-
sults is quite reasonable across the temperature
range from 10 to approximately 60°C.

6. Partial molar volumes of oligopeptides

The equation-of-state parameters for the vari-
ous constituent groups of a polypeptide given by
Amend and Helgeson [14] can be used to calcu-
late the partial molar volumes of some tetra- and
pentapeptides for which experimental data are
available over the temperature range 10-90°C
[26]. The experimental V' results for three of
these peptides obtained using solution densities
measured by DSD, and also using more precise
densities determined isothermally at 25°C, are
displayed in Fig. 6. For the peptides glyglyleug-
lygly and glyasnalagly, the agreement between the
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Fig. 5. Temperature dependence of the partial molar heat
capacity of glyserthrgly and glyglyseralagly: — experimental
Cp, data [15, — — — calculated using peptide-based group
additivity [9]; and — - — - — calculated using HKF group
additivity [14].

experimental results and those calculated using
peptide-based group additivity [13], viz.:

1 (cale) = V,)((gly)s) + XV °(CH,CONH)
+YV%R) (18)

is excellent over the complete temperature range
studied. Although for glyphealagly there is some
deviation between the experimental and pre-
dicted curves at high temperature, the agreement
is within the combined estimated uncertainties
from 10 to a temperature of approximately 80°C.

It is clear from Fig. 6 that the V,)(calc) results
predicted using the Amend and Helgeson additiv-
ity scheme are in poor agreement with the experi-
mental results, especially for the pentapeptide.
For glyglyleuglygly, the differences between the
experimental 1, results and V) (calc) are as large
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Fig. 6. Temperature dependence of the partial molar volume
of the peptides glyglyleuglygly, glyphealagly, and glyasnalagly:
— experimental 7y data [26]; — — — calculated using
peptide-based group additivity [13]; and — - — - — calculated
using HKF group additivity [14].

as 14 cm® mol ' at low temperature. The
V) (calc)-temperature curve for the peptide
glyasnalagly has approximately the same shape as
that obtained by experiment, but is displaced to
higher volumes by approximately 4—6 cm® mol ™!

In earlier work [26], the partial molar volumes
at infinite dilution were determined at 25°C for
nine peptides which have either one or two side-
chains. The differences between the experimental
results and those calculated using Eq. (18) were
in the range 0.5-1.3 cm® mol™! (0.2-0.6% of
). In contrast, the V) (calc) values for the same

peptides calculated using the Amend and
Helgeson group additivity scheme [14] differ from
the experimental values by 5-14 cm® mol ™!, i.e.
10-fold larger than those obtained using the pep-
tide-based group additivity scheme.

7. Concluding remarks

There are several factors that contribute to the
poor predictive utility of the Amend and Helgeson
additivity scheme [14]. Any model that utilizes
semi-empirical equations-of-state that are gener-
ated using thermodynamic data from the litera-
ture is only as reliable as the input data sets used
in its construction. In the model proposed by
Amend and Helgeson, some rather unreliable data
have been utilized, for example those used to
generate the parameters for the glycyl group, as
discussed in Section 4. Moreover, more reliable ¢,
and ¢, equation-of-state parameters would have
been attained by using new C;, data for almost
all of the amino acid acids over the temperature
range 15-55°C that have been reported in several
recent papers [28-32].

It is clear from the results presented above in
Sections 4-6, that if reliable predictions of the
partial molar heat capacities and volumes of un-
folded polypeptides in aqueous solution are re-
quired, then it would be ill-advised to use the
current equation-of-state parameters for the vari-
ous constituent groups of proteins reported by
Amend and Helgeson [14]. On the other hand,
the results presented in Sections 5 and 6, and
elsewhere [15,26], show that the peptide-based
additivity model predicts the partial molar heat
capacities and volumes of polypeptides rather
successfully, at least for the side-chain types that
have been tested to date.
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