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Abstract

Ž .The partial molar heat capacities have been determined for the series of peptides alanyl glycyl glycine, xs1]3,x
and for the compounds N-acetylglycinamide and N-acetylglycylglycinamide in aqueous solution over the temperature
range 10]1008C using high sensitivity scanning microcalorimetry. The partial molar volumes for these compounds
have also been determined over the temperature range from 10 to 908C using a scanning densimetric method. The
results were used to derive the partial molar heat capacities and volumes of the glycyl group at temperatures in the
range 10]1008C. The results obtained are critically compared with literature results derived using heat capacity and
volume data for some oligoglycines. Q 1998 Elsevier Science B.V. All rights reserved.
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1. Introduction

The partial molar heat capacities of the native
and denatured states of proteins as functions of
temperature are thermodynamic properties that
are important in the quantitative determination
of the stabilities of proteins in aqueous solution
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251 8329163; e-mail: hinz@uni-muenster.de
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w x1 . The heat capacity of the native state can be
determined experimentally using high sensitivity

Ž . w xdifferential scanning calorimetry DSC 1]3 .
However, for many proteins the denatured or
unfolded state does still possess some residual
folded structure so in these cases the random coil
state, which is used as the ideal reference state in
discussions of the thermodynamic stability of pro-

w xteins, is not experimentally accessible 1 . It is
useful, therefore, to have a means of obtaining
the heat capacity of the random coil form of a
protein by some indirect method. One approach
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has been to use a group additivity scheme in
which it is assumed that the partial molar heat
capacity of the fully unfolded form of a protein is
given by a simple summation of the partial molar

w xheat capacities of the constituent groups 4,5 .
These group contributions are obtained using heat
capacity data for small solutes chosen to model
the various constituent groups of a protein.

The partial molar heat capacity at 258C of the
Ž .backbone glycyl unit of a protein, C CH CONH ,p 2

w xhas been evaluated in several studies 4,6]9 us-
ing heat capacity data for a variety of model
compounds. However, as indicated in the brief
survey that follows, the results obtained in these
studies are far from concordant. Jolicoeur and

w xBoileau 6 derived a value for the heat capacity
of the glycyl group using heat capacity data for
the series of oligoglycines glycine to pentaglycine.
For the three peptides tri-, tetra- and pen-
taglycine, the incremental contribution to the heat
capacity reached a constant value leading to a
glycyl unit contribution of 98"5 J Ky1 moly1.
From an analysis of the partial molar heat capaci-
ties of some neutral cyclic compounds in aqueous

w xsolution at 258C, Cabani et al. 7 reported a value
Ž . y1 y1for C CH CONH of 75.3 J K mol . A groupp 2

contribution analysis of the partial molar heat
capacities of several simple amides and some
N-acetyl amino acid and peptide amides in aque-
ous solution at 258C gave a value for

Ž . y1 y1 w xC CH CONH of 77 J K mol 8 . The threep 2
peptides tri-, tetra- and pentaglycine were also

w xused by Makhatadze and Privalov 4 to obtain
values of the heat capacity of the glycyl group
over the temperature range 5]1258C. The

Ž .C CH CONH value at 258C reported byp 2
Makhatadze and Privalov is 93.2"6.2 J Ky1

moly1. The partial molar heat capacity of the
glycyl group has also been estimated using heat

w xcapacity data for amino acids and dipeptides 9 .
However, because of the influence of the charged
amino and carboxyl groups in these molecules
w x8,10,11 , the result obtained is not a reliable
estimate of the heat capacity of a glycyl unit in
unfolded polyglycines.

The disparity among these estimates of the
heat capacity of the glycyl group at 258C is of
some concern because of the significant contribu-

tion that this group makes to the total heat capac-
ity of an unfolded protein. Moreover, in the one

w xstudy 4 to determine the temperature depen-
Ž .dence of C CH CONH , data are available atp 2

only five temperatures in the range 5]1008C. Al-
Ž .though the method to determine C CH CONHp 2

using the oligoglycines as model compounds is
sound in principle, there are some practical dif-
ficulties. The higher members of the series, e.g.
tetra-, penta- and hexaglycine, are not very solu-
ble in water which means the uncertainties in the
partial molar heat capacities of these compounds
are large. This in turn leads to a high uncertainty

Ž .in the estimated value of C CH CONH . Thesep 2
difficulties can be overcome by using an alterna-
tive homologous series in which the peptides are
more soluble in water than the corresponding
members of the oligoglycines. In the homologous

Ž .peptide series of sequence alanyl glycyl glycine,x
xs1]3, the tetra- and pentapeptides are signifi-
cantly more soluble in water than tetra- and pen-
taglycine. This paper reports the partial molar
heat capacities of the three peptides alanylglycyl-

Ž Ž . .glycine ala gly alanylglycylglycylglycine2
Ž Ž . .ala gly and alanylglycylglycylglycylglycine3
Ž Ž . .ala gly in aqueous solution determined at 258C4
using flow microcalorimetry and over the temper-
ature range 10]1008C using high sensitivity scan-

Ž .ning microcalorimetry DSC .
An estimate of the partial molar heat capacity

of the glycyl group can also be obtained from the
difference between the partial molar heat capaci-
ties of the two neutral amino acid and peptide

Žderivatives N-acetylglycinamide CH CONHCH3 2
.CONH , AcglyNH and N-acetylglycylglycin-2 2

Žamide CH CONHCH CONHCH CONH ,3 2 2 2
.AcglyglyNH . The partial molar heat capacities2

of these neutral solutes have also been de-
termined over the temperature range 10]1008C.

The determination of partial molar heat capac-
ities by DSC requires that the solution densities
are known over the temperature range of interest.
These densities, which were determined using

Ž .differential scanning densimetry DSD , have been
used to calculate the partial molar volumes of the
oligoglycines and the two acetyl amides over the
temperature range 10]908C. These results were
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used to derive the partial molar volume of the
glycyl group over the temperature range 10]908C.

In addition to the studies of these new model
compounds, we have, for the purposes of compar-
ison, determined the partial molar volumes of
tetra- and pentaglycine and the partial molar heat
capacity of tetraglycine at the single temperature
of 258C.

2. Materials and methods

The sample of DL-alanylglycylglycine dihydrate
used was from a batch of material prepared for

w xearlier studies 12,13 . Details of the purification
and analysis of the peptide have been reported

w xelsewhere 13 . Samples of the two peptides
Ž . Ž . Ž .ala gly and ala gly Bachem Feinchemikalien3 4

were recrystallized from water q ethanol and
dried under vacuum at room temperature. Alkali-

w xmetric titrimetry 14,15 and elemental analyses
indicated that both compounds were anhydrous
and of high purity. The AcglyNH and Acglyg-2
lyNH used were samples remaining from a previ-2

w x Ž .ous study 8 . Pentaglycine Sigma was used with-
out further purification. The sample was dried
under vacuum at room temperature for 30 h and
stored in a desiccator. Analysis by alkalimetric
titration gave a relative molar mass of 302.3"2.4
which is in good agreement with that expected for

Ž .an anhydrous compound 303.28 . Elemental
analyses were not in agreement with those ex-
pected for an anhydrous compound. Found: C,
38.7%; H, 6.4%; N, 21.4%; cf. calculated for
C H O N : C, 39.6%; H, 5.7%; N, 23.1%. These10 17 6 5
results suggest that, at the time of the analysis,
the material was a hemi-hydrate. However, as the
solid sample was routinely vacuum dried before
the preparation of any solutions, the molar mass
used for the calculation of solution molalities was
that of the anhydrous compound. Attempts were
made to purify samples of pentaglycine, obtained
from both Sigma and Bachem Feinchemikalien,
by recrystallization from waterqethanol. How-
ever, the material produced was, rather surpris-
ingly, very insoluble in water and so could not be
used in this work.

Ž .The tetraglycine Bachem Feinchemikalien
used was recrystallized from waterqethanol and

dried under vacuum for 2 days at room tempera-
ture. The product was chromatographically pure
as determined by TLC. Elemental analyses gave:
C, 39.0%; H, 5.5%; N, 22.6%; cf. calculated for
C H O N : C, 39.0%; H, 5.7%; N, 22.8%.8 14 5 4

The water used to prepare solutions and as the
reference solvent was deionized, twice glass-dis-
tilled and thoroughly degassed immediately prior
to use. All solutions were prepared by mass. TLC
measurements were used to check for possible
hydrolysis products in the peptide solutions fol-
lowing the experimental measurements at high
temperatures.

Heat capacity and density measurements at
258C were made at Massey University using a
Picker differential flow microcalorimeter and an

ŽAnton Paar digital density meter model DMA
.60r602 , respectively. Details of the apparatus

and procedures used have been described in pre-
w xvious work 11,13 . For tetraglycine, some of the

solution density measurements were made by one
Ž .of us GRH at the University of Bergen using an

Anton Paar digital density meter, details of which
w xhave been described previously 16 .

Heat capacity measurements over the tempera-
ture range 10]1008C were carried out at
Westfalische Wilhelms-Universitat Munster using¨ ¨ ¨
a DASM-1M DSC. The procedures used have

w xbeen described elsewhere 17,18 . Densities of
solutions over the temperature range 10]908C
were measured using a differential scanning den-

Ž .simetric system DSD comprising of two matched
Anton Paar DMA 602 HT cells coupled to a
DMA 60 measuring unit. Details of the apparatus
and operational procedures used have been de-

w xscribed previously 17]19 .

3. Results

Densities of aqueous solutions of N-acetylgly-
cinamide and the oligoglycines determined at 258C
are given in Tables 1 and 2. These data were used
to calculate the apparent molar volumes of the
solutes, V , using the equationf

Ž . Ž .V sM rry ryr rmrr 1f 2 0 0

where M is the solute molar mass, m is the2
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solution molality and r and r are, respectively,0
the densities of the solution and pure solvent
Ž y3 w x.0.997047 g cm at 258C 20 . For each of the

Ž . Ž .solutes AcglyNH , ala gly and ala gly , the ap-2 3 4
parent molar volume was found to be a linear
function of molality over the range studied. The
partial molar volume of each solute at infinite
dilution, V 0, was obtained from a weighted least-2
squares analysis of the V data using the equationf

0 Ž .V sV qS m 2f 2 V

where S is the experimental slope. The weight-V
ing factors for the V data were calculated usingf

w xthe procedures outlined earlier 13 with the un-
certainty in an experimental density measurement
taken as 3=10y6 g cmy3. Values of V 0 and S2 V
together with their standard deviations are given

Ž . Ž .in Table 3. For gly and gly the molality range4 5
available for study is restricted to below approx.
0.012 mol kgy1 and 0.0033 mol kgy1, respectively,
because of the low solubility of these compounds
in pure water. At these low molalities the uncer-
tainties in the V values conceal any concentra-f

0 Ž .tion dependence of V . The V values for glyf 2 4
Ž .and gly given in Table 3 are actually the mean5

values of the V data over the molality rangef

studied.
Specific heat capacities, c , of solutions of thep

Ž . Ž .peptides tetraglycine, ala gly and ala gly de-3 4
termined using the Picker calorimeter were con-

verted to the apparent molar heat capacities of
the peptides, C , using the equationp,f

0 Ž .C sM c q c yc rm 3Ž .p ,f 2 p p p

where c0 is the specific heat capacity of waterp
Ž y1 y1 . w x4.1793 J K mol at 258C 21 and the re-

Ž .maining symbols are as defined for Eq. 1 . The
C results with their experimental uncertainties,p,f

w xdetermined as described in previous work 13 ,
are given in Table 2. For tetraglycine, specific
heat capacity measurements were made on some
solutions for which the density was not measured.
The densities of these solutions, which are re-
quired to convert volumetric heat capacities into
specific heat capacities, were calculated using a
power series in solution molality of the form

2 Ž .rsr qa mqa m 40 1 2

where a and a are coefficients determined by1 2
least-squares fitting to the density data given in

Ž y3 2 y3Table 2 10 a s 0.0981" 0.0002 g cm1
y1 y6 3 y3 y2 .mol , 10 a s y0.078"0.02 g cm mol .2

Ž .The C data for the peptide ala gly werep,f 3
analysed by weighted least-squares using the
equation

0 Ž .C sC qS m 5p ,f p ,2 c

where C 0 is the partial molar heat capacity ofp,2
the solute at infinite dilution and S is the experi-c
mental slope. Values of C 0 and S , along withp,2 c

Table 1
Densities of aqueous solutions of N-acetylglycinamide and pentaglycine at 258C

-1 y3 y1 y3 y1 y3mrmol kg rrg cm mrmol kg rrg cm mrmol kg rrg cm

( )N-Acetylglycinamide AcglyNH2
0.24951 1.003227 0.12033 1.000057 0.05033 0.998317
0.19924 1.002004 0.09931 0.999534 0.03898 0.998029
0.16006 1.001043 0.08019 0.999064 0.02501 0.997678
0.13970 1.000539 0.06172 0.998603

(( ) )Pentaglycine gly 5
0.003303 0.997433 0.002842 0.997378 0.002341 0.997321
0.003178 0.997421 0.002640 0.997354 0.002295 0.997314
0.003094 0.997409 0.002501 0.997338 0.002241 0.997307
0.002997 0.997397
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Table 2
Ž . Ž .Densities and apparent molar heat capacities of aqueous solutions of tetraglycine, ala gly and ala gly at 258C3 4

-1 y3 y1 y1 y1 y3 y1 y1mrmol kg rrg cm C rJ K mol mrmol kg rrg cm C rJ K molp,f p,f

(( ) )Tetraglycine gly 4
aŽ .0.012191 ] 276.2 9.1 0.010118 0.998031 ]

Ž . Ž .0.012068 ] 277.7 11.6 0.010062 0.998027 265.7 12.0
Ž . Ž .0.012049 0.998216 266.6 12.5 0.009937 0.998015 275.7 11.1

Ž .0.011890 0.998202 ] 0.009600 0.997983 268.9 8.4
Ž .0.011785 ] 266.2 9.4 0.009368 0.997959 ]
Ž .0.011486 0.998161 264.5 9.6 0.009366 0.997958 ]

Ž .0.011485 0.998162 ] 0.009301 0.997952 272.5 8.6
Ž . Ž .0.011466 ] 271.0 9.6 0.008996 0.997923 271.8 20.0
Ž . Ž .0.011295 ] 268.5 9.8 0.008798 ] 279.7 9.1
Ž .0.011211 0.998137 274.1 11.6 0.008399 0.997865 ]
Ž .0.010966 0.998114 274.1 16.5 0.008120 0.997840 ]
Ž .0.010840 ] 269.7 9.2 0.007778 0.997802 ]
Ž .0.010529 ] 264.5 8.6 0.007223 0.997751 ]
Ž .0.010435 0.998060 275.2 10.6 0.007189 0.997748 ]

0.010297 0.998051 ] 0.006579 0.997687 ]

( ( ) )Alanylglycylglycylglycine ala gly 3
Ž . Ž .0.05785 1.002392 379.0 3.9 0.03481 1.000287 375.7 4.1
Ž . Ž .0.05493 1.002126 374.9 4.1 0.03249 1.000067 372.2 4.3
Ž . Ž .0.05162 1.001826 374.2 4.1 0.02979 0.999821 376.3 4.4
Ž . Ž .0.04941 ] 372.5 4.1 0.02496 0.999375 378.8 5.2
Ž . Ž .0.04578 1.001293 376.1 3.5 0.02249 0.999144 369.8 5.4
Ž . Ž .0.04154 1.000905 375.4 4.6 0.01797 0.998725 372.1 6.7
Ž .0.03712 1.000492 374.2 3.8 0.01479 0.998428 ]

( ( ) )Alanylglycylglycylglycylglycine ala gly 4
Ž . Ž .0.04114 1.001720 455.1 5.2 0.02752 1.000184 455.2 7.0
Ž . Ž .0.03757 1.001317 453.7 7.0 0.02455 0.999850 453.0 5.3
Ž . Ž .0.03495 1.001024 456.8 5.8 0.02197 0.999555 456.6 11.0
Ž . Ž .0.03242 1.000735 452.9 6.2 0.01805 0.999111 458.0 7.2
Ž . Ž .0.03032 1.000502 459.3 6.7 0.01504 0.998770 456.3 12.7

a The estimated uncertainties are in parentheses.

their standard deviations are given in Table 3. For
Ž .ala gly the value of S obtained in a least-squares4 c

Ž . y1analysis using Eq. 5 was y23"126 J kg K
moly2 , which is not statistically different from
zero. The value of C 0 for this compound wasp,2
taken as the mean of the C data. A molalityp,f
dependence of C for tetraglycine was unablep,f
to be detected for the reason outlined above for
V . The C 0 value given in Table 3 is actually thef p,2
mean value of all the C data.p,f

The partial molar heat capacity of AcglyNH at2
w x258C was determined in previous work 8 . The

experimental heat capacities have been reanal-
ysed using the new density data obtained in this

study to give the C 0 and S values shown inp,2 c
Table 3. The C 0 value is slightly larger than thatp,2

Ž y1obtained in the earlier work 238.4"0.5 J K
y1 w x.mol 8 .

Density data determined over the temperature
range 10]908C by DSD were analysed using Eq.
Ž .1 to obtain the apparent molar volumes. For
each solute, density-temperature scans were car-
ried out on a minimum of four solutions with
molalities spanning the narrow range shown in
Table 4. As density measurements made using the
DSD method are not as precise as those de-
termined isothermally, the concentration depen-
dence of V for a solute cannot always be de-f
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Table 3
Partial molar volumes and heat capacities of the peptides in aqueous solution at 258C

0 3 y1 3 y2 0 y1 y1 y1 y2Peptide V rcm mol S rcm kg mol C rJ K mol S rJ kg K mol2 v p,2 c

a,b a a aŽ . Ž . Ž . Ž . Ž .ala gly 130.16 0.01 2.29 0.08 286.2 0.4 32 32
c dŽ . Ž .129.6 0.5 281 4

Ž . Ž . Ž . Ž . Ž .ala gly 166.62 0.06 9.6 1.4 372.1 2.5 69 583
c dŽ . Ž .166.3 0.5 371 4

gŽ . Ž . Ž . Ž .ala gly 202.59 0.08 11.6 2.3 455.7 2.14
c dŽ . Ž .202.2 0.5 455 5

a a a aŽ . Ž . Ž . Ž . Ž .gly 111.92 0.03 3.6 0.2 188.3 0.7 52 63
g gŽ . Ž . Ž .gly 149.0 0.2 271 54
gŽ . Ž .gly 186.7 0.55

e eŽ . Ž . Ž . Ž .AcglyNH 91.02 0.02 y0.14 0.09 240.6 0.6 2.8 2.62
c dŽ . Ž .91.2 0.5 249 3

f f f fŽ . Ž . Ž . Ž .AcglyglyNH 127.37 0.05 y0.54 0.08 322.1 0.8 17 42
c dŽ . Ž .127.0 0.5 331 4

a w xFrom 13 .
bStandard deviations are in parantheses.
c Ž .Calculated using Eq. 6 and the polynomial coefficients given in Table 4.
d Ž .Calculated using Eq. 8 and the polynomial coefficients given in Table 5.
eObtained from a reanalysis of earlier heat capacity data. See text.
f w xFrom 8 .
g See text.

tected. For the solutes in this study no concentra-
tion dependence of V was discernable over thef

molality ranges chosen. The temperature depen-
dence of V for each solute was obtained byf

fitting all the V data to a power series in temper-f

ature, T , of the form

2Ž . Ž . Ž .V sp qp Ty273.15 qp Ty273.15 6f 1 2 3

where p , p and p are the fitted coefficients.1 2 3
Values of the coefficients are given in Table 4.

The uncertainty in V determined using thef

DSD method was estimated to be "0.5 cm3

moly1. For the purposes of comparison, the Vf

Ž .values at 258C calculated using Eq. 6 are given
in Table 3. There is good agreement between the
V values derived from density data measured byf

DSD and those determined isothermally.
The quantity obtained from DSC measure-

Ž .w xments is the difference D T JrK between the
heat capacities of a solution and solvent at any
given temperature T. The apparent molar heat
capacity of each solute at a temperature T ,

Ž . Ž .C T , was calculated from D T using ther,f
w xequation 22

Ž . 0 Ž . Ž . 0 Ž . Ž . Ž .C T sc T V T r¨ T qD T rn 7r ,f r f 2

Table 4
Ž .The coefficients of Eq. 6

3 y1 3 y1 y1 4 3 y1 y2 a y1Solute p rcm mol p rcm mol K 10 p rcm mol K m rmol kg1 2 3

AcglyNH 89.0 0.091 y1.06 0.067]0.1302
AcglyglyNH 124.1 0.121 y1.58 0.040]0.0812

Ž .ala gly 126.1 0.156 y6.98 0.031]0.0572
Ž .ala gly 161.4 0.221 y10.76 0.017]0.0403
Ž .ala gly 197.0 0.232 y10.30 0.019]0.0384

a Molality range used.
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0Ž . 0Ž .where c T and ¨ T are, respectively, the spe-r

cific heat capacity and volume of the solvent at a
Ž .temperature T , V T is the apparent molarf

volume of the solute and n is the number of2
moles of the solute in the calorimeter cell. Values
of the specific volume of water over the tempera-
ture range 10]1008C were calculated using an
equation which expresses the density as a power

w xseries in temperature 20 . The specific heat ca-
pacity of water at a given temperature was calcu-
lated using an equation derived by fitting litera-

w xture heat capacity data 21 to a fourth order
Ž .polynomial in temperature. Values of V T weref

Ž .calculated using Eq. 6 and the coefficients given
in Table 4, with the assumption that these coef-
ficients are applicable over the temperature range
10]1008C.

Ž .Some experimental C T data for the pep-r,f
Ž . Ž .tide ala gly and ala gly are shown in Fig. 1.2 4

Ž .The lower curve for ala gly comprises four suc-2
Žcessive DSC scans for a single solution 0.0572

y1 y3.mol kg , 11.51 mg cm . The figure insert using
an expanded scale illustrates the excellent repro-
ducibility of successive scans. Despite the repro-
ducibility of successive scans, thin y layer chro-
matograms indicated that a small degree of hy-
drolysis had occurred during the DSC measure-
ments. As there was no evidence of hydrolysis
following the DSD scans from 10 to 908C, the
calorimetric data used in the analysis were taken
over this temperature range. For the peptide

Ž .ala gly a single scan is shown for each of four4
solutions over the molality range 0.019]0.038 mol
kgy1. The figure insert shows that a concentration
dependence of C is not discernable.r,f

For each solute, DSC measurements were made
on the same solutions that were used for the Vf

measurements. As no concentration dependence
Ž .of C could be detected, the C T data for allr,f r ,f

solutions were combined and fitted to a poly-
nomial of the form

2Ž . Ž .C saqb Ty273.15 qc Ty273.15r ,f

3Ž . Ž .qd Ty273.15 8

where a, b, c and d are the fitted coefficients. This
cubic function is the lowest order polynomial that

Fig. 1. Temperature dependence of the apparent molar heat
Ž .capacity of two peptides in aqueous solution. For ala gly one4

scan is shown for each of four solutions over the molality
y1 Ž .range ms0.019]0.038 mol kg . For ala gly successive2

scans are shown for one solution of ms0.0572 mol kgy1.

gives a good representation of the apparent molar
heat capacities over the temperature range of
interest. The polynomial coefficients for the vari-
ous solutes are given in Table 5. The uncertain-
ties in the apparent molar heat capacities were
estimated by the application of propagation of

Ž .errors to Eq. 7 but with the assumption that the
uncertainties in the specific volume and heat ca-
pacity of the solvent make a negligible contribu-
tion to the total error in C . Values of C atr,f r ,f
258C along with their estimated uncertainties are

Ž .given in Table 3. For the ala gly peptides then
agreement between the C results obtained byr,f
DSC and those determined by flow mi-
crocalorimetry is excellent. For the acetyl amino
acid and peptide amides, the C values de-r,f
termined by DSC are approx. 3% higher than
those determined using the Picker calorimeter.
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Table 5
Ž .Coefficients from the fitting of experimental heat capacities to Eq. 8

y1 y1 y2 y1 y3 y1 4 y4 y1Solute arJ K mol brJ K mol crJ K mol 10 drJ K mol

AcglyNH 199.3 2.44 y0.0204 0.742
AcglyglyNH 256.0 3.71 y0.0315 1.162

Ž .ala gly 176.4 5.40 y0.0561 2.612
Ž .ala gly 244.9 6.40 y0.0605 2.483
Ž .ala gly 312.5 7.01 y0.0585 2.164

The partial molar volumes of AcglyNH , tetra2
y and pentaglycine at 258C and the partial molar
heat capacity of tetraglycine at 258C are com-
pared with literature data in Table 6. The V 0

2
value for AcglyNH determined in this study is2
slightly higher than the results from two previous

w x 0determinations 23,24 . The V result for pen-2
taglycine is in reasonable agreement with two of
the three literature results. On the other hand,
the V 0 value for tetraglycine determined in this2
study is significantly lower than previous determi-
nations. This result is somewhat surprising as in

w xprevious work 28 to determine the partial molar

compressibilities of some oligoglycines, the densi-
ties of a few tetraglycine solutions were measured
and found to be in reasonable agreement with

w xthose determined by Jolicoeur and Boileau 6 .
Using a sample of tetraglycine, purchased re-
cently from Sigma, gave results identical to those
obtained using the Bachem material. The varia-
tion of the V 0 values determined for tetraglycine2
at 258C perhaps illustrates the difficulty in work-
ing with a peptide that is both slow to dissolve
and of low solubility.

There are fewer determinations of the C 0
r ,2

value for tetraglycine at 258C with which to com-

Table 6
0 0 0A comparison with literature data at 258C of the V and C results for tetraglycine and of the V results for pentaglycine and2 p,2 2

acetylglycinamide in aqueous solution

0 3 y1 0 y1 y1Solute V r cm mol C r J K mol2 p,2

a,b cŽ . Ž .AcglyNH 91.02 0.02 90.56 0.052
dŽ .90.84 0.01

a e a gŽ . Ž . Ž . Ž .Tetraglycine 149.0 0.2 149.6 0.5 271 5 283 2
f jŽ . Ž .149.6 0.1 265 6
gŽ .149.7 0.1
hŽ .150.0 0.4
iŽ .151.1 1.0

a eŽ . Ž .Pentaglycine 186.7 0.5 186.9 0.8
gŽ .187.1 0.2
iŽ .189.5 1.4

a This work.
bStandard deviations are in parentheses.
c w xFrom Ref. 23 .
d w xFrom Ref. 24 .
e w xFrom Ref. 10 .
f w xFrom Ref. 25 .
g w xFrom Ref. 6 .
h w xFrom Ref. 26 .
i w xFrom Ref. 27 .
j w xFrom Ref. 4 .
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pare our result. As can be seen from Table 6, the
value of our result is between the two literature
results.

4. Discussion

4.1. Partial molar ¨olumes

The partial molar volumes and heat capacities
for homologous series of many solutes are linear
functions of the number of repeating units in the
series. For example, the partial molar volume of
the series of n-alcohols from propanol to hexanol
is an excellent linear function of the number of

w xmethylene groups in the alcohol 29 . End group
effects prevail for the first few members of a
homologous series so, in general, the thermody-
namic properties for these solutes differ from
those calculated using the parameters of the lin-
ear function for higher members of the series. It

w xwas shown some years ago 6 and again in a more
w xrecent study 10 , that the homologous series of

oligoglycines can be treated similarly. For
triglycine and beyond the partial molar volume is
an approximate linear function of the number of

w xglycyl groups in the peptide 10 . This suggests
that the ]CH CONH] group in these peptides is2
hydrated independently and that the contribution
made by this group to the partial molar volume or
heat capacity of a peptide can be evaluated from
the slope of the plot of the partial molar property
against the number of glycyl units in the molecule.
The slope of such a plot of the partial molar

Ž .volumes at 258C for the ala gly peptides, nsn
2]4, is given in Table 7. Included in Table 7 are
the results obtained from the analysis of V 0 data2
for the corresponding homoglycines at 258C. The
uncertainties in the slopes calculated by the
least-squares computer program used in the data
analysis were unrealistically small irrespective of
whether weighted data or unit weights were used.
The uncertainties given in Table 7 were obtained
by using propagation of errors, or alternatively
the standard deviation, on the results obtained
when the V 0 data are taken in pairs. In each case2
the method chosen was that which gave the higher
uncertainty. It is clear from the results in Table 7
that the value for the partial molar volume of the

Ž .glycyl group obtained using ala gly peptides asn
the model compounds is significantly smaller than
that obtained using the homologous series

Ž .gly gly . The difference is perhaps greater thann
might be expected from the limitations of volume
additivity alone. It is instructive, therefore, to
compare the results obtained from the oligog-
lycines with those derived using alternative model
compounds. The difference between the V 0 val-2
ues for the two neutral compounds AcglyglyNH2
and AcglyNH is simply the glycyl group con-2
tribution to the partial molar volume. As shown
in Table 7, the result at 258C is in excellent

Ž .agreement with that obtained using the ala gly n
series of peptides.

An alternative approach to obtain a value for
Ž .V CH CONH is to carry out a group contribu-2

tion analysis on a series of compounds that con-
tain the glycyl group. In this approach, the partial
molar volume of the solute is represented by the
expression

0 Ž . Ž .V s n V i 9Ý2 i
i

Ž .where V i is the contribution to the partial molar
volume of a solute of a group of type i and n isi
the number of these i groups. When using such a
group contribution analysis to model the glycyl
group of polypeptides, it is important to choose
compounds that resemble the peptide groups as
closely as possible. The compounds used are listed
in Table 8. The groups used in the analysis were
]H, ]CH ], ]CONH] and ]CONH . The exper-2 2
imental data given in Table 8 were fitted by
least-squares methods using the following form of

Ž .Eq. 9 .

0 Ž . Ž .V sn V H qn V CH qn2 H CH 2 CONH2

Ž . Ž . Ž .V CONH qn V CONH 10CONH 22

The group volumes obtained were as follows:
Ž . 3 y1 Ž .V H s11.26"0.27 cm mol , V CH s15.832

3 y1 Ž . 3"0.12 cm mol , V CONH s19.76"0.23 cm
y1 Ž . 3 y1mol and V CONH s28.68"0.24 cm mol .2

The V 0 values calculated using these parameters2
Ž .are shown in Table 8. The value of V CH CONH2
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Table 7
A comparison of the partial molar volume of the ]CH CONH] group at 258C obtained various model compounds2

3 y1Ž .Compounds used V CH CONH r cm mol2

a,b cŽ . Ž . Ž .Peptides ala gly , ns2]4 36.2 0.3 , 36.3 0.4n
a d e fŽ . Ž . Ž . Ž . Ž .Peptides gly gly , ns2]4 37.4 0.3 , 37.6 0.3 , 37.4 0.4 , 38.3 0.7n

a c gŽ . Ž . Ž .AcglyglyNH and AcglyNH 36.35 0.06 , 35.8 0.7 , 36.81 0.072 2
Selected simple amides, AcglyNH2

j hŽ .AcglyglyNH and AcglyNHMe 35.6 0.32
iŽ .N-acetyl amino acid and peptide amides 36.8 2.2

a This work. Solution densities determined at MU.
b Estimated uncertainties are in parentheses.
c This work. Solution densities determined by DSD at WWU.
d 0 w xFrom an analysis of V data given in 6 .2
e 0 w xV data from 10 .2
f 0 w xV data from 27 .2
g 0 w xV data from 8 .2
h See text.
iw x23 .
jThe compound AcglyNHMe is N-acetyl-N9-methylglycinamide.

Ž .at 258C, which is just the sum of the V CONH
Ž .and V CH values, is given in Table 7. The result2

obtained is in reasonable agreement with that
0 Ž .derived using V data for the ala gly peptides.2 n

A group contribution analysis has been re-
w xported 23 of a limited set of N-acetyl amino acid

and peptide amides. The value obtained for the
]NHCH CO] group at 258C was 36.8"2.2 cm3

2

Table 8
Experimental and calculated partial molar volumes and heat capacities at 258C of the amides used in the group contribution
analysis

0 3 -1 0 y1 y1Solute V rcm mol C rJ K mol2 p,2

Experimental Calculated Experimental Calculated

a dŽ .CH CONH 55.82 55.76 162.4 1 1633 2
a dŽ .CH CH CONH 71.54 71.58 253.6 1 2513 2 2
aŽ .CH CH CONH 87.10 87.40 ] ]3 2 2 2
aŽ .CH CH CONH 119.20 119.05 ] ]3 2 4 2
a dŽ .CH CONHCH 74.04 73.92 258 3 2513 3
a dŽ .CH CONHCH CH 90.72 89.74 343 5 3403 2 3
a dŽ .CH CH CONHCH 89.75 89.74 334 4 3403 2 3
a dŽ . Ž .CH CONH CH CH 105.09 105.57 437 5 4293 2 2 3
aCH CH CONHCH CH 105.39 105.57 ] ]3 2 2 3
aŽ .CH CH CONH CH CH 121.53 121.39 ] ]3 2 2 2 3
b eŽ .CH CONHCH CONH 91.02 91.34 240.6 0.6 2423 2 2
c dŽ .CH CONHCH CONHCH CONH 127.37 126.92 322.1 0.8 3213 2 2 2
cCH CONHCH CONHCH 108.93 109.50 ] ]3 2 3

dŽ . Ž .CH CH CONHCH ] ] 434 5 4293 2 2 3
dŽ . Ž .CH CH CONHCH ] ] 524 4 5173 2 3 3
dŽ . Ž .CH CONH CH CH ] ] 516 1 5173 2 3 3

a w xFrom 30 .
b This work.
c w xFrom 23 .
d w xFrom 8 .
e From Table 3.
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moly1 which, within the admittedly large uncer-
tainty, is in agreement with the result derived

0 Ž .using V data for the ala gly peptides.2 n
w xIt has been suggested 7,31 that the compound

w Ž .x2,5-diketopiperazine cyclo glygly could be used
to model the glycyl group. Half the value of the

Ž .partial molar volume of cyclo glygly would corre-
Ž . 0spond to V CH CONH . The value of V for2 2

Ž . 3 y1cyclo glygly at 258C is 76.73"0.07 cm mol
w x Ž . 325 so the estimate of V CH CONH is 38.4 cm2
moly1. This is considerably higher than most of
the other results given in Table 7 and is probably
a manifestation of the restricted exposure to the

Ž .solvent of each glycyl group in cyclo glygly com-
pared with that in a linear peptide.

Perusal of the results presented in Table 7
Ž .indicates that the V CH CONH value derived2

0 Ž .using V data for the ala gly series of peptides2 n
is indeed in reasonable agreement with the re-
sults obtained using alternative model com-
pounds. It remains then to account for the higher

Ž .values that have been obtained using the gly gly n
peptides. Given the structural similarities between
the two series, it is difficult to imagine how the
hydration of the ]CH CONH] group could dif-2
fer significantly in the two sets of peptides. Per-
haps the difference arises because of the experi-
mental difficulties associated with tetra- and pen-
taglycine. It is noteworthy that the V 0 value for2
tetraglycine determined in this study is signifi-
cantly lower than other determinations in the
literature and as mentioned in the experimental
section, the sample of pentaglycine used in this
study did not give satisfactory elemental analyses.

Ž . Ž .As the solubilities of ala gly and ala gly are3 4
much higher than the respective glycyl com-
pounds and as such more reliable V0 values can2

Ž .be determined, the V CH CONH value of 36.22
cm3 moly1 at 258C is likely to a better estimate of
the partial molar volume of the glycyl group in an
unfolded polyglycine at 258C than the result ob-
tained from the short-chain oligoglycines.

Ž Ž ..The polynomial functions Eq. 6 for the
Ž .ala gly peptides and those for the acetyl amidesn

can be used to generate polynomials that describe
the temperature dependence of the quantity
Ž .V CH CONH . For the acetyl amides this poly-2

nomial is simply the difference between those for

Fig. 2. Temperature dependence of the partial molar volume
of the glycyl group. }}} this work; - - - this work; - - v - - V 0

2
. . 0w x w xdata from 10 ; - B - V data from 27 .2

the two compounds AcglyglyNH and AcglyNH .2 2
Ž . 0For the ala gly peptides, V values calculatedn 2

at specific temperatures using the polynomials
given in Table 4, were analysed by linear least-

Ž .squares to obtain values of V CH CONH at2
Ž .those temperatures. These V CH CONH results2

were then fitted to a second order polynomial in
temperature to give the expression

Ž . Ž .V CH CONH s35.45q0.0383 Ty273.152

2y4 Ž .y1.672?10 Ty273.15
Ž .11

The results obtained are displayed in Fig. 2. For
Ž .both sets of model compounds, V CH CONH2

increases with an increase in temperature over
the range 10]808C. The increase is approx. 1 cm3

for a temperature change of around 408C. Within
the combined uncertainties, the temperature de-

Ž .pendence of V CH CONH obtained using the2
Ž .ala gly compounds is the same as that derivedn

using the acetyl amide model compounds.
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ŽAlso shown in Fig. 2 are values of V CH2
. 0CONH derived by least-squares fitting of V2

Ž .data for the gly gly peptides at specific tempera-n
w xtures taken from two literature sources 10,27 .

The disparity amongst the temperature depen-
Ž .dences of V CH CONH derived using the vari-2

ous model compounds is immediately obvious. In
contrast to the results of this study, the
Ž . 0V CH CONH values derived using the V data2 2

Ž .for the gly gly peptides reported by Makhatadzen
w xet al. 27 give a negative temperature coefficient
Ž .for V CH CONH . Although the temperature co-2

Ž .efficient of the V CH CONH results derived us-2
0 w xing V data reported by Chalikian et al. 10 is2

positive, its magnitude is significantly different
from that obtained in this work. The marked

Ž .contrast between the V CH CONH -temperature2
curves derived from the two sets of literature data

Ž .for the gly gly peptides is, perhaps, a furthern
illustration of the difficulty in determining reli-
able V 0 data for compounds of very low solubil-2

0 Ž .ity. As the V data for the ala gly series of2 n
peptides are more reliable than those obtained
using the oligoglycines, the temperature depen-

Ž .dence of V CH CONH derived using these2
model compounds should better represent that
for the glycyl group in an oligoglycine than results
determined hitherto.

4.2. Partial molar heat capacities

A plot of the partial molar heat capacities for
Ž .the ala gly peptides at 258C as a function of then

number of glycyl groups is shown in Fig. 3. The
slope of the linear function, which is the glycyl
group contribution to the partial molar heat ca-

Ž .pacity of an oligoglycine, C CH CONH , wasp 2
obtained by a linear least-squares analysis using

Ž .unit weights. The value of C CH CONH and itsp 2
estimated uncertainty, which was calculated as
described for the volumes, is given in Table 9.

Ž .Also given in the table is the C CH CONHp 2
result at 258C derived using the partial molar heat

Ž .capacities of the ala gly peptides calculated us-n
Ž .ing Eq. 8 and the polynomial coefficients given

in Table 5. There is excellent agreement between
this result derived using DSC data and that based
on data from the isothermal calorimetric mea-

Table 9
A comparison of the partial molar heat capacity of the
]CH CONH] group at 258C obtained using various model2
compounds

y1 -1Ž .Compounds used C CH CONH rJ K molp 2

a,b cŽ . Ž . Ž .Peptides ala gly , ns2]4 84.8 1.4 , 87 3n
d eŽ . Ž . Ž .Peptides gly gly , ns2]4 93.6 3.6 , 93.2 6.2n
g cŽ . Ž .AcglyglyNH and AcglyNH 81.5 1.0 , 82 52 2

Selected simple amides,
f hŽ .AcglyNH 79.1 1.0 , 772

and AcglyglyNH2

a This work. C 0 data determined using the Picker calorime-p,2
ter.
b Estimated uncertainties are in parentheses.
c This work. C 0 data determined by DSC.p,2
d 0 w xFrom an analysis of C data given in 6 .p,2
e w xFrom 4 .
fSee text.
g C 0 data from Table 3.p,2
h w xFrom 8 .

surements. Fig. 3 also shows plots for two sets of
w x Ž .literature data 4,6 for the gly gly peptides. Then

0 w xC data reported by Jolicoeur and Boileau 6p,2
Ž .were analysed as outlined for the ala gly pep-n

Ž .tides to obtain the C CH CONH result given inp 2
Ž .Table 9. For the second plot, the C CH CONHp 2

result given in Table 9 is that reported by
w xMakhatadze and Privalov 4 .

Ž .A comparison between the C CH CONHp 2
values obtained using the two peptide series shows

Ž .that the result obtained using the new ala gly n
peptides is approx. 9 J Ky1 moly1 smaller than

Ž .that obtained using the gly gly series. In ordern
Ž .to decide if the new C CH CONH result ob-p 2

tained in this study is a reasonable estimate of
the heat capacity of a glycyl group in an oligog-
lycine, it is useful to look at the results obtained
using alternative model compounds.

The difference between the partial molar heat
capacities of the two neutral compounds Acglyg-
lyNH and AcglyNH gives the contribution of a2 2
]CH CONH] group. The results obtained are2
given in Table 9. The value obtained using heat
capacity data obtained from DSC measurements
is in excellent agreement with that based on mea-
surements using the Picker instrument. The

Ž .C CH CONH value obtained using these neu-p 2
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Fig. 3. Partial molar heat capacities of oligopeptides at 258C
as a function of the number of glycyl groups in the peptide.

0 . . 0w x- - B - - this work; - v - C data from 6 ; D C data fromp,2 p,2
w x4 .

tral acetyl amides is in reasonable agreement with
Ž .that derived using the ala gly series of peptides.n

The group additivity approach, as used above
for the analysis of the partial molar volumes of
solutes, is also a useful method for the analysis of
the partial molar heat capacities of small solutes
in aqueous solution. The partial molar heat ca-
pacity of a solute is represented by the expression

0 Ž . Ž .C s n C i 12Ýp ,2 i p
i

Ž .where C i is the contribution to the partialp
molar heat capacity of the solute from a group of
type i and n is the number of i groups in thei

w xsolute. In a previous paper by one of us 8 , the
partial molar heat capacities in water at 258C for
several neutral N-acetyl amino acids and peptide
amides, along with literature data for 11 simple

Ž .amides were analysed, using Eq. 12 . The analy-
sis indicated that the values for several of the
group heat capacities differed from those ob-

w x 0tained previously 32 in an analysis of the Cp,2
data of the simple amides alone. In particular, the

Žvalue we obtained for the ]CONH] group y13
y1 y1.J K mol differed markedly from that ob-

Žtained in the analysis of simple amides y61 J
y1 y1. w xK mol 32 . Clearly, group contributions

based on the simple amides alone are not useful
for predicting the partial molar heat capacities of
more complex molecules, such as peptides.

As the heat capacity of the glycyl group is the
quantity of interest in this study, we have chosen
to repeat our previous group contribution analysis
but with a different set of chemical groups and
using amides without a methyne group or a hy-
drogen bonded to a ]CONH] moiety. The groups
chosen were the glycyl group, ]CH CONH], the2
methylene group and the ]H group. The experi-
mental heat capacities given in Table 8 were

Ž .fitted to Eq. 12 in the form

0 Ž . Ž .C sn C H qn C CH qnp ,2 H p CH p 2 CH CONH2 2

Ž . Ž .C CH CONH 13p 2

Ž .The value obtained for C CH is 88.7"0.6 Jp 2
Ky1 moly1, which is in good agreement with
estimates based on other model compounds
w x Ž .32]34 . The value obtained for C H is 41.9"1.1p
J Ky1 moly1. As shown in Table 9, the

Ž .C CH CONH result derived using this groupp 2
contribution analysis is similar to that obtained
from the sum of the contributions of the peptide
group and the methylene group obtained in our

w xprevious analysis 8 and is in better agreement
Ž .with the result obtained using the ala gly pep-n

0 Ž .tides than that based on C data for the gly glyp,2 n
peptides.

It is possible that the higher value for
Ž . Ž .C CH CONH obtained from the gly gly seriesp 2 n

of peptides is due to the difficulty in obtaining
reliable C 0 results for compounds of low solubil-p,2

w xity. Jolicour and Boileau 6 analysed their Cp,f
data for pentaglycine by least-squares methods

Ž .using an equation analogous to Eq. 5 but with
molar concentration instead of molality. The value
obtained for the experimental slope was y3000
"2600 J L Ky1 moly2. Not only is this value
excessively large but the sign is opposite to that
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usually observed for zwitterionic peptides in
aqueous solution. An alternative and acceptable
approach is to take the mean of the C resultsp,f
as an estimate of C 0 . The mean and standardp,2
deviation of the C data deposited with CISTIp,f
w x y1 y135 is 366"13 J K mol . If this value is used
along with the C 0 values for tri- and tetraglycinep,2

Ž . y1the C CH CONH values becomes 90"6 J Kp 2
moly1. Furthermore, if the value of 366"13 J
Ky1 moly1 for pentaglycine is used in conjunc-
tion with our own C 0 results for tetraglycinep,2
Ž . w xTable 3 and triglycine 13 the value calculated

Ž . y1 y1for C CH CONH is 89"6 J K mol . Withinp 2
the large uncertainties these results are in agree-

Ž .ment with that obtained using the ala gly seriesn
of peptides.

The polynomials that describe the temperature
Ž .dependences of the ala gly peptides and then

Ž Ž .acetyl amides Eq. 8 and the coefficients in
.Table 5 can be used to derive the temperature

Ž .dependence of the quantity C CH CONH . Forp 2
the acetyl amides the polynomial coefficients for

Ž .C CH CONH are obtained from the differ-p 2
ences between those for the compounds Acglyg-

Ž .lyNH and AcglyNH . For the three ala gly2 2 n
peptides, C 0 values calculated for specific tem-p,2
peratures using the polynomial coefficients in
Table 5 were fitted by least squares methods to

Ž .obtain C CH CONH values at these tempera-p 2
Ž .tures. These C CH CONH results were thenp 2

fitted to a polynomial in temperature to give the
expression

Ž . Ž .C CH CONH s68.1q0.801 Ty273.15p 2

2y3Ž .y1.20?10 Ty273.15
3y5Ž .y2.32?10 Ty273.15
Ž .14

The results obtained are displayed in Fig. 4. There
is excellent agreement between the temperature
dependences obtained using the two sets of model
compounds. Also displayed in Fig. 4 are two sets

Ž . 0of C CH CONH results derived using C datap 2 p ,2
Ž . w xfor the model compounds cyclo glygly 31 and

Ž . w xthe gly gly series of peptides 4 . As is clearlyn
seen in Fig. 4, neither set of results is in agree-

Fig. 4. Temperature dependence of the partial molar heat
capacity of the glycyl group. }}}} this work; - - - this

. . . . . . . .w x w xwork; B data from 4 ; v data from 31 .

ment with those determined in this study. It is
likely that the difference between the

Ž . 0C CH CONH values derived using C datap 2 p,2
Ž .for cyclo glygly and those determined using the

Ž .ala gly peptides is due to the more limitedn
exposure to the solvent of the glycyl groups in the
cyclic compound. This explanation, which is emi-

w xnently reasonable, was suggested earlier 31 to
account for the difference between the

Ž .C CH CONH results obtained using thep 2
Ž . Ž .cyclo glygly and gly gly peptides as model com-n

pounds. Given the structural similarities between
Ž . Ž .the ala gly and the gly gly series of peptides,n n

Ž .rather similar C CH CONH -temperaturep 2
curves would be expected for the two series of
compounds. We are unable to provide a satisfac-
tory explanation for the discrepancy between the
curves shown in Fig. 4 other than to reiterate that
reliable partial molar properties at infinite dilu-
tion are difficult to determine when a solute is
not very soluble.
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5. Conclusions

From this study it is clear that the
Ž . Ž .C CH CONH and V CH CONH results de-p 2 2

rived using, respectively, C 0 and V 0 values forp,2 2
Ž .the ala gly series of peptides differ significantlyn

from those obtained using data for the oligog-
lycines. As the partial molar properties at infinite
dilution can be determined more reliably for

Ž . Ž .ala gly and ala gly than for the corresponding3 4
oligoglycines we believe that the results obtained
in this study better represent the partial molar
volume and heat capacity of a glycyl group in a

Ž .polypeptide than those based on the gly gly n
w xseries reported by Makhatadze and Privalov 4 .

We recommend that in calculations to derive the
partial molar heat capacities of unfolded proteins
in aqueous solution over a wide temperature

Ž .range, the C CH CONH values that should bep 2
used, along with reliable heat capacities of the
amino acid side-chains, are those given by Eq.
Ž .14 viz.

Ž . Ž .C CH CONH s68.1q0.801 Ty273.15p 2

2y3Ž .y1.20?10 Ty273.15
3y5Ž .y2.32?10 Ty273.15
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