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bDepartment of Geology and Geophysics, Unï ersity of California, Berkeley, CA 94720, USA

Received 8 November 1999; received in revised form 16 December 1999; accepted 16 December 1999

Abstract

Equations of state for completely unfolded proteins have been generated from group additivity algorithms and the
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1. Introduction

Interest in the thermodynamic behavior of
thermophilic enzymes has increased dramatically
in the last decade, largely because they have
come to be recognized as effective biocatalysts
with greater efficiencies and half-lives than their

w xlow-temperature counterparts 1 . The thermal
stability of enzymes isolated from thermophilic
microorganisms are controlled to a large extent
by the relative standard molal enthalpies and heat
capacities of the folded and unfolded protein
species, which can be calculated from equations

w xof state 2]4 . The parameters in these equations
can be quantified with the aid of group additivity
algorithms by fitting them to experimental data
reported in the literature.

Enthalpies and heat capacities of denaturation
as a function of temperature for dozens of pro-
teins have been measured calorimetrically over

w xthe last several decades 5]11 . In addition, heat
capacities and volumes of four denatured proteins
Žcytochrome c, lysozyme, myoglobin, and ribonu-

.clease have been determined experimentally at
w xvarious temperatures between 5 and 1258C 12,13 .

w xMakhatadze and Privalov 14 , Makhatadze et al.
w x w x13 , and Privalov and Makhatadze 15 used group
contributions and reported amino acid sequences
of cytochrome c, lysozyme, myoglobin, and ri-
bonuclease, together with experimental heat ca-
pacities and volumes of various aqueous organic
model compounds at temperatures between 5 and
1258C to predict values of these properties for the
completely unfolded proteins. These predicted
properties were then compared with the experi-
mental heat capacities and volumes of the corre-
sponding acid- and heat-denatured proteins. The
differences between the calculated values and the
bulk of the experimental data over this tempera-
ture range are less than 5 and 3% for the heat
capacities and volumes, respectively, which are

w xwithin the experimental uncertainty 13,15 . This
observation led to the conclusion that the struc-
tural state of a protein resulting from heat-
denaturation or exposure to strong denaturants
Ž .such as 8 M urea or guanidinium hydrochloride
corresponds to that of the completely unfolded
protein, void of residual structure and fully ex-

w xposed to the solvent 12,15 . Privalov, Makhatadze,
and their students have since used their additivity
algorithm and model compounds, together with a
linear approximation of the dependence of the
heat capacity of the folded protein on tempera-
ture, to extrapolate calorimetric unfolding data
for a variety of proteins to temperatures as high
as 1258C.

The purpose of the present communication is
to explore, within the context of classical solution
chemistry, an alternate approach using group ad-
ditivity algorithms to generate equations of state
parameters for unfolded proteins. These parame-
ters can be used in conjunction with correspond-
ing equations of state for their folded counter-
parts to predict accurately the relative stabilities
of thermophilic and hyperthermophilic enzymes
w x4 . Only the completely unfolded state is con-
sidered in the present communication, which pro-
vides a reference frame for further thermody-
namic investigation of protein stability. The term
unfolded protein is used below to refer to a
polypeptide chain which is completely exposed to
the solvent and in a random-coil formation with
no residual structure. This use is consistent with
the definition of unfolded proteins given by Dill

w xand Shortle 16 .

2. Standard state conventions

Standard molal Gibbs free energies and en-
thalpies of aqueous species are expressed in this
communication as apparent standard molal Gibbs

Ž ofree energies and enthalpies of formation DG
o .and D H , respectively which are defined by

w x17,18

o o o o Ž .DG 'DG q G yG 1Ž .f P ,T P ,Tr r

and

o o o o Ž .D H 'D H q H yH 2Ž .f P ,T P ,Tr r

where DGo and D H o refer to the standard molalf f
Gibbs free energy and enthalpy of formation of
the species from the elements in their stable form
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Ž .at the reference pressure P and temperaturer
Ž . o oT of 1 bar and 298.15 K, and G yG andr P ,T P ,Tr r

H o yH o stand for the differences in the stan-P ,T P ,Tr r

dard molal Gibbs free energy and enthalpy, re-
spectively, of the aqueous species at the pressure
Ž . Ž .P and temperature T of interest, and those at
P and T . The standard state convention adoptedr r
for H O is one of unit activity of pure water at2
any temperature and pressure, but that for aque-
ous species other than H O corresponds to unit2
activity of the species in a hypothetical 1 molal
solution referenced to infinite dilution at any
temperature and pressure. Note that the latter
convention differs from the widely used biological
standard state for aqueous species, which is re-
stricted to neutral pH. The standard state adopted
in the present study can be converted to its bio-
logical counterpart by taking explicit account of
the contribution of neutral pH andror its partial
derivatives with respect to temperature or pres-

w x 1sure 19,20 .
The standard molal thermodynamic properties

of charged aqueous species discussed below are
conventional properties consistent with

abs abs Ž .qJ sJ yZ J 3j j j H

where J and Jabs represent any given conven-j j
tional and absolute standard molal property of
the jth aqueous species, J q

abs stands for the cor-H
responding absolute standard molal property of
the hydrogen ion, and Z denotes the charge onj
the subscripted species. The equations used in the
present study to compute the standard molal
properties of aqueous biomolecules at elevated
temperatures and pressures are summarized in
Appendix A. These equations are referred to as
the revised HKF equations of state, which are

w xbased on electrostatic theory 18 and scaling laws
w x Ž21 for solute]solvent interaction see Appendix
.A . They have been widely used to represent the

standard molal properties of a variety of charged

1It should perhaps be emphasized in this regard that the
value of neutral pH changes appreciably with increasing tem-
perature andror pressure from 7.0 at 258C and 1 bar to ;6.0
at 1008C and 100 bars.

and neutral aqueous organic, inorganic, and
biochemical species over broad ranges of temper-

w xature and pressure 4,20,22]48 . The parameters
required to calculate the standard molal proper-
ties of unfolded proteins as a function of temper-
ature and pressure using the revised HKF equa-
tions of state can be generated from group addi-
tivity relations in the manner described below.

3. Group additivity relations for unfolded proteins

Group additivity algorithms were first used to
estimate thermodynamic properties of proteins at

w xambient conditions by Cohn and Edsall 49 .
w xJacobsen 50 later employed the group additivity

approach to estimate the hydrational contribution
to the compressibilities of proteins using group
contributions computed from the adiabatic com-
pressibilities of amino acids and alcohols in vari-
ous solvents. In recent years, similar strategies
have been used to calculate the thermodynamic
properties of protein unfolding at temperatures

w x 2ranging from 5 to 1258C at P 15,51]56 . InSAT
contrast to the additivity algorithms employed in
these various studies, the group additivity ap-
proach described in the following pages was used
to generate equations of state parameters for
unfolded proteins which can be combined with
the equations of state summarized in Appendix A
to calculate the thermodynamic properties of
these proteins as a function of temperature and
pressure.

The group inventory adopted in the present
study for unfolded proteins can be depicted
schematically by writing

H N]AA ]AA ] . . . ]AA ]CHRCOOH2 1 2 ny1

where ]AA ], ]AA ], ]AA ] represent the1 2 ny1
internal amino acid residues,3 n designates the
total number of residues in the protein, ]NH2

2P is used throughout this study to represent pressuresSAT
corresponding to liquid]vapor equilibrium for the system
H O, except at temperatures -1008C where it denotes the2

Ž .reference pressure P of 1 bar.r
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and ]CHRCOOH stand for the N- and C-termi-
nal groups, respectively, and in this case R corre-
sponds to the side chain in the C-terminal group.
It follows from this schematic and the group
additivity hypothesis that any standard molal
thermodynamic property and equation of state

Ž .parameter see below for an unfolded protein
Ž .J can be expressed asP

J sJ qJ qJ q . . . qJP ] NH ] AA ] ] AA ] ] AA ]2 1 2 n y 1

Ž .qJ 4] CHRCOOH

where J , J , . . . J , J ,] AA ] ] AA ] ] AA ] ] NH1 2 ny1 2

and J denote corresponding standard] CHRCOOH
molal properties or equations of state parameters
for the subscripted groups in the protein.

Ž .The ]CHRCOOH group in Eq. 4 consists of
the two sub-groups R and )CHCOOH, the lat-
ter of which can be combined with ]NH to give2
]CHNH COOH, which is equivalent in composi-2
tion and idealized structure to the amino acid
backbone, denoted below as AAB. The equations
of state parameters and standard molal thermo-
dynamic properties at 258C and 1 bar for this
group were determined in the first part of this

w xseries of papers 20 . Corresponding values of J
Ž .for the amino acid residues shown in Eq. 4 can

be calculated from the group additivity relation
represented by

Ž .J sJ qJ 5] AA ] PB R

where J and J denote the property orPB R
Žparameter of the protein backbone see footnote

.2 and R groups, respectively. It follows from Eqs.
Ž . Ž .4 and 5 that

3 Ž .The term ‘amino acid residue’ ]AA] is used in the
present communication to refer to the group in a peptide or

Ž .protein consisting of a protein backbone PB and a side chain
Ž .R . The idealized structures and chemical formulas of ]AA]

and PB can be represented by ]CHRCONH] and
)CHCONH], respectively, where ) denotes single bonds to
two different groups and ] depicts a single bond between any
two groups.

î

Ž . Ž .J sJ q ny1 J q n J 6ÝP AAB PB i i
is1

where n stands for the number of moles of thei
Žith side chain in one mole of the protein, is1, 2,

.̂. . . i , J refers to any equation of state parame-i
ter or standard molal property at 258C and 1 bar

ˆfor the subscripted side chain, and i represents
the total number of different kinds of R groups in
the protein, including both neutral and ionized
side chains.

In a first approximation, the hypothesis is
adopted that the thermodynamic properties of
corresponding side chains, other than that of

Ž .glycine see below , in amino acids and unfolded
proteins are essentially equivalent. This hypothe-
sis is based on the observation that the structures
of the R groups in the amino acids and unfolded
proteins are similar, and that the Zwitterion con-
tribution to the values of J given by AmendAAB

w xand Helgeson 20 are negligible. Values of J ini
Ž .Eq. 6 can be taken from the tabulation of equa-

tions of state parameters and standard molal
properties at 258C and 1 bar for the R groups

w xgiven by Amend and Helgeson 20 . The revised
HKF equations of state parameters generated by

w xMarriot et al. 48 from fits of the equations of
state to their experimental values of the heat
capacities and volumes of 17 aqueous amino acids
at 15, 25, 40, and 558C were not used in the
present study because they were derived in part

Ž .by using the effective Born coefficient v as an
adjustable fit parameter. Because Co and V o ofP
aqueous species at these low temperatures are
relatively insensitive to the magnitude of v, the

w xregression procedure used by Marriot et al. 48
may lead to substantial error in predicted values
of the standard molal thermodynamic properties
of the amino acids at elevated temperatures. It
can be shown that in most cases the predicted
values of Co and V o computed using the revisedP
HKF equation of state parameters given by

w xAmend and Helgeson 20 compare favorably with
the corresponding experimental values at 15, 25,

w x40, and 558C reported by Marriot et al. 48 . The
approach described here almost certainly affords

Ž .more realistic values of J in Eq. 6 than thosei
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postulating additivity of the properties and
parameters of smaller groups to generate those of
the R groups in unfolded proteins. Only as a last
resort was the latter approach used by Amend

w xand Helgeson 20 to generate first approxima-
tions of c and c for certain R groups.1 2

The tabulation of equations of state parame-
ters and standard molal properties at 258C and 1

w xbar given by Amend and Helgeson 20 was
adopted in the present study for all but Co andP
V o of R because all of the other side chainsGly
are polyatomic and the values are internally con-
sistent and compatible with the thermodynamic
data for the other amino acids and similar species
reported in the literature. In the case of R , theGly
fact that the side chain consists only of ]H ren-
ders the group additivity approach to calculating
values of Co and V o of R from those of GlyP Gly
highly problematical. Fortunately, adequate ex-
perimental data are available in the literature for
glycyl peptides to permit an alternate approach to
be used to generate more reliable values of Co

P
and V o for the ]H side chains in proteins. Ac-
cordingly, these data were regressed as a function
of temperature at P with the revised HKFSAT
equations of state given in Appendix A to retrieve
values of Co, V o, c , c , s, and j for the GlyP 1 2

Ž .residue ]Gly] , which were then combined in a
group additivity algorithm with those for PB com-
puted below to generate values of these proper-
ties and parameters for R in peptides, and byGly
inference in unfolded proteins.

4. Calculation of the standard molal
thermodynamic properties of –Gly– and PB as a
function of temperature at PSAT

The standard molal thermodynamic properties
of ]Gly] and PB can be estimated as a function

Ž .of temperature and pressure from Eqs. 1 and

Ž .2 , and those summarized in Appendix A by
taking account of experimental data reported in

Žthe literature for aqueous diketopiperazine cyclic
.diglycine , glycyl peptides, and unfolded proteins.

4.1. Standard molal Gibbs free energies and
( o o)enthalpies of formation DG and DH andf f

( o)standard molal entropies S at 258C and 1 bar

Values of DGo and D H o of PB were de-f f
termined from experimental values of the corre-
sponding properties of diketopiperazine taken

w x ofrom Shock 33 by first computing values of DGf
and D H o of ]Gly] from the relationf

JDiketopiperazine Ž .J s 7] Gly ] 2

where J and J designate DGo
] Gly ] Diketopiperazine f

or D H o of the subscripted species. The computedf
values of DGo and D H o of ]Gly] were thenf f
combined with those of R given by Amend andGly

w x o oHelgeson 20 to retrieve values of DG and D Hf f
Ž .of PB from a modified statement of Eq. 5 corre-

sponding to

Ž .J sJ yJ 8PB ] Gly ] R Gly

where J J and J denote DGo orPB, ] Gly ], R fGly

D H o of the subscripted species. The values of So
f

of ]Gly] and PB were computed from those of
DGo and D H o using values of So of the ele-f f

w xments taken from Cox et al. 57 . The calculated
values of DGo, D H o, and So of ]Gly] and PBf f
are given in Table 1.

4.2. Standard molal heat capacities and ¨olumes as
a function of temperature at PS AT

Experimental values of Co and V o reported inP
the literature for glycine and glycyl peptides at

Table 1
o o o Ž . Ž . Ž .Values of DG , D H , and S at 258C and 1 bar for ]Gly] and PB computed from Eqs. 7 and 8 see textf f

o o oGroup DG D H Sf f
y1 y1 y1 y1Ž . Ž . Ž .kcal mol kcal mol cal mol K

]Gly] y28.72 y49.65 26.81
PB y20.15 y40.49 13.18
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Table 2
o o aValues of C and V reported in the literature for glycine and glycyl peptides at 258C and 1 barP

o oCompound C VP
y1 y1 3 y1Ž . Ž .cal mol K cm mol

1 2 3 4 5 9,10 1 11Glycine 9.4 , 8.8 , 10.9 , 7.4 , 14.6 , 43.19 , 43.25 , 43.33 ,
6 12,13 14 15 1611.2 43.3 , 43.2 , 43.09 , 43.22 ,

1743.26
1 3 4 5 9 1 18 19Diglycine 25.1 , 24.1 , 38.0 , 39.9 76.23 , 76.27 , 76.34 , 77.2 ,

2076.76
1 5 7 8 9 1 19Triglycine 44.4 , 52.1 , 41.9 , 45.0 112.11 , 111.81 , 113.5 ,

21 20112.9 , 112.51
1 7 9 1 20Tetraglycine 67.6 , 63.2 149.6 , 149.7 , 149.98

21151.1
1 7 1 21Pentaglycine 89.1 , 86.4 187.1 , 189.5

a w x w x w x w xNotes. 1, Jolicoeur and Boileau 58 ; 2, Gucker et al. 61 ; 3, Hedwig et al. 62 ; 4, Kresheck and Benjamin 63 ; 5, Cabani et al.
w x w x w x w x w x64 ; 6, Spink and Wadso 65 ; 7, Makhatadze and Privalov 14 ; 8, Downes and Hedwig 66 ; 9, Mishra and Ahluwalia 67 ; 10,¨

w x w x w x w x w xMillero et al. 68 ; 11, Cabani et al. 69 ; 12, Kharakoz 70 ; 13, Kirchnerova et al. 71 ; 14, Chalikian et al. 72 ; 15, Bulent Belibagli¨
w x w x w x w x w xand Ayranci 73 ; 16, Lark and Bala 74 ; 17, Wadi and Goyal 75 ; 18, Ellerton et al. 76 ; 19, Cohn et al. 77 ; 20, Iqbal and Verrall

w x w x78 ; 21, Makhatadze et al. 53 .

various temperatures are given in Tables 2]4.
The values for 258C in Table 2 are plotted as
symbols in Fig. 1, where it can be seen that the
values of Co and V o of the glycyl peptides be-P

Ž .have linearly with glycine number n for nGly Gly
G3. Deviations from linearity at low values of
n are an expected consequence of the effect ofGly
terminal groups on the thermodynamic and elec-
trostatic properties of short-chain species
w x24,35,45 .

The reported uncertainties associated with the
experimental data plotted in Fig. 1 are approxi-
mately consistent with the size of the symbols.
However, it can be deduced from the distribution
of the Co and V o data taken from differentP
sources for the same value of n that theseGly

uncertainties are considerably less than those
represented by the scatter of the data. For exam-
ple, reported experimental uncertainties associ-

o Ž o .ated with the values of C of diglycine CP P ,Gly2

range from "0.1 to "5.0 cal moly1 Ky1, but the
values of Co at 258C and 1 bar reported byP ,Gly2

different investigators differ by as much as 15.8
cal moly1 Ky1. Although this large discrepancy

w xwas acknowledged by Jolicoeur and Boileau 58 ,
no adequate explanation of it was provided. It
should perhaps be noted that the two most recent
values of Co given in Table 2 are in closeP ,Gly2

agreement with each other and more or less
consistent with the values of Co for the homolo-P
gous series of glycylpeptides shown in Fig. 1a.
Relative to the experimental values of Co, thoseP

Table 3
o y1 y1Ž .Experimental standard molal heat capacities C , cal mol K reported in the literature for glycyl peptides at 1 bar and variousP

Ž .temperatures other than 258C see Table 1

Ž .Glycyl peptide Temperature 8C

30 50 75 100 125 Ref.

w xDiglycine 33.0 79
w xTriglycine 57.2 68.1 77.1 86.2 14
w x59.3 70.1 80.0 87.6 66
w x57.1 79
w xTetraglycine 80.8 91.4 98.5 104.8 14
w xPentaglycine 103.0 113.2 118.8 124.4 14
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Table 4
o 3 y1Ž .Experimental standard molal volumes V , cm mol reported in the literature for glycine and glycyl peptides at 1 bar and

Ž .various temperatures other than 258C see Table 1

Ž .Compound Temperature 8C

15 18 30 35 40 45 50 55 75 Ref.

w xGlycine 42.24 44.26 45.09 45.91 69
w x42.4 43.8 43.9 44.3 70
w x42.7 44.0 44.2 72
w x43.59 43.79 44.15 74
w x42.35 44.12 75
w xTriglycine 114.8 116.7 53
w xTetraglycine 153.3 155.2 53
w xPentaglycine 191.2 192.9 53

of V o shown in Fig. 1b for a given value of nGly
differ by only 2.4 cm3 moly1 or less.

The equations of the regression lines in Fig.
1a,b for n G3 are given byGly

o Ž .C sy25.72q22.43n 9P ,Gly Glyn

and

o Ž .V sy4.10q38.73n 10Gly Glyn

where C ,o and V o denote Co and V o, re-P Gly Gly Pn n

spectively, of the subscripted species, and the
slopes represent the values of C ,o andP ] Gly ]

V o . Values of Co and V o of Gly and Gly at] G l y ] P n
Ž . Ž .258C and 1 bar computed from Eqs. 9 and 10

are given in Table 5 for 3Fn F5, and valuesGly
of Co and V o are given in Table 6. TheP ,] Gly ] ] Gly ]

values of the equations of state parameters re-
quired to calculate the standard molal properties
of ]Gly] at higher temperatures and pressures
were generated from those of Gly , Gly , and3 4
Gly in the manner described below.5

The values of V o and those of Co and V o ofGly P
Gly , Gly , and Gly given in Tables 2]4 were3 4 5
combined with corresponding values of DCo andP , s
DV o to determine values of DCo and DV o froms P ,n n

Ž . Ž .the first identities in Eqs. A2 and A3 , respec-
tively. The values of DCo and DV o used in theP , s s

Ž .calculations were determined from Eqs. A10
Ž .and A11 , respectively, using values of v taken

o Ž . o Ž .Fig. 1. Correlation of C a and V b with glycine numberP
Ž .n at 258C and 1 bar. The open circles represent experi-Gly
mental values taken from Table 1. The regression lines for

Ž . Ž .n G3 are consistent with Eqs. 9 and 10 .Gly
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Table 5
o oValues of C , c , c , V , s, j, and v for glycine and glycyl peptides consistent with the curves and regression lines shown in Figs.P 1 2

Ž .1]4 see text

ao y4 o y2 y5Species C c c =10 V s j=10 v=10P 1 2
3 y1 3 y1y1 y1 3Ž Ž Ž Ž Ž Ž Žcal mol cal mol cal K cm cm mol cm K mol cal

y1 y1 y1 y1 y1. . . . . . .K K mol mol at 1 bar at 1 bar mol

b b b bGly 9.4 16.9122 y4.8400 43.19 47.6140 y3.6000 y0.2550
Gly 24.1 76.232
Gly 41.57 83.1693 y22.2061 112.09 121.2630 y7.1863 y0.38703
Gly 64.00 102.2541 y20.8558 150.82 158.0143 y5.9273 y0.45304
Gly 86.43 121.3389 y19.5055 189.55 194.7656 y4.6683 y0.51905

a Computed in Appendix A.
b w xAmend and Helgeson 20 .

Table 6
Summary of the standard molal thermodynamic properties at 258C and 1 bar of PB, ]Gly], and R generated in the present studyGly
Ž . w xsee text and those of AAB and other R groups given by Amend and Helgeson 20

o oo o oGroup DG D H S C Vf f P
y1 y1 y1 y1 y1 y1 3 y1Ž . Ž . Ž . Ž . Ž .kcal mol kcal mol cal mol K cal mol K cm mol

AAB y82.38 y115.62 25.67 10.82 32.26
PB y20.15 y40.49 13.18 12.24 25.61
]Gly] y28.72 y49.65 26.81 22.43 38.73
R y8.57 y9.16 13.62 10.19 13.12Gly
R y6.43 y16.88 13.16 22.98 28.21Ala
R y2.95 y30.80 20.01 61.38 58.65Val
R y1.82 y37.98 24.74 84.28 75.31Leu
R 0.39 y35.98 24.04 80.78 73.19Ile
R y41.54 y56.80 21.57 17.28 28.31Ser
R y37.45 y63.32 18.56 39.18 44.60Thr
R y89.87 y110.72 29.55 19.58 41.57Asp
R y84.79 y108.92 17.67 y10.02 28.62Aspy
R y90.67 y119.20 35.53 31.48 57.10Glu
R y84.83 y118.53 18.19 y4.52 42.79Gluy
R y43.11 y67.08 32.21 19.08 44.94Asn
R y43.90 y76.24 36.74 33.88 61.54Gln
R 33.96 7.42 40.34 46.78 66.53His
R 25.81 0.42 44.19 40.85 66.00Hisq
R 1.70 y43.71 32.24 52.98 76.45Lys
R y10.51 y54.75 36.15 47.05 76.34Lysq
R 25.06 y27.44 54.25 55.88 91.44Arg
R 12.49 y39.26 56.76 49.95 90.50Argq
R 2.05 y8.45 20.65 34.08 41.18Cys
R y37.74 y62.90 36.69 59.18 73.09Me t
R 32.95 6.72 30.93 80.98 89.66Phe
R y9.42 y42.12 33.74 60.68 90.74Tyr
R 55.56 18.03 34.29 89.58 111.54Trp

aR 8.82 y10.82 16.31 30.38 50.24Pro

a Because proline is an imino acid, its R group contains two unsatisfied bonds, rather than one, which is the case for all of the
other R groups shown in the table. The equations of state parameters and standard molal properties at 258C and 1 bar for RPro
were computed from, J sJ yJ , where J , J , and J stand for the corresponding parameters and propertiesR Pro AAB R Pro AABPro Pro

w xof the subscripted species. Values of J and J are given in Amend and Helgeson 20 .Pro AAB
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Fig. 2. DCo for Gly , Gly , and Gly as a function ofP ,n 3 4 5
Ž .2 o1r TyQ at P . The symbols represent values of DCSAT P ,n

Ž . Ž . ocomputed from Eqs. A2 and A10 using values of C and vP
taken from Tables 2 and 3, and Table A1. The regression lines

Ž .represent fits of Eq. A9 to the data.

from Table A1 in Appendix A and those of the
w xBorn functions tabulated by Shock et al. 26 .

Values of the non-solvation parameters c and c1 2

for Gly , Gly , and Gly were obtained by regres-3 4 5
Ž .sion with Eq. A9 of the experimental values of

DCo represented by the symbols in Fig. 2. In anP ,n

analogous manner, values of the non-solvation
parameters s and j for Gly, Gly , Gly , and Gly3 4 5

Ž .were generated by regression with Eq. A8 of the
experimental values of DV o depicted by the sym-n

bols in Fig. 3. It can be seen in Figs. 2 and 3 that
the regression lines representing the equations of
state are in close agreement with the bulk of the
experimental data. Unless otherwise denoted by
error bars, the reported uncertainties associated
with these data are approximately consistent with
the size of the symbols. However, it can be de-
duced from the distribution of the symbols in

o Ž . Ž . Ž . Ž . Ž . oFig. 3. DV as a function of 1r TyQ for Gly a , Gly b , Gly c , and Gly d . The symbols represent values of DV computedn 3 4 5 n
Ž . Ž . o Ž .from Eqs. A3 and A11 using values of V and v taken from Tables 2, 4, and A1. The regression lines represent fits of Eq. A8

to the data.
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Table 7
Ž .Summary of equation of state parameters for PB, ]Gly], and R generated in the present study see text and those for AAB and other R groups given by AmendGly

w xand Helgeson 20

y2 y2 y4 y4 y5Group s j=10 a =10 a =10 a a =10 c c =10 v=101 2 3 4 1 2
3 y1 3 y1 y1 y1 y1 y1 y1 y1 y1Ž Ž Ž Ž . Ž Ž . Ž Ž . Ž .cm mol cm K mol cal mol cal mol cal K mol cal K mol cal mol cal K mol cal mol

y1 y1 y1. . . . .at 1 bar at 1 bar bar bar K

AAB 38.2095 y4.2650 9.9970 y2.2486 y1.0953 y2.3665 26.1454 y7.7600 y0.0487
PB 33.6126 y5.3413 9.6313 y4.1553 y4.6186 y2.1192 25.5240 y5.9094 0.1403
]Gly] 36.7513 1.2590 9.7377 y2.4807 11.9023 y2.3131 19.0840 1.3503 y0.0660
R 3.1387 6.6003 0.1064 1.6746 16.5209 y0.1939 y6.4400 7.2597 y0.2063Gly
R 25.5268 1.4908 5.3484 1.9749 5.0072 y0.3756 10.5608 5.2180 y0.1993Ala
R 57.9238 y0.0840 11.4296 6.2815 14.4232 y3.8037 39.3764 9.4696 y0.3030Val
R 76.6808 y1.6947 14.9109 8.9067 18.4097 y5.8419 56.9534 11.7676 y0.3747Leu
R 74.5905 y1.6947 14.3452 9.0698 18.4097 y5.8419 53.5509 11.7676 y0.3640Ile
R 27.8363 0.3549 5.9405 1.8536 3.0120 y0.5628 22.4267 y2.4726 0.0134Ser
R 44.5702 0.1319 9.2035 3.7694 7.9250 y1.9793 40.0714 y0.1746 0.0589Thr
R 42.8821 y1.1332 9.1493 2.8957 4.2842 y1.8188 30.5480 y5.8793 y0.1075Asp
R 27.5170 3.4212 8.1337 y4.0494 0.7483 1.9322 21.5210 y9.4180 1.3614Aspy
R 58.5804 y1.4277 12.4529 4.0285 4.8156 y2.1401 36.9528 y3.5813 y0.1981Glu
R 43.1232 2.3986 11.2791 y2.5289 2.3960 0.8679 25.6629 y8.7846 1.3536Gluy
R 45.9615 y1.0082 9.9803 2.6139 3.4261 y1.5179 29.8295 y5.9529 y0.1479Asn
R 62.7913 y1.3027 13.5672 3.7467 3.9575 y1.8392 39.3348 y3.6549 y0.2165Gln
R 68.4904 y1.9061 14.3351 5.2924 8.1205 y3.2971 46.7049 y1.1775 y0.2709His
R 63.7982 1.6677 15.2632 y0.0385 7.3515 y0.8754 50.0042 y4.2134 0.0650Hisq
R 79.9946 y2.7786 16.2846 7.3736 10.7444 y4.5220 49.4263 1.0844 y0.1482Lys
R 76.1200 0.3362 17.7691 1.1036 7.2429 y1.6749 51.4635 y1.7460 0.0950Lysq
R 102.3673 y8.6068 21.0135 8.9820 1.9044 y5.8459 54.2131 y1.3388 y0.4816Arg
R 97.1540 y4.5739 22.2249 2.5903 y0.4915 y2.7156 59.2954 y4.3747 0.0500Argq
R 40.8089 0.3098 8.1060 4.2858 10.6912 y2.5882 34.8088 y0.2367 0.0272Cys
R 74.9826 y1.7484 15.0953 7.3511 13.0402 y4.4787 43.6866 6.6573 y0.2157Me t
R 91.5560 y2.2456 18.3752 9.1987 18.8750 y6.3054 70.5153 3.0498 y0.4684Phe
R 94.1361 y2.7190 19.0527 9.0729 14.0876 y5.3545 56.2289 1.4233 y0.1711Tyr
R 117.3652 y4.4370 24.2634 9.8526 12.6873 y6.0583 116.9001 y14.2481 y0.1793Trp

aR 49.6130 y0.0447 9.3532 6.5149 11.8589 y3.1123 20.0533 3.9740 y0.2471Pro

a See footnote in Table 6.
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Ž . Ž . Ž . Ž .Fig. 4. Correlation of c a , c b , s c , and j d with n for glycyl peptides. The symbols depict the intercepts and slopes of the1 2 Gly
lines shown in Figs. 2 and 3. The slopes of the lines shown above correspond to the values of these parameters for ]Gly] given in
Table 7.

Table 8
o y1 y1 o 3 y1Ž . Ž .Experimental standard molal heat capacities C , cal mol K and volumes V , cm mol of denatured cytochrome c,P

w xlysozyme, myoglobin, and ribonuclease at various temperatures reported by Makhatadze et al. 53 and Privalov and Makhatadze
w x15

T Cytochrome c Lysozyme Myoglobin Ribonuclease
Ž .8C o o o oo o o oC V C V C V C VP P P P

5 5115 6023 10 270 7624 12 520 5521 9860
10 8230
15 10 270 12 680 9800
25 5688 8370 6573 10 580 8341 12 760 6214 9900
35 10 780 12 850 10 000
40 8480 12 930
45 10 880 10 150
50 6023 7051 8819 6620
55 10 880 10 220
60 8520
65 11 100 10 720
75 6214 8660 7433 9369 6979

100 6238 7505 9393 7122
125 6286 7529 9441 7194
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these figures that in many cases the reported
uncertainties are much smaller than those im-
plied by the scatter of the data, which exceeds by
far the discrepancies between the symbols and
regression lines shown in these figures.

The values of c and c corresponding to the1 2
intercepts and slopes, respectively, of the regres-
sion lines in Fig. 2 and those of s and j repre-
sented by the intercepts and slopes, respectively,
of the regression lines in Fig. 3 are given in Table
5. Corresponding values of Co and V o calculatedP

Ž . Ž .from Eqs. A2 and A3 using values of these
parameters and those of v taken from Table A1
in Appendix A are also given in Table 5. The
computed values of c , c , s, and j for Gly ,1 2 3
Gly , and Gly are plotted as symbols in Fig. 4.4 5
The respective slopes of the regression lines
shown in this figure correspond to the values of
c , c , s, and j for ]Gly] given in Table 7, which1 2
are consistent with the regression lines in Figs. 2
and 3.

Values of Co, c , c , V o, s, and j for PB wereP 1 2
generated by regression analysis of the experi-
mental values of Co and V o for the four dena-P
tured proteins given in Table 8 using computed
values of Co and V o for the R groups and ]Gly]P
units in these proteins taken from Tables 9 and
10.

The regression calculations were carried out by
first computing values of Co and V o at theP ,PB PB
temperatures shown in Tables 9 and 10 from the
additivity algorithms represented by

Co s Co yCo yn Co
P ,PB P ,P P ,AAB Gly P ,] Gly ]ž

îynGly

o Ž .y n C rn 11Ý i P ,i PB/is1

and

îynGly

o o o oV s V yV yn V y n VÝPB P AAB Gly ] Gly ] i iž /is1

Ž .rn 12PB

Table 9
o y1 y1Ž .Standard molal heat capacities C , cal mol K of AAB,P

]Gly], and R groups other than R at P and variousGly SAT
Ž .temperatures computed from Eq. A2 using parameters given

in Table 6

Ž .Group Temperature 8C

25 50 75 100 125

AAB 10.82 18.06 21.34 23.15 24.32
]Gly] 22.43 21.24 20.80 20.66 20.70
R 22.98 18.34 16.53 15.86 15.84Ala
R 61.38 52.89 49.52 48.17 47.94Val
R 84.28 73.73 69.53 67.85 67.56Leu
R 80.78 70.22 66.00 64.30 63.97Ile
R 17.28 19.56 20.56 21.06 21.34Ser
R 39.18 39.28 39.25 39.15 38.98Thr
R 19.58 25.14 27.75 29.28 30.40Asp
R y10.02 y2.62 y1.09 y2.22 y5.31Aspy
R 31.48 35.00 36.81 38.06 39.18Glu
R y4.52 2.30 3.59 2.33 y0.81Gluy
R 19.08 24.75 27.45 29.10 30.36Asn
R 33.88 37.48 39.36 40.67 41.85Gln
R 46.78 48.14 49.09 49.99 51.03His
R 40.85 44.69 46.32 47.08 47.43Hisq
R 52.98 52.12 51.93 52.05 52.39Lys
R 47.05 48.58 49.13 49.29 49.22Lysq
R 55.88 57.59 58.98 60.42 62.17Arg
R 49.95 53.96 55.67 56.52 56.93Argq
R 34.08 34.27 34.32 34.31 34.25Cys
R a 26.86 35.31 39.07 41.06 42.25CysX
R 59.18 53.22 50.85 49.91 49.75Me t
R 80.98 78.61 78.16 78.61 79.75Phe
R 60.68 59.53 59.24 59.34 59.71Tyr
R 89.58 102.97 109.15 112.69 115.12Trp
R 30.38 26.94 25.73 25.44 25.74Pro

a This notation refers to the carboxyamido-methylated cys-
Ž . oteine side chain ]CH SCH CONH . The values of C for2 2 2 P

Ž .this R group were calculated from Eq. A2 using equations of
state parameters computed from J sJ qJ qR R RCysX Cys Asn

J yJ where J , J , J , J , and] CH ] ] CH R R R ] CH ]3 CysX Cys Asn2 2
J denote c , c , or v for the subscripted species, which] CH 1 2

3 w xare tabulated in Amend and Helgeson 20,45 .

where Co and V o represent Co and V o, respec-P ,i i P
tively, of the ith side chain, and n denotes thePB
number of PB groups in the protein, excluding

Ž . Ž .those accounted for by ]Gly] n see above ,Gly
which can be calculated from

Ž .n snyn y1 13PB Gly

The values of Co , Co ,Co , V o, V o ,P ,i P ,] Gly ] P ,AAB i ] Gly ]

and V o in Tables 9 and 10 required to computeAAB
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Table 10
o 3 y1Ž .Standard molal volumes V , cm mol of AAB, ]Gly], and R groups other than R at P and various temperaturesGly SAT

Ž .computed from Eq. A3 using parameters from Table 6

Ž .Group Temperature 8C

15 25 35 40 45 50 55 60 65 75

AAB 31.25 32.27 33.03 33.34 33.63 33.88 34.11 34.32 34.51 34.85
]Gly] 39.02 38.73 38.51 38.43 38.35 38.28 38.22 38.17 38.13 38.05
R 28.57 28.23 28.00 27.90 27.82 27.76 27.70 27.65 27.61 27.56Ala
R 58.60 58.65 58.70 58.73 58.77 58.80 58.84 58.88 58.92 59.02Val
R 74.90 75.34 75.69 75.85 75.99 76.13 76.26 76.38 76.50 76.74Leu
R 72.77 73.20 73.56 73.71 73.85 73.99 74.12 74.24 74.36 74.59Ile
R 28.39 28.31 28.24 28.21 28.19 28.17 28.15 28.13 28.11 28.08Ser
R 44.63 44.60 44.56 44.55 44.54 44.52 44.51 44.50 44.48 44.46Thr
R 41.34 41.62 41.84 41.93 42.01 42.09 42.16 42.23 42.29 42.41Asp
R 29.62 28.70 27.92 27.56 27.22 26.89 26.57 26.24 25.92 25.28Aspy
R 56.74 57.10 57.38 57.50 57.61 57.71 57.81 57.90 57.99 58.15Glu
R 43.49 42.82 42.22 41.94 41.66 41.39 41.12 40.85 40.57 40.01Gluy
R 44.68 44.94 45.14 45.22 45.30 45.37 45.44 45.51 45.57 45.69Asn
R 61.21 61.54 61.80 61.91 62.02 62.11 62.20 62.29 62.38 62.54Gln
R 66.05 66.53 66.90 67.06 67.21 67.35 67.48 67.60 67.72 67.94His
R 66.62 66.02 65.58 65.39 65.22 65.07 64.94 64.81 64.70 64.49Hisq
R 75.77 76.45 76.96 77.18 77.37 77.55 77.71 77.86 78.00 78.25Lys
R 76.42 76.34 76.26 76.23 76.20 76.17 76.14 76.12 76.09 76.04Lysq
R 89.35 91.44 93.03 93.70 94.31 94.86 95.36 95.83 96.26 97.05Arg
R 89.43 90.53 91.34 91.68 91.98 92.24 92.48 92.70 92.89 93.23Argq
R 41.25 41.18 41.12 41.09 41.07 41.05 41.03 41.01 41.00 40.96Cys

aR 76.88 76.61 76.41 76.33 76.25 76.19 76.13 76.07 76.02 75.94CysX
R 72.66 73.09 73.43 73.58 73.71 73.83 73.95 74.06 74.16 74.36Me t
R 89.20 89.78 90.24 90.44 90.63 90.81 90.98 91.14 91.30 91.60Phe
R 90.25 90.91 91.42 91.63 91.82 92.00 92.16 92.31 92.45 92.70Tyr
R 110.47 111.54 112.35 112.69 113.00 113.28 113.53 113.76 113.98 114.36Trp
R 50.20 50.24 50.28 50.30 50.33 50.35 50.38 50.42 50.45 50.52Pro

a Ž . oThis notation refers to the carboxyamido-methylated cysteine side chain ]CH SCH CONH . The values of V for this2 2 2
Ž .group were calculated from Eq. A3 using equation of state parameters computed from J sJ qJ qJ yJR R R ] CH ] ] CHCysX Cys Asn 2 3

where J , J , J , J , and J denote s, j, or v for the subscripted species, which are tabulated in Amend andR R R ] CH ] ] CHCysX Cys Asn 2 3w xHelgeson 20,45 .

corresponding values of Co and V o from Eqs.P ,PB PB
Ž . Ž .11 and 12 for the temperatures shown in Ta-

Ž .bles 9 and 10 were calculated from Eqs. A2 and
Ž .A3 using equations of state parameters given in
Table 7. The computed values of Co and V o

P ,PB PB
are given in Table 11.

Because the experiments responsible for the
values of Co and V o given in Table 8 wereP

w xcarried out using acid solutions 15,53 , the side
chains of the His, Lys, and Arg residues were
taken to be fully protonated in the calculations
described above. In contrast, those of the Asp
and Glu residues were regarded in a first approxi-
mation as half ionized and half neutral. These

approximations are based on consideration of the
dissociation constants of His, Lys, Arg, Asp, and

w xGlu at elevated temperatures 20 . The Cys side
chains used in the calculations to determine val-
ues of Co and V o of PB were taken to beP

Žcarboxyamidomethylated see references in Ta-
.bles 9 and 10 in order to be consistent with the

corresponding experimental values for cy-
tochrome c, lysozyme, myoglobin, and ribonucle-
ase. The values of n , n , n , and n for theseGly i PB

w xproteins were taken from Dayhoff et al. 59 .
The values of Co and V o given in Table 11P ,PB PB

Ž . Ž .were regressed with Eqs. A9 and A8 , respec-
tively, in the same manner as those of Co and V o

P
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Table 11
o y1 y1 o 3 y1Ž . Ž .Standard molal heat capacities C , cal mol K and volumes V , cm mol of PB calculated from the experimental valuesP

o oof C and V for cytochrome c, lysozyme, myoglobin, and ribonuclease given in Table 8 and those of the constituent groups inP
Ž . Ž . w xTables 9 and 10 using Eqs. 11 and 12 in conjunction with amino acid sequences reported by Dayhoff et al. 59

Ž . Ž . Ž . Ž .T PB cytochrome c PB lysozyme PB myoglobin PB ribonuclease
Ž .8C o o o o o o o oC V C V C V C VP P P P

5 6.87 8.98 24.31 2.70 24.34 9.25 25.07
10 21.34
15 24.10 25.43 24.52
25 14.30 22.78 12.42 26.60 11.08 25.96 14.25 25.31
35 28.19 26.57 26.11
40 23.92 27.12
45 28.94 27.31
50 18.48 15.82 15.96 17.19
55 28.85 27.87
60 24.30
65 30.67 31.98
75 20.75 25.79 18.68 20.44 19.91

100 21.05 18.97 20.84 20.88
125 21.54 18.85 21.21 21.26

of Gly, Gly , Gly , and Gly discussed above.3 4 5
Values of DCo and DV o for PB were computedP , s s

Ž . Ž .from Eqs. A10 and A11 using values of v
given in Table A1 and those of the Born func-

w xtions tabulated in Shock et al. 26 . It can be seen
in Fig. 5 that the values of DCo for PB derivedP ,n
from the calorimetric data given in Table 8 for
cytochrome c, lysozyme, myoglobin, and ribonu-
clease differ from one another by an average of

Ž .y1 y1approximately "1 cal mol of backbone K .
The largest discrepancies in this figure among the
experimental data represented by the symbols

Ž .2occur at the highest value of 1r TyQ which,
Ž .corresponds to the lowest temperature 258C . In

Ž .2contrast, at values of 1r TyQ corresponding
to 75, 100, and 1258C, the values of DCo for PBP ,n
computed from the experimental data for three of
the four proteins are almost coincident, differing

Ž .y1by approximately "0.3 cal mol of backbone
Ky1.

Because this remarkable coincidence is almost
certainly not fortuitous, it strongly supports the
group additivity equation of state approach
adopted in the present study to compute Co forP
unfolded proteins as a function of temperature.
Even the difference between the values of DCo

P ,n
for PB in Fig. 5 derived from the experimental
data for lysozyme in Table 8 and those repre-

o Ž .2Fig. 5. DC for PB as a function of 1r TyQ at P .P ,n SAT
The symbols represent values of DCo computed from Eqs.P ,n
Ž . Ž . Ž .11 , A2 and A10 using values of v for the constituent
groups taken from Table A1 and those of Co of unfoldedP

Ž . Ž . Ž .cytochrome c ` , lysozyme I , myoglobin e , and ribonu-
Ž .clease ^ given in Table 8. The regression lines correspond

Ž .to fits of Eq. A9 to the data.

sented by the regression line introduce a differ-
ence of only ;300 cal moly1 or less between the
experimental heat capacities of lysozyme in Fig. 6
and the computed values represented by the curve
shown in this figure, which is consistent with the

Ž .regression line in Fig. 5 see below . It can be
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Fig. 6. Comparison of experimental and calculated values of Co as a function of temperature at P for cytochrome c, lysozyme,P SAT
myoglobin, and ribonuclease. The symbols depict experimental data taken from Table 8, but the curves were generated from Eq.
Ž . Ž .A2 using the group additivity algorithm represented by Eq. 6 and parameters taken from Table 7.

deduced from Fig. 6 that the regression uncer-
tainties represented by the differences between
the symbols and the regression line in Fig. 5
introduce corresponding uncertainties in Co forP
the four proteins computed in the present study
that are within the 5% experimental uncertainty

w xassigned by Privalov and Makhatadze 15 . In fact,
Žthe curves in Fig. 6 all of which are consistent

.with the regression lines in Fig. 5 are within 1%
of the bulk of the experimental values and within
3% of the rest. It can be seen in Fig. 7 that the
values of DV o for PB derived from the experi-n
mental values of V o given in Table 8 exhibit
considerable scatter, but for the most part, the
values of DV o for PB computed from the data forn
any of the four proteins vary smoothly with tem-
perature. The scatter of the symbols in Fig. 7 can
be attributed to the relatively large uncertainties

associated with calculations of apparent molal
volumes from experimental density measure-
ments.

w xMakhatadze et al. 53 report experimental un-
certainties in the values of V o given in Table 8 to
be on the order of "3%. Uncertainties associ-
ated with values of V o for aqueous species de-
rived from density measurements may arise from
several sources, including less than perfect experi-
mental reproducibility, magnification of uncer-
tainties resulting from low concentrations of the
solute, and errors in extrapolating to infinite dilu-

Ž .tion apparent molal volumes f computed fromV
w xthe densities. Makhatadze et al. 53 recognized

explicitly the first of these sources of uncertainty,
but not the latter two, which are discussed below.

Values of f of the four unfolded proteinsV
listed in Table 8 were computed from density
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o Ž .Fig. 7. DV for PB as a function of 1r TyQ The symbolsn .
o Ž . Ž .represent values of DV computed from Eqs. 12 , A3 andn

Ž .A11 using values of v for the constituent groups taken from
o Ž .Table A1 and those of V of unfolded cytochrome c ` ,

Ž . Ž . Ž .lysozyme I , myoglobin e , and ribonuclease ^ given in
Table 8. However, the regression lines correspond to fits of

Ž .Eq. A8 to the data.

measurements of the solution using the relation

rM Wsoln Ž .f s 1y q 14V ž /W r rw soln

where M represents the molecular weight of the
solute, W stands for the concentration of the
solute in grams per liter of solution, and r andsoln
r denote the densities of the solution and purew

w x 4water, respectively 53 . Uncertainties in f aris-V
ing from those in r can be assessed from thesoln

Ž . Ž .finite difference derivative D of Eq. 14 , which
can be written as

M M Ž .Df sy q Dr 15V soln2ž /r W rw soln

Ž .It can be deduced from Eq. 15 that uncertain-
ties in density measurements are magnified con-
siderably in computing values of f for low con-V

w xcentrations of the solute 60 . For example,

4A typographical error in the corresponding equation pub-
w xlished by Makhatadze et al. 53 should be corrected. This can

be done by replacing r of the solvent in the denominator of
the third term within the parentheses in their equation with r

of the solution.

w xMakhatadze et al. 53 report densities to three
decimals, which is consistent with an uncertainty
in r of 5=10y4 g cmy3. In the case of lysozymesoln
Ž y1 .for which Ms14 300 g mol , if Ws0.001,

Ž . 3Df computed from Eq. 15 is ;7150 cmV
moly1. In contrast, if Ws0.01, r reduces tosoln
;720 cm3 moly1. It follows that r for dilutesoln
solutions must be accurate to ;10y5 g cmy3 or
better to yield reliable values of f .V

The experimental values of V o for unfolded
cytochrome c, lysozyme, myoglobin, and ribonu-
clease shown in Table 8 were generated by linear
extrapolation of values of f to infinite dilutionV

y1 w xfrom concentrations );3 g l 53 , which con-
w xtravenes electrostatic theory 60 . However, these

extrapolation errors are far smaller than the un-
certainties associated with computing values of
f from r discussed above. The discrepanciesV soln
between the regression line and the symbols rep-
resenting experimental values of V o for the pro-
teins in Fig. 6 introduce corresponding uncertain-
ties in computed values of V o for the four pro-
teins. However, it can be seen in Fig. 8 that the
values of V o for the proteins represented by the
curves generated in the present study are for the
most part within the 3% experimental uncertainty

w xreported by Makhatadze et al. 53 .
The intercepts and slopes of the regression

lines shown in Figs. 5 and 7 represent weighted
estimates. The respective values of c and c for1 2

Ž .Eq. A8 that correspond to the intercept and
slope of the lines in Fig. 5 are shown in Table 7

Ž .together with those of s and j for Eq. A9 ,
which are consistent with the intercept and slope
of the regression line in Fig. 7. The values of
Co and V o at 258C in Table 6 were computedP,PB PB

Ž . Ž .from Eqs. A2 and A3 , respectively, using
parameters given in Table 7. These values are in
close agreement with values obtained using sev-
eral alternate approaches. For example, V o atPB

Ž . Ž .258C estimated in accord with Eqs. 7 and 8
differs from that adopted in this study by less
than 2 cm3 moly1. Similarly, Co at 258C esti-P,PB
mated with this alternate approach differs by only
slightly more than 2 cal moly1 Ky1.

The values of Co, V o, c , c , s, and j for PBP 1 2
and ]Gly] in Tables 6 and 7 can be used to
calculate values of the corresponding properties
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Fig. 8. Comparison of experimental and computed values of V o as a function of temperature at P for cytochrome c, lysozyme,SAT
myoglobin, and ribonuclease. The symbols depict experimental data taken from Table 8, but the curves were generated from Eq.
Ž . Ž .A3 using the group additivity algorithm represented by Eq. 6 and parameters taken from Table 7.

and parameters for R from an appropriateGly
Ž .statement of Eq. 8 in which J , J andR ] Gly ]Gly

J represent Co, V o, c , c , s, or j for thePB P 1 2
subscripted species. The results of these calcula-
tions for R are given in Tables 6 and 7. OwingGly
to the dearth of experimental compressibility data
in the literature for glycyl peptides and denatured
proteins, values of the equations of state parame-
ters represented by a and a for ]Gly] and PB2 4
were calculated from group additivity relations.
These values were then combined with those of s
and j given in Table 7 to obtain values of a and1
a in the manner described below.3

4.3. Calculation of equations of state parameters a ,1
a , a , and a2 3 4

The values of a and a for ]Gly] and PB in2 4
Table 7 were calculated from those of their con-

stituent groups tabulated in Amend and Helgeson
w x Ž .20 using Eq. 8 and the relation

J sJ q2J yJ yJPB AAB ] CH ] ] CH OH ] CH
2 2 3

Ž .16

respectively, where J , J , J , J ,] Gly ] R AAB ] CH2 ]Gly

and J denote a or a of the subscripted] CH3 2 4
groups. The values of a and a for PB and1 3
]Gly] in Table 7 were then computed from Eq.
Ž .A3 using the values of a , a , s, and j for these2 4
groups given in the table. The equation of state
parameters and standard molal properties at 258C
and 1 bar given in Tables 7 and 6, respectively,
permit calculation of these properties of unfolded
proteins and their constituent groups as a func-
tion of temperature and pressure from the equa-
tions summarized in Appendix A.
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5. Calculation of the standard molal
thermodynamic properties of thermophilic
proteins at elevated temperatures

The complete amino acid sequences are now
known for a number of thermophilic proteins. To
illustrate the application and utility of the group
additivity equations of state derived above, these

Ž .sequences have been used together with Eq. 6
and the equations of state parameters and stan-
dard molal properties at 258C and 1 bar of the
groups given in Tables 6 and 7 to compute corre-
sponding parameters and properties for 11 un-
folded thermophilic proteins. These parameters

Ž .and properties summarized in Table 12 were
then used in conjunction with the equations of
state given in Appendix A to calculate the stan-

dard molal properties of these unfolded proteins
as a function of temperature and pressure. Val-
ues of DGo, D H o, So, Co and V o computed inP
this manner at P and temperatures betweenSAT
25 and 2508C are given in Tables 13]17, respec-
tively. The unfolded thermophilic proteins con-
sidered are rubredoxin and ferredoxin from Pyro-

Ž .coccus furiosus Pf , ferredoxin from Thermococ-
Ž . Ž .cus litoralis Tl , elongation factor Tu EF-Tu

Ž .from Thermotoga maritima Tm and Thermus
Ž .thermophilus Tt , Ompa from Tm, glutamine

Ž .synthase from Tm and Pyrococcus woesei Pw ,
glyceraldehyde-3-phosphate dehydrogenase
Ž .GAPDH from Tm, and b-galactosidase and In-

Ždole-3-glycerol-phosphate synthase IndGroP syn-
. Ž .thase from Sulfolobus solfataricus Ss . The com-

puted values of DGo, D H o, So, Co and V o ofP

Table 12
Standard molal thermodynamic properties and equations of state parameters for 11 unfolded thermophilic proteins computed from

Ž .Eq. 6 using properties and parameters for groups taken from Tables 6 and 7

o o o o oProtein DG D H S C V a =10f f P 1
3 y1Ž Ž Ž Ž Ž Žkcal kcal cal cal cm cal mol

y1 y1 y1 y1 y1 y1 y1 y1. . . . . .mol mol mol K mol K mol bar

Ž .Rubredoxin Pf y2308 y4713 1874 2363 4059 1084.36
Ž .Ferredoxin Pf y3219 y6218 2315 2905 4932 1330.80
Ž .Ferredoxin Tl y2768 y5320 2000 2520 4187 1133.29

Ž .EF-Tu Tm y16 043 y35 102 15 241 20 363 32 132 8491.19
Ž .EF-Tu Tt y15 856 y35 002 15 420 20 638 32 328 8545.99
Ž .Ompa Tm y17 622 y36 313 14 508 19 213 30 702 8185.44

Ž .Gln synthase Tm y16 891 y37 996 16 934 23 153 36 188 9536.93
Ž .Gln synthase Pw y16 828 y37 753 16 793 22 845 36 101 9507.73

Ž .GAPDH Tm y13 020 y28 821 12 443 17 470 26 488 6991.28
Ž .b-Galactosidase Ss y17 694 y40 807 19 348 25 585 40 487 10 653.03
Ž .IndGroP synthase Ss y10 292 y22 750 9870 13 484 20 799 5495.01

y2 y4 y4 y5a =10 a a =10 c c =10 v=102 3 4 1 2
y1Ž Ž Ž Ž Ž Žcal cal K cal K cal mol cal K cal

y1 . y1 y1. y1 . y1 . y1 .mol mol mol K mol mol
y1 .bar

Ž .Rubredoxin Pf y59.32 262.23 y212.94 3163.23 y312.61 18.11
Ž .Ferredoxin Pf y85.92 250.05 y255.34 3827.88 y355.24 22.14
Ž .Ferredoxin Tl y94.56 242.22 y215.75 3242.93 y271.26 18.92

Ž .EF-Tu Tm y230.05 2052.71 y1753.21 24 287.34 y1560.48 82.84
Ž .EF-Tu Tt y243.45 2069.69 y1767.66 24 593.12 y1594.11 78.66
Ž .Ompa Tm y326.09 1683.97 y1634.82 23 892.46 y1854.78 100.10

Ž .Gln synthase Tm y133.10 2269.24 y2011.99 27 818.54 y1906.02 87.07
Ž .Gln synthase Pw y175.24 2351.82 y1985.77 27 618.28 y1948.08 89.20

Ž .GAPDH Tm y149.86 1725.39 y1479.43 20 518.65 y1242.74 57.51
Ž .b-Galactosidase Ss y99.57 2390.96 y2238.62 31 387.20 y2503.12 78.73
Ž .IndGroP synthase Ss y51.18 1172.71 y1167.44 16 042.28 y1044.58 47.85
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Table 13
o y1Ž .Standard molal Gibbs free energies DG , kcal mol of 11 unfolded thermophilic proteins as a function of temperature at PSAT

Ž . Ž .computed from Eqs. 6 and A14 using equations of state parameters and standard molal properties at 258C and 1 bar taken from
Tables 6 and 7, together with the amino acid sequences reported in the references listed below

Ž .Protein Temperature 8C

25 50 75 100 150 200 250

aŽ .Rubredoxin Pf y2308 y2358 y2412 y2472 y2603 y2750 y2909
bŽ .Ferredoxin Pf y3219 y3280 y3347 y3420 y3582 y3762 y3956

bŽ .Ferredoxin Tl y2768 y2820 y2878 y2941 y3081 y3236 y3403
cŽ .EF-Tu Tm y16 043 y16 445 y16 890 y17 374 y18 449 y19 649 y20 947

cŽ .EF-Tu Tt y15 856 y16 263 y16 712 y17 202 y18 291 y19 507 y20 824
dŽ .Ompa Tm y17 622 y18 005 y18 428 y18 889 y19 916 y21 062 y22 301

eŽ .Gln synthase Tm y16 891 y17 339 y17 835 y18 376 y19 581 y20 930 y22 394
eŽ .Gln synthase Pw y16 828 y17 272 y17 763 y18 299 y19 494 y20 831 y22 280

fŽ .GAPDH Tm y13 020 y13 349 y13 715 y14 114 y15 004 y16 001 y17 084
gŽ .b-Galactosidase Ss y17 694 y18 204 y18 769 y19 385 y20 756 y22 291 y23 959

hŽ .IndGroP synthase Ss y10 292 y10 553 y10 842 y11 157 y11 858 y12 643 y13 494

a w xBlake et al. 80 .
b w xBusse et al. 81 .
c w xBachleitner et al. 82 .
d w xEngel et al. 83 .
e w xSanangelantoni et al. 84 .
f w xSchultes et al. 85 .
g w xCubellis et al. 86 .
h w xAndreotti et al. 87 .

w Ž .four of these proteins rubredoxin Pf , IndGroP
Ž . Ž .synthase Ss , GAPDH Tm , and b-galactosidase

Ž .xSs are plotted as examples in Figs. 9]13. These
proteins were chosen because they are represen-
tative of the composition, size, and thermody-
namic behavior as a function of temperature and

pressure, of the group of thermophilic enzymes
considered in this study.

It can be seen in Figs. 9]11 that the curves
representing DGo, D H o, and So as a function of
temperature are monotonic, decreasing with in-
creasing temperature for DGo, but increasing over

Table 14
o y1Ž .Standard molal enthalpies D H , kcal mol of 11 unfolded thermophilic proteins as a function of temperature at P computedSAT

Ž . Ž .from Eqs. 6 and A13 using equations of state parameters and standard molal properties at 258C and 1 bar taken from Tables 6
and 7, together with the amino acid sequences reported in the references given in the footnotes for Table 13

Ž .Protein Temperature 8C

25 50 75 100 150 200 250

Ž .Rubredoxin Pf y4713 y4650 y4583 y4514 y4377 y4248 y4144
Ž .Ferredoxin Pf y6218 y6141 y6059 y5975 y5809 y5653 y5528
Ž .Ferredoxin Tl y5320 y5254 y5184 y5113 y4972 y4840 y4734

Ž .EF-Tu Tm y35 102 y34 573 y34 022 y33 464 y32 348 y31 264 y30 291
Ž .EF-Tu Tt y35 002 y34 466 y33 907 y33 341 y32 206 y31 101 y30 100
Ž .Ompa Tm y36 313 y35 809 y35 279 y34 741 y33 665 y32 630 y31 731

Ž .Gln synthase Tm y37 996 y37 392 y36 762 y36 122 y34 839 y33 588 y32 451
Ž .Gln synthase Pw y37 753 y37 157 y36 533 y35 900 y34 629 y33 391 y32 271

Ž .GAPDH Tm y28 821 y28 368 y27 898 y27 421 y26 466 y25 531 y24 671
Ž .b-Galactosidase Ss y40 807 y40 135 y39 426 y38 703 y37 244 y35 807 y34 467
Ž .IndGroP synthase Ss y22 750 y22 399 y22 034 y21 663 y20 920 y20 195 y19 531
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Table 15
o y1 y1Ž .Standard molal entropies S , cal mol K of 11 unfolded thermophilic proteins as a function of temperature at P computedSAT

Ž . Ž .from Eqs. 6 and A12 using equations of state parameters and standard molal properties at 258C and 1 bar taken from Tables 6
and 7, together with the amino acid sequences reported in the references given in the footnotes for Table 13

Ž .Protein Temperature 8C

25 50 75 100 150 200 250

Ž .Rubredoxin Pf 1874 2077 2278 2468 2812 3098 3303
Ž .Ferredoxin Pf 2315 2563 2807 3039 3455 3801 4048
Ž .Ferredoxin Tl 2000 2214 2422 2619 2973 3266 3475

Ž .EF-Tu Tm 15 241 16 944 18 585 20 133 22 933 25 335 27 257
Ž .EF-Tu Tt 15 420 17 147 18 822 20 383 23 230 25 679 27 656
Ž .Ompa Tm 14 508 16 130 17 708 19 202 21 901 24 195 25 970

Ž .Gln synthase Tm 16 934 18 876 20 754 22 529 25 749 28 523 30 769
Ž .Gln synthase Pw 16 793 18 713 20 571 22 329 25 517 28 261 30 473

Ž .GAPDH Tm 12 443 13 901 15 302 16 623 19 020 21 093 22 792
Ž .b-Galactosidase Ss 19 348 21 511 23 623 25 629 29 289 32 475 35 121
Ž .IndGroP synthase Ss 9870 10 999 12 087 13 115 14 979 16 588 17 898

the same temperature range for D H o and So.
The solid curves in these figures represent values
of the standard molal properties of unfolded pro-
teins at pHs for which the His, Lys, Arg, Asp, and
Glu residues are all ionized, but the remaining
residues are neutral. In contrast, the dashed
curves denote corresponding values of DGo, D H o,
and So for the proteins at pHs for which only the
His, Lys, and Arg residues are ionized. Note that
the dashed and corresponding solid curves are
demonstrably different, not only in position, but
also in configuration. Differences of this kind are
even more pronounced in the sets of solid and

dashed curves shown in Figs. 12 and 13, which
correspond to Co and V o analogs of those forP
DGo, D H o, and So in Figs. 9]11. It can be seen
that the solid curves representing Co and V o inP
these figures maximize as a function of tempera-
ture in all four cases between ;100 and 1508C.
In contrast, all of the dashed curves in Figs. 12
and 13 exhibit a reverse sigmoid configuration
and increase with increasing temperature. The
difference in the configurations of the solid and
dashed curves at high temperatures results from
the difference in sign of v for the R groups of
the Asp and Glu residues relative to those of

Table 16
o y1 y1Ž .Standard molal heat capacities C , cal mol K of 11 unfolded thermophilic proteins as a function of temperature at PP SAT

Ž . Ž .computed from Eqs. 6 and A2 using equations of state parameters taken from Table 7, together with the amino acid sequences
reported in the references given in the footnotes for Table 13

Ž .Protein Temperature 8C

25 50 75 100 150 200 250

Ž .Rubredoxin Pf 2363 2635 2733 2758 2679 2376 1413
Ž .Ferredoxin Pf 2905 3212 3320 3345 3243 2870 1692
Ž .Ferredoxin Tl 2520 2753 2832 2846 2752 2429 1421

Ž .EF-Tu Tm 20 363 21 728 22 228 22 371 22 039 20 665 16 271
Ž .EF-Tu Tt 20 638 22 039 22 560 22 720 22 429 21 135 16 969
Ž .Ompa Tm 19 213 20 834 21 425 21 591 21 184 19 520 14 208

Ž .Gln synthase Tm 23 153 24 835 25 470 25 678 25 386 23 968 19 363
Ž .Gln synthase Pw 22 845 24 567 25 215 25 428 25 127 23 674 18 956

Ž .GAPDH Tm 17 470 18 566 18 978 19 113 18 916 17 978 14 936
Ž .b-Galactosidase Ss 25 585 27 829 28 723 29 082 28 984 27 777 23 654
Ž .IndGroP synthase Ss 13 484 14 406 14 753 14 867 14 706 13 927 11 396
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Table 17
o 3 y1Ž .Standard molal volumes V , cm mol of 11 unfolded thermophilic proteins as a function of temperature at P computedSAT

Ž . Ž .from Eqs. 6 and A3 using equations of state parameters taken from Table 7, together with the amino acid sequences reported in
the references given in the footnotes for Table 13

Ž .Protein Temperature 8C

25 50 75 100 150 200 250

Ž .Rubredoxin Pf 4059 4139 4179 4195 4178 4077 3772
Ž .Ferredoxin Pf 4932 5038 5090 5114 5097 4976 4605
Ž .Ferredoxin Tl 4187 4271 4313 4330 4313 4208 3890

Ž .EF-Tu Tm 32 132 32 833 33 208 33 412 33 494 33 128 31 797
Ž .EF-Tu Tt 32 328 33 037 33 418 33 628 33 727 33 392 32 137
Ž .Ompa Tm 30 702 31 382 31 738 31 921 31 941 31 451 29 812

Ž .Gln synthase Tm 35 434 36 255 36 699 36 946 37 072 36 710 35 326
Ž .Gln synthase Pw 36 101 36 892 37 318 37 551 37 657 37 273 35 846

Ž .GAPDH Tm 26 488 27 085 27 411 27 595 27 704 27 482 26 580
Ž .b-Galactosidase Ss 40 487 41 429 41 947 42 246 42 454 42 184 40 971
Ž .IndGroP synthase Ss 20 799 21 299 21 571 21 726 21 818 21 633 20 881

Aspy and Gluy. Large positive values of v are
characteristic of monovalent anions such as RAspy
and R . In contrast, relatively small negativeGluy
values of v are representative of neutral polar
species such as R and R . The standardAsp Glu
molal thermodynamic properties of unfolded pro-
teins with neutral His, Lys, and Arg residues
differ only slightly from the corresponding
properties of the proteins with these side chains
ionized because the relative differences in the
values of v for cationic and neutral R groups are
significantly less than the corresponding differ-
ences in v for anionic and neutral groups.

It can be deduced from the curves shown in
Figs. 12 and 13, and to a lesser degree from those
depicted in Figs. 9]11, that solution pH and the
relative abundances of neutral and charged Asp
and Glu residues play a major role in determining
the thermodynamic behavior of unfolded pro-
teins. Furthermore, it can be shown that by taking
account of the equations of state parameters for
the R groups in Table 7, the relative abundances
of residues other than Asp and Glu may affect
appreciably the thermodynamic behavior of un-
folded proteins as a function of temperature
andror pressure. For example, proteins with rela-
tively large numbers of Val, Leu, Ile, Lys, Met,
Phe, and Tyr residues exhibit substantially lower
first derivatives of Co with respect to tempera-P
ture at low temperatures. For proteins with even

larger numbers of these residues, the sign of this
derivative may be negative. It follows that curves
representing Co of unfolded proteins as a func-P
tion of temperature, and as a consequence, curves
corresponding to the other standard molal
properties may exhibit any of four possible con-
figurations: they may maximize, minimize, or ex-
hibit sigmoid or reverse sigmoid configurations,
depending on the relative abundances of different
amino acid residues and their ionization states in

w xthe unfolded protein 20,30,45 . The same obser-
vations apply to curves representing the standard
molal thermodynamic properties of native pro-
teins, as well as those for the unfolding process
w x4 .

6. Computational uncertainties

Representative uncertainties associated with
the values of DGo, D H o, So, Co, and V o at 258Cf f P
and 1 bar for the unfolded proteins computed in
the present study can be assessed from estimates
of the uncertainties in these properties for the
amino acid residues. The latter uncertainties are
essentially equivalent to those associated with the

w xcorresponding properties of the amino acids 20 ,
which are of the order of "0.02 kcal moly1,
"0.20 kcal moly1, "0.74 cal moly1 Ky1, "1]2
cal moly1 Ky1, and "0.5]1 cm3 moly1 for DGo,f
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o Ž . Ž . Ž .Fig. 9. DG as a function of temperature at P for rubredoxin Pf , IndGroP synthase Ss , GAPDH Tm , and b-galactosidaseSAT
Ž . Ž . Ž . oSs . The curves were generated from Eq. A14 using the group additivity algorithm represented by Eq. 6 and values of DG andf
equations of state parameters for the constituent groups given in Tables 6 and 7. The solid curves represent the proteins with fully
ionized R groups in the His, Lys, Arg, Asp, and Glu residues. In contrast, only the R groups of the His, Lys, and Arg residues are
ionized in the proteins represented by the dashed curves.

D H o, So, Co, and V o at 258C and 1 bar, respec-f P
Ž .tively Table 18 . In order to estimate representa-

tive uncertainties in calculated values of DGo,
D H o, So, Co, and V o of unfolded proteins atP
elevated temperatures and pressures, the uncer-
tainties in the equations of state parameters used
in the calculations need to be assessed. Represen-
tative uncertainties associated with these parame-
ters can be taken to be equivalent to those for the

w xamino acids 20 . Combining the contributions by
the representative uncertainties associated with
the standard molal thermodynamic properties at
258C and 1 bar with those arising from the uncer-
tainties in the equations of state parameters yields
the total representative uncertainties in com-
puted values of DGo, D H o, So, Co, and V o ofP

amino acid residues at elevated temperatures and
pressures. As examples, calculated maximum rep-
resentative uncertainties of standard molal
properties of amino acid residues at 1008C and
P and at 2508C and 1 kbar are given in TableSAT
18. The contributions of the uncertainties in
equations of state parameters and standard molal
properties at 258C and 1 bar to the uncertainties
in standard molal properties at elevated tempera-
tures and pressures are also listed in Table 18. It
should be emphasized that the representative un-
certainties in the standard molal properties of
unfolded proteins are not obtained by adding the
corresponding uncertainties of the appropriate
residues. Owing to probable cancellation of the
uncertainties associated with the properties and
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o Ž . Ž . Ž .Fig. 10. D H as a function of temperature at P for rubredoxin Pf , IndGroP synthase Ss , GAPDH Tm , and b-galactosi-SAT
Ž . Ž . Ž . odase Ss . The curves were generated from Eq. A13 using the group additivity algorithm represented by Eq. 6 and values of D Hf

Ž .and equations of state parameters for the constituent groups taken from Tables 6 and 7 see caption of Fig. 9 .

parameters of the different kinds of residues in
each protein, the representative uncertainties of
the standard molal properties of unfolded pro-
teins are likely to be considerably less.

7. Concluding remarks

The group additivity equation of state approach
adopted in this communication for computing val-
ues of the standard molal thermodynamic proper-
ties of ]Gly] and PB as a function of tempera-
ture and pressure, together with those of AAB
and the R groups tabulated in the first of this

w xseries of papers 20 permits prediction of the
thermodynamic behavior as a function of temper-
ature and pressure of any unfolded protein for
which the amino acid sequence is known. Calcula-

tions of this kind for Co can be combined withP
those of the corresponding heat capacities of
folded proteins to quantify the effects of tempera-
ture on the standard molal thermodynamic

w xproperties of unfolding 4 . Nevertheless, additio-
nal experimental calorimetry, density, and sound
velocity data for peptides and unfolded proteins
at elevated temperatures are needed to verify
andror refine the group additivity approach and
values of the equations of state parameters and
standard molal properties at 258C and 1 bar
adopted in the present study. Until further re-
finements can be made, the properties and
parameters tabulated above afford the means to
generate close approximations of DGo, D H o, So,
Co, and V o for unfolded proteins as a function ofP
temperature and pressure to at least 2508C and 1
kbar.
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o Ž . Ž . Ž .Fig. 11. S as a function of temperature at P for rubredoxin Pf , IndGroP synthase Ss , GAPDH Tm , and b-galactosidaseSAT
Ž . Ž . Ž . oSs . The curves were generated from Eq. A12 using the group additivity algorithm represented by Eq. 6 and values of S at

Ž .258C and 1 bar and equations of state parameters for the constituent groups taken from Tables 6 and 7 see caption of Fig. 9 .

The equations of state and group additivity
algorithms adopted in the present study have
been incorporated into a software package called

ŽORGANOBIOGEOTHERM or O-BiG-T for
.short , which can be obtained at no cost from the

Laboratory of Theoretical Geochemistry and Bio-
geochemistry at the University of California at
Berkeley, otherwise known as Prediction Central.
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o Ž . Ž . Ž .Fig. 12. C as a function of temperature at P for rubredoxin Pf , IndGroP synthase Ss , GAPDH Tm , and b-galactosidaseP SAT
Ž . Ž . Ž .Ss . The curves were generated from Eq. A2 using the group additivity algorithm represented by Eq. 6 and values of equations

Ž .of state parameters for the constituent groups taken from Table 7 see caption of Fig. 9 .

Appendix A
Summary of the revised HKF equations of state

The standard molal thermodynamic properties
of aqueous species in the revised HKF equations
of state are expressed as the sum of structural
and solvation contributions. A general statement
of this separation of variables is represented by

Ž .JsDJ qDJ A1n s

where J denotes any standard molal property,
Žand DJ and DJ stand for the non-solvation orn s

. Ž .structural and solvation or electrostatic con-
tributions to J, respectively. The revised HKF

equations for the standard molal heat capacity
Ž o. Ž o.C and volume V of an aqueous species areP

w xgiven by 21

Co sDCo qDCo
P P ,n P , s

c 2T2 Ž .sc q y a PyP1 3 r2 3Ž . Ž .TyQ TyQ

CqP ­vqa ln qvTXq2TY4 ž /ž /CqP ­T Pr

1 ­2v Ž .yT y1 A22ž / ž /« ­T P
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o Ž . Ž . Ž .Fig. 13. V as a function of temperature at P for rubredoxin Pf , IndGroP synthase Ss , GAPDH Tm , and b-galactosidaseSAT
Ž . Ž . Ž .Ss . The curves were generated from Eq. A3 using the group additivity algorithm represented by Eq. 6 and values of equations

Ž .of state parameters for the constituent groups taken from Table 7 see caption of Fig. 9 .

and

V o sDV o qDV o
n s

j 1 ­vssq yvQq y1ž / ž /TyQ « ­P T

a a 12 4sa q q a q yvQ1 3ž / ž /CqP CqP TyQ

1 ­v Ž .q y1 A3ž / ž /« ­P T

where c , c , s, j, a , a , a , a , and v stand for1 2 1 2 3 4
equation of state parameters for these species, C
and Q denote solvent parameters equal to 2600
bar and 228 K, T and P represent the tempera-
ture and pressure of interest, P signifies ther
reference pressure of 1 bar, and X, Y, and Q

represent the Born functions defined by

­Y Ž .X' A4ž /­T P

Ž .­ 1r« Ž .Y'y A5
­T P

and

Ž .­ 1r« Ž .Q'y A6
­P T

where « stands for the dielectric constant of pure
water. The values of X, Y, and Q used in the

w xpresent study were taken from Shock et al. 26 .
The non-solvation contributions to Co and V o

P
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Table 18
Calculated maximum representative uncertainties associated with computed values of the standard molal properties of amino acid
residues at 1008C and P and at 2508C and 1 kbar arising from estimated uncertainties in the equation of state parameters andSAT
the values of the standard molal properties at 258C and 1 bar

o o o o oProperty or Estimated DG D H S C VP
y1 y1 3Ž Ž Ž Ž Žparameter uncertainty kcal kcal cal mol cal mol cm

y1 y1 y1 y1 y1. . . . .mol mol K K mol

Uncertainty at 1008C and PS AT
o y1 aŽ .DG kcal mol 0.02 0.02f
o y1 aŽ .D H kcal mol 0.20 0.20f

o y1 y1 aŽ .S cal mol K 0.74 0.06 0.74
o y1 y1 aŽ .C cal mol K 1.00 1.00P

o 3 y1 aŽ .V cm mol 0.50 0.50
y1 y1Ž .a cal mol bar =10 0.08 0 0 0.331
y1 y2Ž .a cal mol =10 0.25 0 0 0.402

y1 y1Ž .a cal K mol bar 0.75 0 0 0 0.223
y1 y4Ž .a cal K mol =10 0.20 0 0 0 0 0.224

y1 y1Ž .c cal mol K 0.50 0 0.04 0.11 0.501
y1 y4Ž .c cal K mol =10 0.50 0.01 0.04 0.11 0.242

y1Ž .v kcal mol 5.00 0.01 0.04 0.12 0.71 0.24

Total uncertainty 0.10 0.32 1.08 2.45 1.91

Uncertainty at 2508C and 1 kbar
o y1 aŽ .DG kcal mol 0.02 0.02f
o y1 aŽ .D H kcal mol 0.20 0.20f

o y1 y1 aŽ .S cal mol K 0.74 0.17 0.74
o y1 y1 aŽ .C cal mol K 1.00P

o 3 y1 aŽ .V cm mol 0.50 0.50
Ž y1 y1 .a cal mol bar =10 0.08 0.01 0.01 0.331

y1 y2Ž .a cal mol =10 0.25 0.01 0.01 0.292
y1 y1Ž .a cal K mol bar 0.75 0.01 0.01 0.03 0.113
y1 y4Ž .a cal K mol =10 0.20 0 0.01 0.01 0.03 0.084

y1 y1Ž .c cal mol K 0.50 0.03 0.11 0.28 0.501
y1 y4Ž .c cal K mol =10 0.50 0.03 0.05 0.15 0.062

y1Ž .v kcal mol 5.00 0.03 0.16 0.37 1.50 0.66

Total uncertainty 0.30 0.56 1.56 3.12 1.97

aAt 258C and 1 bar.

can be expressed as

1 2ToDC sc qc yP ,n 1 2 2 3Ž . Ž .TyQ TyQ

CqPŽ . Ž .= a PyP qa ln A73 r 4 ž /CqPr

and

1o Ž .DV ssqj A8n TyQ

Ž .At PsP , Eq. A7 reduces tor

1o Ž .DC sc qc A9P ,n 1 2 2Ž .TyQ

The solvation contributions to Co and V o can beP
written as

­v 1 ­2voDC svTXq2TY T y1P , s 2ž / ž / ž /­T «P ­T P

Ž .A10
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and

1 ­vo Ž .DV syvQq y1 A11s ž / ž /« ­P T

The standard molal entropy of an aqueous
species as a function of temperature and pressure
can be computed from

cT 2o oS sS qc ln yP T 1r , r ž /T Qr

1 1
= yž /½ ž /TyQ T yQr

2Ž .T TyQ1 1rq ln q ž /5Q TyQŽ .T T yQr

CqPŽ .= a PyP qa ln qvY3 r 4 ž /CqPr

1 ­v Ž .y y1 yv Y A12P ,T P ,Tž / ž / r r r r« ­T P

where T represents the reference temperature ofr
298.15 K. The apparent standard molal enthalpy
Ž o. Ž o.D H and Gibbs free energy DG of formation
are defined by

D H o 'D H o q H o yH oŽ .f P ,T P ,Tr r

o Ž .sD H qc TyT ycf 1 r 2

1 1 Ž .= y qa PyP1 rž / ž /TyQ T yQr

CqP 2TyQqa ln q2 2ž /CqPr Ž .TyQ

CqPŽ .= a PyP qa ln3 r 4 ž /CqPr

1 1 ­vqv y1 qvTYyT y1ž / ž / ž /« « ­T P

1yv y1 yv T YP ,T P ,T r P ,Tr r r r r rž /«P ,Tr r

Ž .A13

and

DGo 'DGo q Go yGoŽ .f P ,T P ,Tr r

o o Ž .sDG yS TyTf P ,T rr r

Tyc T ln yTqT1 rž /Tr

1 1 QyTyc y2 ž / ž /½ ž /TyQ T yQ Qr

Ž .T TyQT r Ž .y ln qa PyP1 r2 5Ž .T T yQQ r

CqP 1qa ln q2 ž /ž /CqP TyQr

CqPŽ .= a PyP qa ln3 r 4 ž /CqPr

1 1qv y1 yv y1P ,Tž / r r ž /« «P Tr , r

Ž . Ž .yv Y TyT A14P ,T P T rr r r , r

where D H o and DGo refer to the standard molalf f
enthalpy and Gibbs free energy of formation from
the elements in their stable form at 298.15 K and

Ž .1 bar, respectively. For neutral species ­vr­P ,T
Ž . Ž 2 2 . Ž 2 2 .­vr­T , ­ vr­P , and ­ vr­T in Eqs.P T P
Ž . Ž . Ž . Ž . Ž . Ž .A2 and A3 and Eqs. A10 , A11 , A12 , A13

Ž . w xand A14 are taken to be zero 24,25,35 .
Ž .Values of v for Gly, Gly ns2]5 , ]Gly],n

AAB, and PB given in Table A1 were estimated
from group additivity algorithms adopted in this
study, together with correlations of v with So for
neutral aqueous species discussed in detail in

w xAmend and Helgeson 45 . The value of v for PB
was generated with the value of So given in Table
6 from the correlation shown in Fig. 14, which
represents a modification of the one shown in

Fig. 14. Correlation of v with So at 258C and 1 bar for
neutral aqueous organic and inorganic species with at least
one hetero-atom. The regression line corresponds to that

w xgenerated by Shock et al. 25 , which is consistent with Eq.
Ž . Ž .A15 see text .
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w xAmend and Helgeson 20 . The equation of the
correlation line in this figure is given by

o 5 Ž .vsy1514.4S q0.34=10 A15

and can be used to estimate values of v for
groups with at least one hetero-atom. The values
of v for Gly and AAB were taken from Amend

w xand Helgeson 20 and those for ]Gly] and Glyn
Ž . Ž .were calculated with Eqs. 5 and 6 , respectively,

using values of the requisite groups given in Table
7 and Table A1.
Table A1

o w xValues of S and v for Gly 20 and those for Gly , ]Gly],n
Ž .AAB, and PB generated in the present study see text

oa y5bGroup S v=10

Gly 39.29 y0.2550
Gly 66.10 y0.32102
Gly 92.91 y0.38703
Gly 119.72 y0.45304
Gly 146.53 y0.51905
]Gly] 26.81 y0.0660
AAB 25.67 y0.0487
PB 13.18 0.1403

acal moly1 Ky1

bcal moly1
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