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Abstract. Thermodynamic calculations can be used to quan-
tify environmental constraints on the speciation of proteins,
such as the pH and temperature dependence of ionization
state, and the relative chemical stabilities of proteins in dif-
ferent biogeochemical settings. These calculations depend in
part on values of the standard molal Gibbs energies of pro-
teins and their ionization reactions as a function of temper-
ature and pressure. Because these values are not generally
available, we calculated values of the standard molal thermo-
dynamic properties at 25◦C and 1 bar as well as the revised
Helgeson-Kirkham-Flowers equations of state parameters of
neutral and charged zwitterionic reference model compounds
including aqueous amino acids, polypeptides, and unfolded
proteins. The experimental calorimetric and volumetric data
for these species taken from the literature were combined
with group additivity algorithms to calculate the properties
and parameters of neutral and ionized sidechain and back-
bone groups in unfolded proteins. The resulting set of group
contributions enables the calculation of the standard molal
Gibbs energy, enthalpy, entropy, isobaric heat capacity, vol-
ume, and isothermal compressibility of unfolded proteins in
a range of proton ionization states to temperatures and pres-
sures exceeding 100◦C and 1000 bar. This approach pro-
vides a useful frame of reference for thermodynamic studies
of protein folding and complexation reactions. It can also
be used to assign provisional values of the net charge and
Gibbs energy of ionized proteins as a function of tempera-
ture and pH. Using these values, an Eh-pH diagram for a
reaction representing the speciation of extracellular proteins
from Pyrococcus furiosusand Bacillus subtiliswas gener-
ated. The predicted predominance limits of these proteins
correspond with the different electrochemical conditions of
hydrothermal vents and soils. More comprehensive calcu-
lations of this kind may reveal pervasive chemical potential
constraints on the interactions of microbes with their envi-
ronment.

Correspondence to:J. M. Dick
(jedick@berkeley.edu)

1 Introduction

The speciation of proteins encompasses ionization reactions
associated with complexation with protons and other ions,
as well as evolutionary processes that lead to differences in
the composition of proteomes in organisms adapted to differ-
ent environments. Patterns in the compositions of proteomes
that support life in different parts of the biosphere have re-
ceived considerable attention in recent years (Elser et al.,
2000; Gasch et al., 2000; Fukuchi and Nishikawa, 2001;
Kreil and Ouzounis, 2001; Kato et al., 2004; Tyson et al.,
2004; Schulze, 2005; Boonyaratanakornkit et al., 2005), but
their connections to gradients of oxidation state and pH both
inside and outside the cell (e.g.,Schafer and Buettner, 2001;
Ding et al., 2001) are only beginning to be recognized (see
Brett et al., 2006). A thermodynamic investigation of these
processes, which is based on Gibbs energy calculations, af-
fords a quantitative understanding of the speciation of pro-
teins as a function of temperature, pressure, and electrochem-
ical constraints such as Eh and pH.

Generating Eh-pH diagrams depends on calculations of
the thermodynamic properties of reactions between proteins,
which in turn depend on knowing the ionization states and
standard molal Gibbs energies of proteins with different
amino acid compositions as a function of temperature, pres-
sure, and ionization state. These properties are generally
unavailable in the literature. However, the calculations can
be facilitated by adopting a reference state corresponding
to aqueous unfolded proteins, the properties of which can
be assessed using ionization-specific group additivity algo-
rithms. The group contributions reported in the present study
were generated using experimental data reported in the re-
cent literature in conjunction with the revised Helgeson-
Kirkham-Flowers (HKF) equation of state (Helgeson et al.,
1981; Tanger and Helgeson, 1988). The ionization con-
stants and other thermodynamic properties of sidechain and
backbone groups in proteins permit the calculation of the
net charge and Gibbs energy (Znet and 1G◦) of unfolded
proteins, which vary not only as a function of temperature
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(a) Cysteine (b) Gly–Cys–Gly

—— [AABB] —— [GXGBB]

(c) Sidechain Groups

Ala, A Arg, R Asn, N Asp, D Cys, C
Alanine Arginine Asparagine Aspartic Acid Cysteine

C3H7NO2 C6H14N4O2 C4H8N2O3 C4H7NO4 C3H7NO2S

Gln, Q Glu, E Gly, G His, H Ile, I
Glutamine Glutamic Acid Glycine Histidine Isoleucine
C5H10N2O3 C5H9NO4 C2H5NO2 C6H9N3O2 C6H13NO2

Leu, L Lys, K Met, M Phe, F Pro, P
Leucine Lysine Methionine Phenylalanine Proline

C6H13NO2 C6H14N2O2 C5H11NO2S C9H11NO2 C5H9NO2

Ser, S Thr, T Trp, W Tyr, Y Val, V
Serine Threonine Tryptophan Tyrosine Valine

C3H7NO3 C4H9NO3 C11H12N2O2 C9H11NO3 C5H11NO2

1

Fig. 1. Representative structures of(a) an amino acid (cysteine),(b) a Gly–X–Gly tripeptide (Gly–Cys–Gly), and(c) the 20 sidechain groups
commonly present in proteins. The solid outlines represent either the amino acid or Gly–X–Gly backbone group ([AABB] and [GXGBB],
respectively), as indicated. The shaded boxes represent groups that are ionizable in the pH range 0 to 14 at 25◦C. The wavy lines denote
bonds between sidechain groups and the alpha carbon of the backbone group; the second bond of the proline sidechain group is to the
nitrogen of the backbone group. Note that the formulas given in(c) are those of the corresponding amino acid.

and pressure, but also as a function of ionization state. The
purposes of this paper are to summarize the results of these
group additivity and equations of state calculations and to il-
lustrate their application in calculations of the chemical and
biological speciation of proteins.

Group additivity algorithms have been used to supplement
experimental thermodynamic data of proteins and other or-
ganic species, both at 25◦C and 1 bar (Cohn and Edsall, 1943;
Cabani et al., 1981; Lepori and Gianni, 2000), and as a func-
tion of temperature and pressure (Makhatadze and Privalov,
1990; Privalov and Makhatadze, 1990; Makhatadze et al.,
1990; Amend and Helgeson, 1997b; Marriott et al., 1998).
The thermodynamic properties of the protein sidechain
groups are often modeled from those of amino acids (Amend
and Helgeson, 1997a, 2000) or other peptide molecules such
as Gly–X–Gly tripeptides (Kharakoz, 1997; Hakin and Hed-
wig, 2001a; Hedwig and Hinz, 2003). These calculations
generally have been restricted to non-ionized (or completely
neutral) proteins, or to proteins in discrete ionization states
(Amend and Helgeson, 2000). Kharakoz (1997) used group
additivity for the volumes and compressibilities of ionized
unfolded proteins at 25◦C.

The reference model compounds used in these calculations
include amino acids and Gly–X–Gly tripeptides. Represen-
tative structures of these molecules are shown in Figs.1a
and b. Among the twenty standard protein sidechain groups
shown in Fig. 1c, seven are ionizable at pHs of 0 to 14. Be-
cause of the availability of experimental data for amino acids,
we have used them as the primary model compounds for the
sidechain groups. The amino acid backbone group, denoted
by [AABB], is a zwitterionic structure that itself contains
two ionizable groups. The repeating unit of polypeptides
and proteins is denoted by [PBB], or the protein backbone
group. Adjacent [PBB] groups in polypeptides and proteins
are linked by the peptide bond. Proteins are distinguished
from polypeptides by their size, often greater than one hun-
dred backbone groups, and their occurrence in organisms.

Owing to specific interactions among the ionized groups
in unfolded proteins (Whitten and García-Moreno E., 2000),
the equilibrium constants of the ionization reactions of
sidechain and backbone groups in unfolded proteins differ
from those of the corresponding amino acid ionization reac-
tions, in some cases by more than a log unit (Nozaki and Tan-
ford, 1967; Steinhardt and Reynolds, 1969; Tan et al., 1995;
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Elcock, 1999; Kundrotas and Karshikoff, 2002; Tollinger
et al., 2003). However, the enthalpies, heat capacities and
volumes of the the different ionization reactions in pro-
teins generally are not experimentally known. Therefore,
estimates of the temperature dependence of the ionization
equilibrium constants of sidechain groups in proteins can
be calculated in a first approximation using the sidechain
group contributions derived from amino acids. Refinements
to these provisions will become possible when more com-
prehensive calorimetric data are available for the ionization
reactions of proteins.

2 Thermodynamic conventions

The revised HKF equations of state permit calculation of
the standard molal thermodynamic properties of aqueous
species as continuous functions of temperature and pressure
(Helgeson et al., 1981; Tanger and Helgeson, 1988). They
have been used to represent experimental values ofC◦

P , V ◦,
and κ◦

T of a wide variety of organic and inorganic aque-
ous species, including amino acids (Amend and Helgeson,
1997a; Marriott et al., 1998). The equations of state and the
thermodynamic conventions adopted in the present study are
summarized below.

2.1 Standard state conventions

The standard state convention adopted for H2O is unit activ-
ity of the pure component at any temperature and pressure.
For other aqueous species, the convention corresponds to unit
activity of a hypothetical one molal solution referenced to in-
finite dilution at any temperature and pressure. The conven-
tional standard molal thermodynamic properties of charged
aqueous species are given by

4 = 4abs
− Z4abs

H+ , (1)

where4 and4abs, respectively, stand for any conventional or
absolute standard molal thermodynamic property or equation
of state parameter of the aqueous species of interest,4abs

H+ de-
notes the corresponding absolute standard molal thermody-
namic property or equation of state parameter of the hydro-
gen ion, andZ represents the formal charge of the aqueous
species of interest. The conventional standard molal thermo-
dynamic properties and equations of state parameters of H+

are therefore zero at all temperatures and pressures. Calcula-
tions taking account of the biochemical standard state, which
is referenced to neutral pH, can be referenced to the stan-
dard state adopted here by taking account of the appropriate
equations (LaRowe and Helgeson, 2006).

The standard molal enthalpies (1H ◦) and Gibbs ener-
gies (1G◦) of aqueous species given below are expressed as
apparent standard partial molal thermodynamic properties,
which are defined by

1H ◦
≡ 1H ◦

f +
(
H ◦

P,T − H ◦

Pr ,Tr

)
(2)

and

1G◦
≡ 1G◦

f +
(
G◦

P,T − G◦

Pr ,Tr

)
, (3)

where 1H ◦

f and 1G◦

f represent the standard molal en-
thalpy and Gibbs energy of formation of the species from
the elements at the reference temperature (Tr ) of 298.15 K
(25◦C) and pressure (Pr ) of 1 bar, andH ◦

P,T −H ◦

Pr ,Tr
and

G◦

P,T −G◦

Pr ,Tr
denote the differences between the standard

molal enthalpy and Gibbs energy, respectively, at the tem-
perature (T ) and pressure (P ) of interest, and those atTr and
Pr .

The values of1G◦

f , 1H ◦

f , and the standard molal entropy
at 25◦C and 1 bar (S◦

Pr ,Tr
) are related by

1G◦

f = 1H ◦

f − Tr

(
S◦

Pr ,Tr
− S◦

Pr ,Tr ,elements

)
, (4)

whereS◦

Pr ,Tr ,elementsrepresents the total standard molal en-
tropy at 25◦C and 1 bar of the elements making up the species
of interest. The values of the standard molal entropies of the
elements at 25◦C and 1 bar used in the present study were
taken fromCox et al.(1989).

2.2 Summary of the revised HKF equations of state

The revised HKF equations of state are consistent with the
separation of variables represented by

4 = 14n + 14s , (5)

where4 stands for any standard molal thermodynamic prop-
erty or equation of state parameter of an aqueous species,
and 14n and 14s refer, respectively, to the nonsolvation
and solvation contributions to that property or parameter.

The nonsolvation contributions to the standard partial mo-
lal isobaric heat capacity, volume, isothermal compressibil-
ity, and expansibility (1C◦

P,n, 1V ◦
n , 1κ◦

T ,n, and1E◦
n, re-

spectively) of an aqueous species can be expressed as (Tanger
and Helgeson, 1988)

1C◦

P,n = c1 +
c2

(T − 2)2

−

(
2T

(T − 2)3

)(
a3 (P − Pr) + a4 ln

(
9 + P

9 + Pr

))
, (6)

1V ◦
n = a1 +

a2

9 + P
+

(
a3 +

a4

9 + P

)(
1

T − 2

)
, (7)

1κ◦

T ,n =

(
a2 +

a4

T − 2

)(
1

9 + P

)2

, (8)

and

1E◦
n = −

(
a3 +

a4

9 + P

)(
1

T − 2

)2

, (9)
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wherea1, a2, a3, a4, c1, andc2 represent temperature- and
pressure-independent parameters of the species of interest,
and2 and9 represent solvent parameters equal to 228 K and
2600 bar, respectively. The solvation contributions toC◦

P ,
V ◦, κ◦

T , andE◦ are given by

1C◦

P,s = ωT X + 2T Y

(
∂ω

∂T

)
P

− T

(
1

ε
− 1

)(
∂2ω

∂T 2

)
P

, (10)

1V ◦
s = −ωQ +

(
1

ε
− 1

)(
∂ω

∂P

)
T

, (11)

1κ◦

T ,s = ωN + 2Q

(
∂ω

∂P

)
T

−

(
1

ε
− 1

)(
∂2ω

∂P 2

)
T

,

(12)

and

1E◦
s = −ωU − Q

(
∂ω

∂T

)
P

− Y

(
∂ω

∂P

)
T

+

(
1

ε
− 1

)(
∂

(
∂ω

∂P

)
T

/∂T

)
P

, (13)

whereω denotes the solvation parameter of the species of
interest,ε stands for the dielectric constant of H2O, andQ,
N , Y , X, andU represent partial derivatives of the recipro-

cal dielectric constant of H2O equal to−
(

∂(1/ε)
∂P

)
T

,
(

∂Q
∂P

)
T

,

−

(
∂(1/ε)

∂T

)
P

,
(

∂Y
∂T

)
P

, and
(

∂Q
∂T

)
P

, respectively. The values

of Q, N , Y , X, andU used in the present study were taken
from Tanger and Helgeson(1988) andShock et al.(1992).

The solvation parameterω and its first and second partial
derivatives with respect to temperature and pressure appear
in Eqs. (10–13). The partial derivatives ofω generally are
calculated from charge-dependent correlations (Tanger and
Helgeson, 1988). The values ofω of neutral species are in
fact effective values, and their partial derivatives with respect
to temperature and pressure commonly are taken to be equal
to zero (Shock et al., 1989). Hence, group additivity algo-
rithms for zwitterionic species such as neutral amino acids
can be facilitated by taking account of

(
∂ω

∂T

)
P

=

(
∂ω

∂P

)
T

=

(
∂2ω

∂T 2

)
P

=

(
∂2ω

∂T 2

)
P

= 0 , (14)

which we take as an approximation for all the neutral and
charged groups and species considered below.

2.3 Revised HKF equations of state for1G◦, 1H ◦, andS◦

The revised HKF equations of state for1G◦, 1H ◦, andS◦

can be written as (Tanger and Helgeson, 1988)

1G◦
= 1G◦

f − S◦

Pr ,Tr
(T − Tr)

− c1

[
T ln

(
T

Tr

)
− T + Tr

]
− c2

{[(
1

T − 2

)
−

(
1

Tr − 2

)](
2 − T

2

)}
+ c2

{
T

22
ln

[
Tr (T − 2)

T (Tr − 2)

]}
+ a1(P − Pr) + a2 ln

(
9 + P

9 + Pr

)
+

(
1

T + 2

)[
a3 (P − Pr) + a4 ln

(
9 + P

9 + Pr

)]
ω

(
1

ε
− 1

)
− ωPr ,Tr

[
YPr ,Tr (Tr − T ) +

1

εPr ,Tr

− 1

]
,

(15)

1H ◦
= 1H ◦

f + c1 (T − Tr)

− c2

[(
1

T − 2

)
−

(
1

Tr − 2

)]
+ a1 (P − Pr) + a2 ln

(
9 + P

9 + Pr

)
+

(
2T − 2

(T − 2)2

)[
a3 (P − Pr) + a4 ln

(
9 + P

9 + Pr

)]
+ ω

(
T Y +

1

ε
− 1

)
− T

(
1

ε
− 1

)(
∂ω

∂T

)
P

− ωPr ,Tr

(
TrYPr ,Tr +

1

εPr ,Tr

− 1

)
, (16)

and

S◦
= S◦

Pr ,Tr
+ c1 ln

(
T

Tr

)
−

c2

2

{(
1

T − 2

)
−

(
1

Tr − 2

)}
− c2

{
1

22
ln

[
Tr (T − 2)

T (Tr − 2)

]}
+

(
1

T − 2

)2 [
a3 (P − Pr) + a4 ln

(
9 + P

9 + Pr

)]
+ ωY −

(
1

ε
− 1

)(
∂ω

∂T

)
P

− ωPr ,Tr YPr ,Tr , (17)

respectively. The calculations of1G◦, 1H ◦, andS◦ used
in the present study take account of Eqs. (15)–(17) together
with Eq. (14) and, hence,ω=ωPr ,Tr .
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2.4 Regression equations

Values of the nonsolvation revised HKF parameters can be
retrieved by combining experimental or estimated values
of the standard molal isobaric heat capacity, volume, and
isothermal compressibility (C◦

P , V ◦, andκ◦

T , respectively)
with values ofω to calculate the corresponding nonsolvation
properties as a function of temperature. These values can
then be expressed as a linear function of two nonsolvation
revised HKF parameters. AtP≈Pr , Eq. (6) reduces to

1C◦

P,n = c1 +
c2

(T − 2)2
, (18)

which can be used to retrieve values ofc1 andc2. The con-
tributions by the pressure-dependent terms are negligible for
pressures less than a few hundred bars. A regression equation
for volumetric data can be derived by defining the parameters
σ andξ as

σ ≡ a1 +
a2

9 + P
(19)

and

ξ ≡ a3 +
a4

9 + P
. (20)

The conversion between the volumetric units ofσ and ξ

and the energetic units ofa1, a2, a3, and a4 is given by
1 cal=41.84 cm3 bar. Combining Eqs. (19) and (20) with
Eq. (7) yields

1V ◦
n = σ +

ξ

T − 2
, (21)

which can be used to retrieve values ofσ andξ . The partial
derivatives with respect to pressure of Eqs. (19) and (20) can
be expressed as (

∂σ

∂P

)
T

=
−a2

(9 + P)2
(22)

and (
∂ξ

∂P

)
T

=
−a4

(9 + P)2
, (23)

which can be combined with Eq. (8) to give

−1κ◦

T ,n =

(
∂σ

∂P

)
T

+

(
∂ξ

∂P

)
T

(
1

T − 2

)
. (24)

Equation (24) can be used to retrieve values of
(

∂σ
∂P

)
T

and(
∂ξ
∂P

)
T

.

Regression equations that involve the solvation parameter
can be written by taking account of Eqs. (5) and (14) together
with Eqs. (10) and (18) for 1C◦

P,n or Eqs. (11) and (21) for
1V ◦

n . Thus, it is possible to write

C◦

P = c1 +
c2

(T − 2)2
+ ωT X (25)

and

V ◦
= σ +

ξ

T − 2
− ωQ , (26)

which can be used to retrieve simultaneously values ofc1,
c2, andω, or σ , ξ , andω where sufficient high-temperature
experimental data (above 100◦C) are available.

3 Revised HKF equations of state parameters of amino
acids and Gly–X–Gly tripeptides

Values of the revised HKF equations of state parameters of
amino acids and Gly–X–Gly tripeptides summarized below
were derived from experimental measurements reported in
the literature of the standard molal heat capacities, volumes,
and isothermal compressibilities as a function of tempera-
ture and pressure. Calorimetric data above 100◦C are not
available for most of the amino acids considered here, so ac-
curate independent retrieval of the solvation parameter,ω,
in the revised HKF equations of state generally is not pos-
sible. Hence, a correlation algorithm was developed to esti-
mate values ofω. Earlier correlations betweenω andS◦

Pr ,Tr
,

or betweenω and the standard molal Gibbs energy of hy-
dration at 25◦C and 1 bar (1G◦

hyd) of neutral species were
used byShock et al.(1989) andPlyasunov and Shock(2001).
Exploratory calculations revealed that neither of these corre-
lations could be used to represent values ofω of the neu-
tral amino acids that are consistent with high-temperature
heat capacity data. Instead, we found a correlation between
ω and the standard molal entropy of hydration, denoted by
1S◦

hyd. The standard molal thermodynamic properties of
both gaseous and aqueous species at 25◦C and 1 bar are re-
quired for the calculation of the hydration property,1S◦

hyd,
and are summarized below.

3.1 Standard molal thermodynamic properties of gaseous
and aqueous amino acids

The values of1G◦

f , 1H ◦

f , andS◦

Pr ,Tr
of the gaseous amino

acids given in Table1 were calculated by first taking account
of the sidechain group additivity algorithm represented by

4[SC] =

∑
i

ni4i , (27)

where 4[SC] and 4i stand for any thermodynamic prop-
erty or parameter of the sidechain group and theith organic
group, respectively, andni stands for the number of theith
organic groups present in the sidechain group. Here,organic
groupsrefers to groups whose properties can be summed to
model the properties of sidechain groups. We used the group

www.biogeosciences.net/3/311/2006/ Biogeosciences, 3, 311–336, 2006
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Table 1. Group additivity algorithms for gaseous amino acid sidechain and backbone groups, and corresponding values of1G◦
f

, 1H ◦
f

, and

S◦
Pr ,Tr

. Unless otherwise noted, values of1H ◦
f

andS◦
Pr ,Tr

of the groups were taken fromDomalski and Hearing(1993).a Square brackets
here and in the text are used to denote groups.

Species or

Group Sidechain group additivity algorithm 1G◦
f

b 1H◦
f

b S◦
Pr ,Tr

c

Alad [C-(H)3(C)] −71.91 −99.10 94.17

Arg 2[C-(H)2(C)2] + [C-(H)2(C)(N)] + [N-(H)(C)2] + [C-(N)2(NA )] + [N-(H)2(C)]second,amino acids+

[NA -(H)(C)]

2.14 −69.05 128.73

Asn [C-(H)2(CO)(C)] + [CO-(C)(N)] + [N-(H)2(CO)]amides,ureas −98.81 −141.13 107.84

Asp [C-(H)2(CO)(C)] + [CO-(C)(O)] + [O-(H)(CO)] −151.04 −187.80 112.47

Cys [C-(H)2(C)(S)] + [S-(C)(H)] −64.33 −90.08 106.65

Gln [C-(H)2(C)2] + [C-(H)2(CO)(C)] + [CO-(C)(N)] + [N-(H)2(CO)]amides,ureas −96.81 −146.06 117.20

Glu [C-(H)2(C)2] + [C-(H)2(CO)(C)] + [CO-(C)(O)] + [O-(H)(CO)] −149.04 −192.73 121.83

Glyd
−73.35 −93.30 85.84

His S◦: [C-(H)2(C)(CB)] + [CB-(N)(CB)(C)] + [CB-(H)(CB)(NA )] + [N I -(CB)] + [CB-(H)(NI )(N)] +

[N-(H)(CB)2]

1H◦
f

: 2-ethylimidazole− [C-(H)3(C)]

−14.31 −62.60 104.53

Ile [C-(H)2(C)2] + 2[C-(H)3(C)] + [C-(H)(C)3] −66.10 −114.41 121.15

Leu [C-(H)2(C)2] + 2[C-(H)3(C)] + [C-(H)(C)3] −66.10 −114.41 121.15

Lys 3[C-(H)2(C)2] + [C-(H)2(C)(N)] + [N-(H)2(C)]second,amino acids −49.47 −105.95 132.25

Met [C-(H)2(C)2] + [C-(H)2(C)(S)] + [S-(C)2] + [C-(H)3(S)] −59.13 −98.34 126.73

Phe [C-(H)2(C)(CB)] + [CB-(C)(CB)2] + 5[CB-(H)(CB)2] −32.33 −71.95 123.16

Prod
−55.66 −87.52 112.48

Ser [C-(H)2(O)(C)] + [O-(H)(C)] −103.12 −134.94 103.16

Thr [C-(H)(O)(C)2]alcohols,peroxides+ [C-(H)3(C)] + [O-(H)(C)] −104.79 −143.42 112.92

Trp [C-(H)2(C)(CB)] + [CB-(C)(CB)2] + [CB-(H)(CB)(N)] + [N-(H)(CB)2] + [CB-(N)(CB)2] +

4[CB-(H)(CB)2] + [CBF-(CBF)(CB)2]

1.48 −51.13 120.88

Tyr [C-(H)2(C)(CB)] + [CB-(C)(CB)2] + 4[CB-(H)(CB)2] + [CB-(O)(CB)2] + [O-(H)(CB)] −69.87 −114.70 130.20

Val 2[C-(H)3(C)] + [C-(H)(C)3] −68.10 −109.48 111.79

[AABB] e
−67.12 −89.00 63.74

a: 1H ◦
f

and S◦
Pr ,Tr

of [CB-(N)(CB)(C)], and [C-(N)2(NA )] were taken to be equivalent to those of [CB-(N)(CB)2].

1H ◦
f

and S◦ of [CB-(H)(NI )(N)], [NA -(H)(C)] and [CB-(H)(CB)(NA )] were taken to be equivalent to those

of [C-(H)2(C)(N)], [N-(H)(C)2], and [CB–(H)(CB)2], respectively. We used S◦

[N−(H)(CB)2]=S◦

[N−(H)(C)2] ,

1H ◦
f,[CB−(H)(CB)(N)]=

1
21H ◦

f,pyrrole
−1H ◦

f,[CB−(H)(CB)2]
−

1
21H ◦

f,[N−(H)(CB)2] , andS◦

[CB−(H)(CB)(N)]=S◦

[CB−(H)(CB)2]
. The value of

1H ◦
f

of 2-ethylimidazole used in the calculations was 16.30 kcal mol−1 (Jiménez et al., 1992); that of pyrrole was 25.88 kcal mol−1 (Scott

et al., 1967). b: kcal mol−1. c: cal mol−1 K−1. d: Values of1G◦
f

of these amino acids were calculated from the corresponding hydration

property (1G◦
hyd) (Plyasunov and Shock, 2001) and1G◦

f
of the corresponding aqueous amino acids. Values of1H ◦

f
were taken from

Ngauv et al.(1977) andSabbah and Laffitte(1978). e: See text.

additivity schemes developed byBenson and Buss(1958)
and Domalski and Hearing(1993) to generate the specific
statements of Eq. (27) for gaseous amino acids shown in Ta-
ble1. Because of their structures, the sidechain groups of Gly
and Pro are not readily modeled by the additivity algorithm.
Instead,1H ◦

f andS◦

Pr ,Tr
of Gly and Pro were calculated from

available measurements.
The values of1H ◦

f andS◦

Pr ,Tr
of gaseous [AABB] given

in Table1 were calculated from those of [C-(H)3(C)] and the
corresponding experimental properties of Ala, together with
the amino acid group additivity algorithm represented by

4AA = 4[AABB] + 4[SC] , (28)

where4[AABB ], 4AA, and4[SC] stand for any standard mo-
lal thermodynamic property or equation of state parameter
of the amino acid backbone group, an amino acid, and its
sidechain group. The values of1H ◦

f andS◦

Pr ,Tr
of the other

amino acids shown in Table1 were calculated from those
of [AABB] together with Eq. (28) and the values for the
sidechain groups obtained using Eq. (27).

The values of1G◦

f , 1H ◦

f , and S◦

Pr ,Tr
of the aqueous

amino acids given in Table2 were taken fromAmend and
Helgeson(1997a), except for those of Cys− and His+. The
latter values were calculated from the standard molal Gibbs
energies and enthalpies of ionization (1G◦

ion and 1H ◦

ion)
of these charged species taken fromGoldberg et al.(2002)
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(#) Hakin et al. (1994a) (Ala, Gly, Ser, Thr), Hakin

et al. (1994b) (Asp, Glu), Duke et al. (1994) (Ile,

Leu, Val), Hakin et al. (1995) (Asn, Gln), Hakin et al.

(1997) (Arg, Met, Pro), Marriott et al. (1998) (His,

Phe, Trp, Tyr), Hakin and Hedwig (2001b) (Lys+,

Arg+);

(2) Price et al. (2003a) (His), Jardine et al. (2001)

(His+ and His−), Price et al. (2003b) (Val), Sorenson

et al. (2003) (Pro); (4) Clarke et al. (2000) (∆C◦

P,n),

Clarke and Tremaine (1999) (∆V ◦

n ); (5) Downes

et al. (2001) (∆C◦P,n), Yasuda et al. (1998) (∆V ◦

n )

; (×) Mizuguchi et al. (1997); (⊕) Marriott et al.

(2001).

(#) Kikuchi et al., 1995; (2) Kharakoz, 1991; (4)

Mizuguchi et al., 1997; (5) Yasuda et al., 1998; and

(×) Millero et al., 1978.

(#) Vogl et al. (1995); (5) Häckel et al. (1998); (♦) Häckel et al. (1999a); (2)

Downes and Hedwig, 1995; (4) Makhatadze and Privalov, 1990.

(#) Vogl et al. (1995); (5) Häckel et al. (1998); (♦) Häckel et al. (1999b).

Figure 2. Regression plots for the revised HKF parameters of amino acids (a – c) and Gly–X–Gly tripeptides (d and e). The identities of
the amino acids and Gly–X–Gly tripeptides are indicated by one-letter abbreviations to the right of the plots. The intercepts and slopes of
the regression lines for ∆C◦

P,n, ∆V ◦

n and ∆κ◦T,n correspond to c1 and c2, σ and ξ, and − (∂σ/∂P )T and − (∂ξ/∂P )T , respectively, in the
revised HKF equations of state. The values were calculated from experimental values of C◦

P , V ◦ and κ◦S taken from the sources cited in the
caption of each subfigure. The values estimated in the present study are represented by open diamonds (♦) in (a) and (b). The sizes of the
symbols were chosen to aid visual identification and do not necessarily indicate the experimental uncertainty; however, values that lie within
the uncertainties of C◦

P , V ◦ and κ◦S given in Section 6 are represented by a small filled center point.
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Fig. 2. Regression plots for the revised HKF parameters of amino acids(a–c) and Gly–X–Gly tripeptides(d) and (e). The identities of
the amino acids and Gly–X–Gly tripeptides are indicated by one-letter abbreviations to the right of the plots. The intercepts and slopes of
the regression lines for1C◦

P,n, 1V ◦
n and1κ◦

T ,n correspond toc1 andc2, σ andξ , and− (∂σ/∂P )T and− (∂ξ/∂P )T , respectively, in the
revised HKF equations of state. The values were calculated from experimental values ofC◦

P
, V ◦ andκ◦

S
taken from the sources cited in the

caption of each subfigure. The values estimated in the present study are represented by open diamonds (♦) in (a) and (b). The sizes of the
symbols were chosen to aid visual identification and do not necessarily indicate the experimental uncertainty; however, values that lie within
the uncertainties ofC◦

P
, V ◦ andκ◦

T
given in Sect.6 are represented by a small filled center point.
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Table 2. Standard molal thermodynamic properties at 25◦C and 1 bar and revised HKF equations of state parameters of aqueous amino acids.

Species 1G◦
f

a 1H◦
f

a S◦
Pr ,Tr

b ωc c1
b c2

d a1
e a2

c a3
f a4

d C◦
P

b V ◦g κ◦
T

c

×10−5
×10−4

×10 ×10−2
×10−4

×104

Ala −88.81 −132.50 38.83 0.18 49.5 −7.00 14.90 1.74 7.16 −3.69 33.6 60.4 −23.5

Arg −57.36 −143.06 80.06 0.22 94.8 −12.50 28.83 8.21 7.20 −5.95 67.4 123.9 −3.7

Arg+
−69.93 −154.88 82.57 0.73 103.8 −9.60 31.72 0.22 5.46 −5.15 77.6 122.5 −50.9

Arg− −40.34 −129.42 68.72 2.30 141.9 −19.60 31.28 13.76 32.12 −9.94 81.1 143.0 −24.1

Asn −125.49 −182.70 57.88 0.21 56.5 −11.70 19.83 2.37 3.76 −4.81 30.8 77.4 −29.7

Asp −172.51 −226.34 55.22 0.17 58.1 −11.90 18.96 3.05 −6.62 −2.23 32.4 74.7 −2.4

Asp−
−167.17 −224.54 43.34 2.47 56.3 −15.30 16.96 5.77 10.11 −6.37 2.7 64.8 −43.6

Cys −80.33 −124.07 46.32 0.15 59.8 −5.60 18.14 2.40 9.31 −4.97 47.1 73.5 −30.4

Cys− −68.92 −115.44 37.01 2.59 61.0 −9.50 14.44 5.08 12.24 −3.68 18.1 60.6 −24.3

Gln −126.28 −191.86 62.41 0.18 68.6 −11.40 23.22 3.58 5.44 −5.23 43.8 93.7 −25.7

Glu −173.05 −234.82 61.20 0.15 65.2 −10.00 22.30 4.23 6.55 −5.84 43.5 90.2 −26.7

Glu−
−167.21 −234.15 43.86 2.65 47.6 −7.80 20.49 6.96 10.86 −7.02 7.6 80.0 −43.7

Gly −90.95 −124.78 39.29 0.23 28.5 −8.40 11.30 0.71 3.99 −3.04 9.3 43.2 −24.6

Gly+
−94.16 −125.72 46.91 0.59 49.0 −1.80 19.57 −7.58 −40.35 5.41 40.0 56.4 −4.7

His −48.42 −108.20 66.00 0.27 81.6 −11.30 24.32 4.80 7.52 −6.05 56.2 99.3 −26.2

His+
−56.70 −115.25 70.13 0.50 88.0 −12.00 26.64 −3.40 −0.88 −3.07 59.1 97.0 −52.8

Ile −81.99 −151.60 49.70 0.09 99.7 −3.60 24.49 6.55 18.16 −7.76 91.6 105.8 −28.8

Leu −84.20 −153.60 50.41 0.09 102.7 −3.30 24.68 7.51 19.93 −8.37 95.2 107.8 −28.2

Lys −80.68 −159.33 57.91 0.07 86.6 −10.90 24.56 8.30 24.43 −9.53 63.8 108.6 −33.3

Lys+
−92.89 −170.37 61.82 1.21 95.2 −8.00 28.62 −1.51 4.47 −3.99 67.9 107.5 −55.9

Lys−
−66.31 −146.34 53.27 2.67 133.7 −18.00 28.29 10.53 2.97 −7.61 72.8 112.2 −27.0

Met −120.12 −178.52 62.36 0.13 85.3 −6.60 24.95 6.90 13.59 −7.77 70.7 105.4 −27.1

Phe −49.43 −108.90 56.60 0.12 108.1 −6.50 28.27 8.80 19.34 −9.38 93.8 122.1 −29.4

Pro −73.56 −124.10 49.83 0.14 63.6 −9.50 19.39 4.87 11.88 −5.68 43.0 82.6 −21.3

Ser −123.93 −172.42 47.24 0.18 48.5 −9.40 15.69 0.73 3.87 −3.49 27.8 60.6 −27.9

Thr −119.83 −178.94 44.23 0.11 65.5 −7.10 18.94 2.83 8.87 −4.87 50.1 77.6 −26.5

Trp −26.82 −97.59 59.96 0.15 116.8 −7.80 33.91 9.21 14.78 −9.36 99.6 143.6 −27.0

Tyr −91.80 −157.74 59.41 0.09 106.2 −12.40 30.06 8.49 8.36 −8.58 80.2 124.5 −24.0

Tyr− −79.38 −149.42 45.66 2.78 109.0 −16.00 26.34 10.49 16.42 −7.59 51.2 111.8 −28.1

Val −85.33 −146.42 45.68 0.12 83.8 −4.30 21.35 4.48 14.58 −6.12 74.0 90.9 −27.4

a: kcal mol−1, b: cal mol−1 K−1, c: cal mol−1, d: cal mol−1 K. e: cal mol−1 bar−1, f : cal K mol−1 bar−1, g: cm3 mol−1,
h: cm3 mol−1 bar−1.

together with the properties of the corresponding neutral
species given in Table2.

3.2 Retrieval of the solvation parameter

The equations for the correlations forω given in Table3
were generated by first considering values ofω of Gly, Ala,
Pro, His, and Val that were independently regressed using
Eq. (25) and experimentalC◦

P data at temperatures>100◦C
(Clarke et al., 2000; Price et al., 2003a,b; Sorenson et al.,
2003). The corresponding regression plots are shown in
Fig. 2a. Values of1S◦

hyd of the amino acids were calculated
from those ofS◦

Pr ,Tr
of the gaseous and aqueous amino acids

taken from Tables1 and 2. The equation for the correla-
tion line shown in Fig.3a was used to predictω of the other
neutral amino acids. Sufficient high-temperature calorimet-
ric data are not available to generate a similar regression for

charged amino acids. However, provisional estimates ofω of
charged amino acids were calculated using the correlations
between1S◦

hyd andω of alkali- and fluoride- group metal
ions represented in Fig.3b.

Experimental heat capacities to 125◦C of Gly–Gly–Gly,
Gly–Ala–Gly and Gly–Thr–Gly have been reported in the lit-
erature (Makhatadze and Privalov, 1990; Downes and Hed-
wig, 1995). The regression plots shown in Fig.2d are con-
sistent with values ofω of Gly–X–Gly given by

ωGly−X−Gly × 10−5
= ωAA × 10−5

− 1.77, (29)

where the value ofωAA, in cal mol−1, is that of the corre-
sponding amino acid. The values ofω of the Gly–X–Gly
tripeptides given by Eq. (29) are negative, but those of
the amino acids are positive. It should be emphasized
that the values ofω of neutral species are effective values;
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Fig. 3. Correlations between1S◦
hyd at 25◦C and 1 bar andω for

neutral amino acids(a) and metal anions and cations(b), and corre-
lations betweenV ◦ anda2 (c), and betweena2 anda4 (d) for neu-
tral (©), positively charged (M), and negatively charged (�) amino
acids. The values ofω andS◦

Pr ,Tr
of the aqueous metal ions shown

in (b) were taken fromShock and Helgeson(1988), and those of
1S◦

Pr ,Tr
of the gaseous metal ions were taken fromMarcus(1994).

See text for the sources of the other values.

consequently, this difference in sign may not be indicative
of divergent behavior of amino acids and Gly–X–Gly tripep-
tides at temperatures near the critical point of water.

Experimental values ofV ◦ of Gly, Pro, and Ser at temper-
atures>100◦C (Clarke and Tremaine, 1999; Marriott et al.,
2001) were combined with correlated values ofω to calcu-
late values of1V ◦

n . There is an overall linear trend appar-
ent in the regression plots for1V ◦

n shown in Fig.2b, which
supports the use of the correlation equations for estimating
values ofω of these amino acids. This is also true for many
of the regression plots of1V ◦

n of the Gly–X–Gly tripeptides
shown in Fig.2e. However, the values of1V ◦

n of Ala are
considerably less than the predicted values at elevated tem-
peratures. Although this represents a significant error in vol-
umetric units (∼10 cm3 mol−1), it corresponds to an ener-
getic error (only∼0.24 cal mol−1 bar−1) that is small com-
pared to the uncertainties inC◦

P . A magnification of the
error in V ◦ at high temperature calculated using calorimet-
ric values ofω has been observed for other neutral aqueous
species (see, e.g.,Schulte et al., 2001). Hence, we have more
confidence in the values ofω of amino acids retrieved from
high-temperature experimentalC◦

P data.

3.3 Retrieval of non-solvation parameters

The experimental or calculated values ofC◦

P , V ◦, andκ◦

T

were combined with values ofω to calculate values of
1C◦

P,n, 1V ◦
n , and1κ◦

T ,n using the revised HKF equations of
state. The intercepts and slopes of regression lines on plots

Table 3. Correlation equations for the properties of amino acids
(see Fig.3).

Equation Z

ω × 10−5
= 0.49+ 0.0056× 1S◦

hyd 0

ω × 10−5
= 1.12− 0.0196× 1S◦

hyd −1

ω × 10−5
= −0.17− 0.0196× 1S◦

hyd 1

a2 × 10−2
= −4.80+ 0.105× V ◦ 0

a2 × 10−2
= −1.25+ 0.105× V ◦

−1
a2 × 10−2

= −13.50+ 0.105× V ◦ 1
a4 × 10−4

= −2.78− 0.721a2 × 10−2 0
a4 × 10−4

= −2.18− 0.721a2 × 10−2
−1

a4 × 10−4
= −5.48− 0.721a2 × 10−2 1

of 1C◦

P,n vs. 1/ (T −2)2 (Figs.2a and d) correspond toc1
andc2, respectively. Regression lines of1V ◦

n as a function
of 1/ (T −2) (Figs.2b and e) have intercepts ofσ and slopes
of ξ , and those of1κ◦

T ,n (Fig.2c) correspond to− (∂σ/∂P )T
and − (∂ξ/∂P )T , respectively. The values ofa1, a2, a3,
anda4 can be retrieved from those ofσ , ξ , (∂σ/∂P )T , and
(∂ξ/∂P )T using Eqs. (19), (20), (22), and (23). The values
of these parameters are given in Table 2 for amino acids and
in Table 5 for Gly–X–Gly tripeptides.

The properties of the charged amino acids or Gly–X–Gly
tripeptides corresponding to an Na- or Cl- salt were calcu-
lated by subtracting from the measured property that of Na+

or Cl− at each experimental temperature using the revised
HKF parameters taken fromShock et al.(1997). The polyno-
mial equations representing the experimental measurements
of C◦

P andV ◦ of the Gly–X–Gly tripeptides given byVogl
et al.(1995), Häckel et al.(1998), andHäckel et al.(1999a)
were used to generate the values at 15, 25, 40, 55, 70, 80, 90,
and 100◦C shown in Figs.2d and e.

Experimental compressibility data for amino acids re-
ported in the literature generally refer to isentropic compress-
ibilities (κ◦

S ). Accordingly, values of the isothermal com-
pressibilities (κ◦

T ) of the amino acids were calculated from
(Desnoyers and Philip, 1972; Amend and Helgeson, 1997b)

κ◦

T = κ◦

S

+

T V ◦

H2Oα◦

H2O

(
2E◦

− V ◦

H2Oα◦

H2OC◦

P /C◦

P,H2O

)
C◦

P,H2O
, (30)

whereE◦ represents the standard molal isobaric expansibil-
ity of the amino acid, andC◦

P,H2O, V ◦

H2O andαH2O represent
the standard molal heat capacity, volume and coefficient of
isobaric thermal expansion of H2O, respectively. Values of
C◦

P , V ◦, andE◦ of the amino acids were calculated using
Eqs. (9) and (13) together with the regressed or calculated
values ofω, c1, c2, σ , andξ . The values ofC◦

H2O, V ◦

H2O, and
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Table 4. Reference model compound algorithms for estimatingC◦
P

andV ◦of amino acids as a function of temperature.

Amino

Acid

Property or

Parameter Reference Model Compound Algorithm

Asp− C◦
P

Aspa + propanoateb − propanoic acidb

Cys C◦
P

Sera + Gly–Cys–Glyc − Gly–Ser–Glyc

Cys− C◦
P

, V ◦ Cys + propanoateb − propanoic acidb

Glu− C◦
P

Glua + butanoateb − butanoic acidb

Gly+ V ◦ Gly + propanoic acidb − propanoateb

Lys− C◦
P

, V ◦ Lys + n-butanamined − n-butanamine+ d

Tyr C◦
P

Phee + Gly–Tyr–Glyf
− Gly–Phe–Glyf

Tyr− C◦
P

, V ◦ Tyr + propanoateb − propanoic acidb

a: Hakin et al.(1994a), b: Shock(1995), c: Häckel et al.(1998),
d: C◦

P
: Makhatadze and Privalov(1990); V ◦: Makhatadze et al.

(1990), e: Marriott et al.(1998), f : Häckel et al.(1999a).

αH2O in Eq. (30) were calculated using SUPCRT92 (Johnson
et al., 1992).

3.4 Estimation algorithms for non-solvation parameters

Where experimental data were insufficient to regress the re-
vised HKF parameters of amino acids, the model compound
algorithms shown in Table4 were used to estimate values
of C◦

P andV ◦ as a function of temperature. This approach
was used to generate values ofC◦

P of Asp−, Glu−, Cys, Tyr,
Cys−, and Tyr− and ofV ◦ of Cys−, Gly+, and Tyr− at 15,
25, 40, and 55◦C, as well as values ofC◦

P andV ◦ of Lys− at
25, 50, and 75◦C. Estimated values ofC◦

P of Gly+ were cal-
culated by combining values of1C◦

P,ion taken fromWang
et al. (1996) with those ofC◦

P of Gly calculated using the
revised HKF parameters given in Table2.

Experimentally unconstrained equations of state parame-
ters of Arg− and Lys can be estimated by taking account of
the corresponding ionizations of other amino acids. For ex-
ample,c2 andξ of Lys were calculated from

4Lys = 4Lys+ + 4Arg − 4Arg+ . (31)

The values ofc1 and σ of Lys were then retrieved using
Eqs. (18) and (21) and the measured values ofC◦

P andV ◦

of Lys at 25◦C and 1 bar (Jolicoeur et al., 1986). However,
because no experimental values ofC◦

P andV ◦ of Arg− can
be found in the literature, the values ofc1, c2, σ , andξ of
Arg− were estimated from

4Arg− = 4Arg + 4Lys− − 4Lys . (32)

Correlations between values ofV ◦, a2, anda4 of amino acids
were used to estimate values ofa2 and a4 of Arg, Arg−,
Asp, Cys−, Gly+, Lys, Lys−, and Tyr−. This approach has
been used for amino acids (Amend and Helgeson, 1997a) and
for other organic species (Plyasunov and Shock, 2001). Up-
dated correlations for the amino acids are depicted in Figs.3c
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Fig. 4. pKs of ionizable amino acid sidechain and backbone groups
as a function of temperature at a pressure of 1 bar at temperatures
below 100◦C and the saturation vapor pressure of H2O at higher
temperatures. Values for the ionization of the sidechain groups are
represented by the thin lines. Values for [AABB+] and [AABB−]
are denoted by the left and right bold lines, respectively, which
delimit the predominance field of [AABB] relative to either of its
charged counterparts.

and d. The intercepts of these correlation lines are charge-
dependent, but the slopes in a first approximation can be
considered to be independent of charge. This interpreta-
tion is consistent with the provisional correlations adopted
by Amend and Helgeson(1997a).

3.5 Ionization as a function of temperature

The values of pK of the ionization of groups at 25◦C and
1 bar can be calculated from the values of the standard molal
Gibbs energy of formation (1G◦

f ) of amino acids taken from
the literature (see Table2). These values are shown by the lo-
cations of the symbols in Fig.4. It is apparent from this figure
that, except for [Lys] and [Arg], the ionization of sidechain
groups occurs in conditions where [AABB] is stable relative
to either of its charged counterparts. This observation bears
on the group additivity algorithms used to generate the pa-
rameters of the neutral and charged sidechain groups. The
lines in Fig.4 represent values of pK calculated as a function
of temperature using the group contributions summarized be-
low. Values of pK as a function of temperature can be calcu-
lated from

pK = − logK = 1G◦/2.303RT , (33)

whereK stands for the equilibrium constant for the ioniza-
tion reaction and1G◦ is equal to the difference between the
apparent Gibbs energies of the ionized and neutral forms of
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Table 5. Revised HKF equations of state parameters andC◦
P

andV ◦ at 25◦C and 1 bar of Gly–X–Gly tripeptides and backbone group.

Species ωa c1
b c2

c σd ξe C◦
P

b V ◦d

×10−5
×10−4

×10−2

Gly–Ala–Gly −1.59 85.8 −15.8 130.7 −3.20 68.2 130.5
Gly–Arg+–Gly −1.04 116.0 −20.0 192.0 −7.00 84.8 184.9
Gly–Asn–Gly −1.56 89.0 −18.0 157.9 −8.52 66.6 150.1
Gly–Asp–Gly −1.60 78.9 −13.8 147.9 −6.15 65.4 143.6
Gly–Cys–Gly −1.62 89.0 −11.8 147.3 −5.71 79.8 143.7
Gly–Gln–Gly −1.59 100.5 −18.8 167.3 −6.45 76.8 162.5
Gly–Glu–Gly −1.62 94.6 −15.5 164.5 −6.39 77.9 159.9
Gly–Gly–Gly −1.54 63.9 −16.6 112.2 −3.10 44.2 112.1
Gly–His–Gly −1.50 151.9 −36.1 178.8 −7.69 92.2 172.0
Gly–Ile–Gly −1.68 122.6 −6.8 188.4 −11.34 124.1 176.9
Gly–Leu–Gly −1.68 129.4 −9.6 184.8 −9.18 125.2 176.4
Gly–Lys+–Gly −0.56 180.0 −36.0 189.0 −9.50 112.0 177.0
Gly–Met–Gly −1.64 105.9 −9.4 190.2 −12.43 101.7 177.0
Gly–Phe–Gly −1.65 128.4 −11.3 204.1 −10.90 120.5 193.1
Gly–Pro–Gly −1.63 91.5 −17.8 149.1 −5.93 70.2 145.2
Gly–Ser–Gly −1.59 77.5 −15.7 130.3 −3.14 60.1 130.2
Gly–Thr–Gly −1.66 99.3 −16.5 149.0 −5.45 80.9 145.8
Gly–Tyr–Gly −1.68 126.8 −17.2 203.9 −9.58 107.2 194.9
Gly–Val–Gly −1.65 111.8 −10.8 164.4 −6.08 104.9 160.3
[GXGBB] −1.54 52.6 −17.6 101.2 −1.59 30.9 103.2

a: cal mol−1, b: cal mol−1 K−1, c: cal K mol−1, d: cm3 mol−1, e: cm3 K mol−1.

the group, which can be calculated using Eq. (15) together
with the group contributions given in Table6.

4 Sidechain group contributions

The standard molal thermodynamic properties and equations
of state parameters of amino acids and Gly–X–Gly tripep-
tides can be assessed by combining additivity algorithms for
sidechain groups with the properties of the amino acid and
Gly–X–Gly tripeptide backbone groups. Values of4[AABB ]

and 4[GXGBB] can be computed from Eq. (28) for amino
acids, or its analog for Gly–X–Gly tripeptides, which can be
written as

4GXG = 4[GXGBB] + 4[SC] , (34)

where [GXGBB] represents the backbone group of
Gly–X–Gly tripeptides, andGXGand [SC] represent, respec-
tively, any Gly–X–Gly tripeptide and its sidechain group.
The values of4[GXGBB] and4[AABB ] were calculated using
the regression plots shown in Figs.5 and7.

Using retrieved values of4[GXGBB] and4[AABB ], Eq. (28)
can be used to calculate the sidechain group contributions
of the neutral amino acids considered here except Lys and
Arg. Because the pKs of their sidechain groups are within the
predominance limits of [AABB−] (see Fig.4), the properties

of [Lys] and [Arg] were retrieved from

4Lys− = 4[AABB−] + 4[Lys] (35)

and

4Arg− = 4[AABB−] + 4[Arg] . (36)

The thermodynamic properties of the charged sidechain
groups were retrieved from charge-explicit versions of
Eq. (28), which can be written as

4AA− = 4[AABB ] + 4[SC−] (37)

for [Glu−], [Asp−], [Cys−], and [Tyr−], and

4AA+ = 4[AABB ] + 4[SC+] (38)

for [His+], [Lys+], and [Arg+].
It follows from Eqs. (28), (37), and (38) that the inter-

cepts of the regression lines shown in Fig.5 correspond to
the values of1H ◦

f andS◦

Pr ,Tr
of [AABB], [AABB +], and

[AABB −]. The model sidechain groups considered for cal-
culation of the properties of [AABB] and [GXGBB] include
[Ala], [Ser], [Glu], [Gln], [Leu], and [Phe]. They contain the
terminal and branched organic groups denoted by [−CH3],
[−CH2OH], [−COOH], [−CONH2], [−CHCH3−], and
[−C6H5] (seeAmend and Helgeson(1997b)). Glu− was not
used as a model compound for [AABB−] because the nega-
tive charge of Glu− is associated with its sidechain group.
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Fig. 5. 1H ◦
f

and S◦
Pr ,Tr

of model amino acids as a function of
the corresponding property of the sidechain groups. The values of
4[SC] were calculated using Eq. (27) and the group contributions
given in Table6. The values of4AA+ , 4AA, and4AA− were taken
from Table2. The regression lines have slopes of unity and inter-
cepts that correspond to4[AABB+], 4[AABB ], or 4[AABB−].

The equations of state parameters of [AABB+] were cal-
culated using Gly+ as a reference by evaluating

4[AABB+] = 4[AABB ] + 4Gly+ − 4Gly , (39)

where4 stands forc1, c2, or ω. In contrast, the other equa-
tions of state parameters of [AABB+], and all the parameters
of [AABB −], were calculated in a first approximation from
those of Asp and Lys according to

4[AABB+] = 4[AABB ] + 4Asp − 4Asp− (40)

and

4[AABB−] = 4[AABB ] + 4Lys− − 4Lys , (41)

where4 stands fora1, a2, a3, or a4 of [AABB +] or c1, c2,
a1, a2, a3, a4, or ω of [AABB −]. The reaction between

[AABB] and [AABB +] involves ionization of the carboxylic
acid group, which is why Asp and Asp− were used to calcu-
late its parameters. A converse argument holds for the calcu-
lation of the parameters of [AABB−] using those of Lys and
Lys+.

4.1 Revised HKF parameters of organic groups

It is apparent from Fig.5 that the group contributions to
1H ◦

f and S◦

Pr ,Tr
given by Amend and Helgeson(1997b)

consistently represent the properties of the sidechain groups
in amino acids. However, their group contributions do
not accurately represent other properties of the sidechain
groups. For example, trial values ofC◦

P,[AABB ]
calculated

using Eq. (28) and the values ofC◦

P of Ala and Ser given
in Table6, together with those of [−CH3] and [−CH2OH]
taken fromAmend and Helgeson(1997b), are equal to−13.4
and 10.5 cal mol−1 K−1, respectively, which differ by more
than 20 cal mol−1 K−1. The differences between Amend
and Helgeson’s (2000) values forC◦

P of alanine and serine
sidechain groups and those of other authors noted byHakin
et al.(2001) are likely a result of this uncertainty.

Amend and Helgeson(1997b) were limited in their studies
by the dearth of calorimetric data for aqueous alkanes, diols
and diamines at high temperatures available at the time. Ow-
ing to the availability of recent experimental data reported
in the literature, these uncertainties can be reduced consid-
erably. We take account of the recent data for diols and di-
amines by introducing a correction term, [di.corr], which can
be used to modify Amend and Helgeson’s (1997b) group ad-
ditivity algorithms. This term appears in modified group ad-
ditivity algorithms for model compounds which are given in
Table7. The values of1G◦

f , 1H ◦

f , andS◦

Pr ,Tr
of [di.corr]

were taken to be zero, because the group contributions to
these properties given byAmend and Helgeson(1997b) con-
sistently represent the sidechain groups in amino acids (see
Fig. 5). We also considered the non-solvation equations of
state parameters of [−CH2−] given by Amend and Helge-
son (1997b), which were derived from homologous series
relationships for a number of reference model compounds,
to be unaffected by the current revision.

The equations for propane and propane-1,4-diol given in
Table7 can be combined in order to obtain algorithms for
modifying the group contributions according to

4[−CH3] = 4[−CH3]
AH97b +

1

2
4[di.corr] (42)

and

4[−CH2OH] = 4[−CH2OH]AH97b −
1

2
4[di.corr] , (43)

where the superscripted AH97b refers to the group con-
tributions given byAmend and Helgeson(1997b). Al-
though Eq. (43) is written specifically for [−CH2OH],
analogous statements apply to the other terminal organic
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Table 6. Revised HKF equations of state parameters and standard molal thermodynamic properties at 25◦C and 1 bar of aqueous sidechain,
backbone, and organic groups.

Group 1G◦
f

a 1H◦
f

a S◦
Pr ,Tr

b ωc c1
b c2

d a1
e a2

c a3
f a4

d C◦
P

b V ◦g κ◦
T

c

×10−5
×10−4

×10 ×10−2
×10−4

×104

Sidechain Groups

[Ala] −3.94 −13.29 16.85 −0.05 27.9 3.6 5.43 3.60 4.39 −1.92 35.7 26.9 5.8

[Arg] 31.62 −20.73 54.75 −0.53 73.2 −1.9 18.08 13.39 50.81 −10.09 74.2 105.8 −1.2

[Arg+] 14.94 −35.67 60.59 0.50 82.2 1.0 22.25 2.08 2.69 −3.38 79.7 88.9 −21.6

[Asn] −40.61 −63.49 35.90 −0.02 34.9 −1.1 10.36 4.23 0.99 −3.04 32.8 43.8 −0.5

[Asp] −87.64 −107.13 33.24 −0.06 36.5 −1.3 9.49 4.91 −9.39 −0.46 34.4 41.1 26.9

[Asp−] −82.29 −105.33 21.36 2.24 34.7 −4.7 7.49 7.63 7.34 −4.60 4.7 31.2 −14.4

[Cys] 4.54 −4.86 24.34 −0.08 38.2 5.0 8.67 4.26 6.54 −3.20 49.1 39.9 −1.1

[Cys−] 15.95 3.77 15.03 2.25 39.4 1.1 4.96 6.97 9.58 −1.94 21.1 27.0 4.9

[Gln] −41.40 −72.65 40.43 −0.05 47.0 −0.8 13.75 5.44 2.67 −3.46 45.8 60.1 3.6

[Glu] −88.18 −115.61 39.22 −0.08 43.6 0.6 12.83 6.09 3.78 −4.07 45.5 56.6 2.5

[Glu−] −82.34 −114.94 21.88 2.42 26.0 2.8 11.02 8.82 8.09 −5.25 9.6 46.4 −14.4

[Gly] −6.07 −5.57 17.31 0.00 6.9 2.2 1.83 2.57 1.22 −1.27 11.4 9.6 4.7

[His] 36.46 11.01 44.02 0.04 60.0 −0.7 14.85 6.66 4.75 −4.28 58.2 65.8 3.1

[His+] 28.17 3.96 48.15 0.27 66.4 −1.4 17.17 −1.54 −3.65 −1.30 61.1 63.5 −23.5

[Ile] 2.89 −32.39 27.72 −0.14 78.1 7.0 15.02 8.41 15.39 −5.99 93.6 72.2 0.5

[Leu] 0.67 −34.39 28.43 −0.14 81.1 7.3 15.21 9.37 17.16 −6.60 97.2 74.2 1.1

[Lys] 5.66 −37.65 39.30 −0.16 65.0 −0.3 15.09 10.16 21.66 −7.76 65.8 75.0 −4.1

[Lys+] −8.01 −51.16 39.84 0.98 73.6 2.6 19.15 0.35 1.70 −2.22 70.0 73.9 −26.6

[Met] −35.25 −59.31 40.38 −0.10 63.7 4.0 15.48 8.76 10.82 −6.00 72.7 71.8 2.2

[Phe] 35.44 10.31 34.62 −0.11 86.5 4.1 18.80 10.66 16.57 −7.61 95.8 88.5 −0.1

[Pro] 11.31 −4.89 27.85 −0.09 42.0 1.1 9.92 6.73 9.11 −3.91 45.1 49.0 8.0

[Ser] −39.05 −53.21 25.26 −0.05 26.9 1.2 6.22 2.59 1.10 −1.72 29.8 27.0 1.3

[Thr] −34.96 −59.73 22.25 −0.12 43.9 3.5 9.47 4.69 6.10 −3.10 52.1 44.0 2.8

[Trp] 58.05 21.62 37.98 −0.08 95.2 2.8 24.44 11.07 12.01 −7.59 101.6 110.0 2.3

[Tyr] −6.92 −38.53 37.43 −0.14 84.6 −1.8 20.59 10.35 5.59 −6.81 82.2 90.9 5.3

[Tyr−] 5.50 −30.21 23.68 2.55 87.4 −5.4 16.87 12.35 13.65 −5.82 53.2 78.2 1.2

[Val] −0.46 −27.21 23.70 −0.11 62.2 6.3 11.88 6.34 11.81 −4.35 76.0 57.3 1.9

Amino Acid and Protein Backbone Groups

[AABB] −84.87 −119.21 21.98 0.23 21.6 −10.6 9.47 −1.86 2.77 −1.77 −2.0 33.6 −29.3

[AABB +] −88.00 −119.58 31.23 0.59 42.1 −4.0 11.50 −4.58 −13.96 2.37 28.6 36.2 −13.0

[AABB −] −71.97 −108.69 13.97 2.83 68.7 −17.7 13.20 0.37 −18.69 0.15 6.9 37.2 −22.9

[PBB] −21.44 −45.22 1.62 0.05 11.2 −7.5 8.10 −3.75 −6.73 1.13 −4.5 26.3 −13.7

Organic Groups

[−CH2−] 2.24 −5.67 6.07 0.00 16.0 2.3 3.49 2.15 3.09 −1.70 20.7 16.0 −1.7

[−CH3] −2.19 −12.46 13.78 −0.05 31.5 1.9 5.55 3.60 3.96 −1.92 35.8 27.1 5.8

[−CHCH3−] 3.47 −12.48 11.71 −0.09 30.1 4.4 6.20 3.62 10.12 −2.98 39.9 31.2 −3.0

[−CH2NH2] 7.04 −12.43 21.44 −0.19 25.9 −2.5 6.98 0.00 −0.74 0.00 22.6 29.3 1.8

[−CH2OH] −41.53 −56.79 21.57 −0.05 26.2 0.9 5.86 2.59 3.03 −1.72 28.5 26.7 1.3

[−CONH2] −46.55 −61.42 30.14 −0.05 14.5 −4.9 7.02 1.14 −5.03 −0.06 5.0 28.2 7.0

[−COOH] −92.57 −104.38 26.41 −0.08 12.9 −4.1 5.82 1.79 −2.40 −0.67 5.3 24.5 5.9

[−C6H5] 31.66 15.17 31.02 −0.11 70.4 1.8 15.33 8.51 13.47 −5.91 75.1 72.6 1.6

[di.corr] 0.00 0.00 0.00 −0.02 −0.1 −6.7 0.06 −1.48 −0.05 2.32 −13.5 3.2 11.5

a: kcal mol−1, b: cal mol−1 K−1, c: cal mol−1, d: cal mol−1 K, e: cal mol−1 bar−1, f : cal K mol−1 bar−1, g: cm3 mol−1,
h: cm3 mol−1 bar−1.
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Table 7. Group additivity algorithms for the alcohols and amines shown in Fig.6. [di.corr] represents a correction term used in the present
study to modify the group additivity algorithms used byAmend and Helgeson(1997b).

Species Amend and Helgeson(1997b) Present Study

propanol [−CH3] + [−CH2−] + [−CH2OH] = [−CH3] + [−CH2−] + [−CH2OH]

butane-1,4-diol 2[−CH2−] + 2[−CH2OH] = 2[−CH2−] + 2[−CH2OH] + [di.corr]
butane-1,6-diol 4[−CH2−] + 2[−CH2OH] = 4[−CH2−] + 2[−CH2OH] + [di.corr]
propylamine [−CH3] + [−CH2−] + [−CH2NH2] = [−CH3] + [−CH2−] + [−CH2NH2]

butane-1,4-diamine 2[−CH2−] + 2[−CH2NH2] = 2[−CH2−] + 2[−CH2NH2] + [di.corr]
hexane-1,6-diamine 4[−CH2−] + 2[−CH2NH2] = 4[−CH2−] + 2[−CH2NH2] + [di.corr]
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Fig. 6. 1C◦
P,n as a function of 1/ (T −2)2 of aqueous propanol,

butane-1,4-diol, hexane-1,6-diol, propylamine, butane-1,4-diamine,
and hexane-1,6-diamine. Experimental values ofC◦

P
were taken

from Inglese and Wood, 1996 (©), Inglese et al., 1997 (�),
Makhatadze and Privalov, 1989 (4), Jolicoeur and Lacroix, 1976
(5), Nichols et al., 1976 (♦; alcohols), and Cabani et al., 1981 (♦;
amines). The error bars represent an estimated experimental uncer-
tainty of ±5%. The values ofc1 andc2, which correspond to the
intercepts and slopes of the regression lines, were calculated using
the equations given in Table7 together with the organic group con-
tributions given in Table6.

groups, represented by [−COOH], [−CONH2], [−C6H5],
and [−CH2NH2]. The constraints represented by Eqs. (42)
and (43) ensure that the revised group contributions are con-
sistent with the properties of the compounds from which they
were originally derived.

Experimental values ofC◦

P at 280 bar and temperatures
to ∼250◦C of propanol, butane-1,4-diol, hexane-1,6-diol,
propylamine, butane-1,4-diamine and hexane-1,6-diamine
have been reported byInglese and Wood(1996) andInglese
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Fig. 7. C◦
P

, V ◦, c2, andξ of model amino acids (�) and Gly–X–Gly
tripeptides (©) as a function of the corresponding property of the
model sidechain groups. The values of4[SC] were calculated using
Eq. (27) and the group contributions given in Table6. The values
of 4AA and4GXG were taken from Table2. The regression lines
have slopes of unity and intercepts that correspond to4[AABB ] or
4[GXGBB].

et al.(1997). These data were used in a simultaneous regres-
sion analysis taking account of Eqs. (42) and (43) to calculate
values ofω, c1, andc2 of [di.corr], as well as updated values
of ω of [−CH3], [−CH2−], [−CH2OH], [−CH2NH2], and
the other terminal organic groups. The corresponding regres-
sion lines are depicted in Fig.6, where it can be seen that the
revised group contributions are consistent within experimen-
tal uncertainty with the high-temperature data for the mono-
and di- alcohols and amines.

The values ofC◦

P andc2 of the terminal organic groups
computed in this manner closely represent those of the model
sidechain groups shown in Figs.7a and b. It can be seen in
Fig. 7a, for example, that the differences in the calculation of
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C◦

P of [AABB] and [GXGBB] from different model amino
acids is of the order of±1 cal mol−1 K−1, which is much
smaller than the uncertainty associated with the original
group contributions (see above).

Values ofV ◦ andξ of these backbone groups are depicted
in Figs. 7b and d. The revised group contributions to these
properties were calculated using

4[AABB ] = 4Ala − (4[−CH3]
AH97b +

1

2
4[di.corr]) (44)

and

4[AABB ] = 4Ser− (4[−CH2OH]AH97b −
1

2
4[di.corr]) , (45)

which represent statements of Eq. (28) combined with
Eqs. (42) and (43). Equations (44) and (45) were also used
to calculate values ofa2 anda4 of [di.corr] and [AABB] us-
ing the values ofa2 anda4 of Ala and Ser given in Table2.
The values ofV ◦ and ξ of the other organic groups were
then computed from those of the corresponding amino acids
together with those of [AABB] using Eq. (28). Finally, the
revised organic group contributions toa1 anda3 were com-
puted from those ofV ◦, ξ , a2, anda4 using Eqs. (7) and (20).

4.2 C◦

P and pK of amino acid backbone group ionization at
high temperature

The ionization reaction of the carboxylic acid group of Gly,
Ala, Pro, and Val can be represented as

[AABB ] + H+ 
 [AABB+
] . (R1)

This reaction corresponds to the low pH boundary of the pre-
dominance field of [AABB] shown in Fig.4. Experimental
values of1C◦

P,(R1) from ∼15 to 120◦C taken fromWang
et al.(1996), Sorenson et al.(2003), andPrice et al.(2003b)
are shown in Fig.8a, along with values calculated from the
revised HKF equations of state parameters of [AABB] and
[AABB +] given in Table6. At low temperatures, the exper-
imental values of1C◦

P,(R1) of Ala, Pro, and Val are gener-
ally consistent with one another. However, at temperatures
>80◦C, the experimental values diverge from one another
by up to∼20 cal mol−1 K−1. The calculated values approxi-
mately split equally the differences between the experimental
values. The large differences in1C◦

P,(R1) at high tempera-
tures may be attributed to interactions with specific sidechain
groups, or perhaps to a high uncertainty in the measurements
owing to the degradation of amino acids under the experi-
mental conditions (Amend and Helgeson, 1997b; Andersson
and Holm, 2000; Li et al., 2002).

Experimental and calculated values of pK(R1) from ∼25
to 250◦C are shown in Fig.8b. The measured values for
Gly, Ala, and Pro at 25◦C and at higher temperatures do
not differ by more than the stated experimental uncertainties.
The calculated values of pK(R1) at high temperatures most
closely follow the trend for Gly, from which the parameters
of [AABB +] were retrieved.
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Fig. 8. Comparison of experimental and calculated values of1C◦
P,r

(a) and pK (b) of the ionization of the carboxylic acid group in
[AABB] (Reaction (R1)) as a function of temperature. Experimen-
tal values shown in (a) are taken fromWang et al.(1996) for Gly
(©) and Ala (�), from Sorenson et al.(2003) for Pro (4), and from
Price et al.(2003b) for Val (5). In (b), the same symbols are used
to designate the amino acids, but the experimental values are taken
from Amend and Helgeson(1997a) at 25◦C and fromClarke et al.
(2005) at higher temperatures. The estimated experimental errors
for Gly are represented by the error bars; the error bars for Ala and
Pro are omitted for clarity.

5 Protein backbone group contributions

The backbone group contributions to the standard molal ther-
modynamic properties and equations of state parameters of
unfolded proteins are represented below by4[PBB]. The cal-
culation of 4[PBB] takes account of a reference state cor-
responding to a hypothetical non-ionized unfolded protein,
represented byUP0, the properties of which are given by the
group additivity scheme represented by (Amend and Helge-
son, 2000)

4UP 0=4[AABB]+ (n−1)4[PBB]+

î∑
i=1

n[SC]i 4[SC]i , (47)

where [PBB] and [SC]i represent the protein backbone group
and theith sidechain group, respectively,n stands for the
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Table 8. Model proteins considered in the present study. Masses and formulas are for hypothetical non-ionized, disulfide-free and metal-free
proteins.

Namea Accession No. Protein Organism n[SC] n[−SS−]
b Massc Formula

AMY_PYRFU O08452 Alpha amylase (extracellular) Pyrococcus furiosus 434 2 50 113 C2338H3307N573O649S9

AMY_BACSU P00691 Alpha amylase (extracellular) Bacillus subtilis 619 0 68 423 C3006H4584N850O965S11

AMYA_PYRFU P49067 Alpha amylase (intracellular) Pyrococcus furiosus 648 0 76 178 C3526H5325N885O976S14

BPT1_BOVIN P00974 Pancreatic trypsin inhibitor Bos taurus 58 3 6518 C284H438N84O79S7

CYC_BOVIN P62894 Cytochrome C Bos taurus 104 0 11 572 C517H825N143O150S4

LYSC_CHICK P00698 Lysozyme C Gallus gallus 129 4 14 313 C613H959N193O185S10

MYG_PHYCA P02185 Myoglobin Physeter catodon 153 0 17 200 C783H1240N216O216S2

NUC_STAAU P00644 Staphylococcal nuclease Staphylococcus aureus 149 0 16 811 C747H1204N208O224S4

RNAS1_BOVIN P61823 Pancreatic ribonuclease Bos taurus 124 4 13 690 C575H909N171O193S12

RNBR_BACAM P00648 Ribonuclease Bacillus amyloliquefaciens 110 0 12 383 C555H847N153O170

RNH_ECOLI P0A7Y4 Ribonuclease H Escherichia coli 155 0 17 597 C776H1215N227O228S7

RNH_THET8 P29253 Ribonuclease H Thermus thermophilus 166 0 18 728 C829H1297N253O231S7

RNT1_ASPOR P00651 Ribonuclease T1 Aspergillus oryzae 104 2 11 089 C479H687N127O171S4

a: The names shown for the proteins are those used in the Swiss-Prot database (Boeckmann et al., 2003), except for AMY_PYRFU, which
is the name adopted in the present study. The sequence of O08452_PYRFU was taken from the TrEMBL database (Boeckmann et al.,
2003), and was combined with the sequence of the signal peptide given byDong et al.(1997) to calculate the composition of secreted
AMY_PYRFU. Signal peptides and propeptides, where annotated in Swiss-Prot, were excluded from the calculations.b: The numbers of
disulfide bonds are taken from Swiss-Prot, except for those of AMY_BACSU and AMY_PYRFU (Fitter, 2005). c: g mol−1.

number of residues in, or length of, the protein,n[SC]i des-
ignates the number of theith sidechain groups in the pro-
tein, andi=1, 2, ..., î, where î denotes the number of dif-
ferent kinds of sidechain groups in the protein. [AABB] in
Eq. (47) is used to represent the terminal groups of the pro-
tein molecule. Although it is written for unfolded proteins,
analogous statements of Eq. (47) for polypeptides are used to
generate values of4[PBB] where experimental data for pro-
teins are lacking.

5.1 1G◦

f , 1H ◦

f andS◦

Pr ,Tr
of [PBB]

Experimental values of1G◦

f of proteins are not commonly
available in the literature. As a provisional approximation,
they can be calculated using values of1H ◦

f andS◦

Pr ,Tr
of

model dipeptides. This approach was taken byAmend and
Helgeson(2000), who took into account the properties of
diketopiperazine given byShock (1992) together with the
group additivity algorithm represented by

4[PBB] = 4diketopiperazine/2 − 4[Gly] . (48)

Because it is a circular dipeptide, diketopiperazine may not
be a desirable model compound for the backbone group in
unfolded proteins, which more closely resemble extended
polypeptide chains. Therefore, linear dipeptides for which
1H ◦

f andS◦

Pr ,Tr
are known were also included in the present

study by considering

4[PBB] = 4[AABB ] + 4GlyGly −
(
4Gly + 4Gly

)
, (49)

4[PBB] = 4[AABB ] + 4AlaGly −
(
4Ala + 4Gly

)
, (50)

and

4[PBB] = 4[AABB ] + 4LeuGly −
(
4Leu + 4Gly

)
. (51)

Using Shock’s (1992) values for the dipeptides, we cal-
culated values of1H ◦

f,[PBB]
and S◦

Pr ,Tr ,[PBB] from each of
Eqs. (48)–(51). The averages of the results are given in Ta-
ble6, as are the corresponding value of1G◦

f,[PBB]
calculated

from Eq. (4). It should be noted that the value of1H ◦

f,[PBB]

calculated from Eq. (48) (−44.08 kcal mol−1) differs from
our adopted value by only∼1 kcal mol−1. However, the
value ofS◦

Pr ,Tr ,[PBB] calculated from Eq. (48) (9.44 cal mol−1

K−1) is different by ∼8 cal mol−1 K−1 from our adopted
value. Hence, the value of the standard molal Gibbs energy
of [PBB] may be subject to considerable uncertainty.

5.2 C◦

P andV ◦ of [PBB]

Values ofC◦

P andV ◦ of [PBB] as a function of temperature
were calculated from Eq. (47) and experimental values for
the proteins and polypeptides. A value ofω of [PBB] was
chosen that linearized the trend of data points in the regres-
sion plots shown in Fig.9. The values of1C◦

P,n represented
in this figure generally are consistent with the trend of the re-
gression lines despite variations in experimental solution pH
for the proteins from 2 to 6 (Privalov et al., 1989). Hence,
it appears that the denaturing buffer used in the experiments
may have had a compensating effect on the ionization prop-
erties of the proteins. Consequently, the symbols shown in
Figs. 9b and d can be regarded in a first approximation as
representative of non-ionized unfolded proteins.
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There is a greater scatter in the values of1V ◦
n of unfolded

proteins shown in Fig.9d, but this does not appear to be as-
sociated with a systematic difference between1V ◦

n of the
proteins and the polypeptides. In contrast, there is an al-
most constant difference between1C◦

P,n of the proteins and
polypeptides. The intercepts of the correlation lines shown
in Figs. 9a and b, representing values ofc1 of the back-
bone group in unfolded proteins and polypeptides, can be
expressed as

c1,[PPBB] = c1,[PBB] + 10, (52)

where [PPBB] denotes the backbone group contributions in
polypeptides; the units ofc1 are cal mol−1 K−1. Because of
limited independent experimental data for the other thermo-
dynamic properties of the two types of molecules, this repre-
sents the only instance where we are presently able to resolve
differences in the backbone group contributions of polypep-
tides and unfolded proteins.

5.3 κ◦

T , a2 anda4 of [PBB]

The isothermal compressibility (κ◦

T ) at 25◦C and 1 bar of
[PBB] can be calculated from the measured compressibili-
ties of poly-d,l-alanine and poly-glutamic acid, together with
those ofκ◦

T of [Ala] and [Glu] using the relations

κ◦

T ,[PBB]
= κ◦

T ,poly−d,l−alanine− κ◦

T ,[Ala]
(53)

and

κ◦

T ,[PBB]
= κ◦

T ,poly−glutamic acid− κ◦

T ,[Glu]
, (54)

which yield values ofκ◦

T of [PBB] of −13.40×10−4 and
−13.98×10−4 cm3 bar−1 mol−1, respectively. The isother-
mal compressibilities of the polypeptides were calculated
from Eq. (30) using the values ofκ◦

S measured byKharakoz
(1997) . The values ofC◦

P , V ◦ andE◦ of the polypeptides
in Eq. (30) were calculated using the revised HKF equation
of state and the properties and parameters of the sidechain
and backbone groups taken from Table6, together with the
values ofσ andξ of [PBB] retrieved above.

The group additivity algorithm used byAmend and Helge-
son(2000) to calculate values ofa2 anda4 of [PBB] is given
by

4[PBB]=4[AABB ]+24[−CH2]−4[−CH2OH]−4[−CH3] , (55)

where 4 representsa2 or a4 of the subscripted group.
Using this equation and the group contributions given in
Table 6 results in a2,[PBB]×10−2

= −3.75 cal mol−1 and
a4,[PBB]×10−4

= −1.53 cal mol−1 K. These values, when
taken together with the value ofω[PBB] given in Table6, are
consistent withκ◦

T ,[PBB]
= −37.15×10−4 cm3 bar−1 mol−1.

This value is considerably lower than that computed above
for the polypeptides. Accordingly, the value ofa2 of [PBB]
was calculated using Eq. (55), but that ofa4 of [PBB] was
chosen to give a valueκ◦

T at 25◦C and 1 bar that matches the
average of the results of Eqs. (53) and (54).
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Fig. 9. 1C◦
P,n as a function of 1/ (T −2)2 (a) and(b) and1V ◦

n as
a function of 1/ (T −2) (c) and(d) of the protein backbone group
([PBB]). The intercepts and slopes of the regression lines corre-
spond to the values ofc1, c2, σ andξ of [PBB] given in Table6, ex-
cept for (a), where the intercept of the regression line corresponds to
the value ofc1 of the polypeptide backbone group ([PPBB]) that is
given by Eq. (52). Values are shown for the proteins CYC_BOVIN
(©), MYG_PHYCA (♦), LYSC_CHICK (�), RNAS1_BOVIN
(M), BPT1_BOVIN (>), IL1B_HUMAN (<), RNBR_BACAM
(O), and RNT1_ASPOR (×) and for the polypeptides GGLGG (©),
GGSAG (M), GGSGG (�), and GFVGG (O). The values ofC◦

P
of the unfolded proteins used in the calculations were taken from
Privalov and Makhatadze(1990) (©, ♦, �, M), Makhatadze et al.
(1993) (>), Yu et al.(1994) (×), Makhatadze et al.(1994) (<) and
Griko et al.(1994) (O); those for the polypeptides were taken from
Häckel et al.(2000a). The values ofV ◦ of the unfolded proteins and
polypeptides were taken fromMakhatadze et al.(1990) andHäckel
et al.(2000b), respectively.

6 Representative uncertainties

The representative uncertainties of amino acids and [PBB]
summarized below can be used to assess the reliability of
biogeochemical calculations that depend on values of1G◦

as a function of temperature and pressure. These uncertain-
ties exceed by far those arising from the number of signifi-
cant figures used in the present study. The uncertainties in the
additive properties of proteins can be estimated by multiply-
ing the uncertainty in the corresponding property of [PBB]
by the length (number of backbone groups) of the protein.

Benson and Buss’ (1958) estimates of the uncertainty
in the additive prediction of1H ◦

f and S◦

Pr ,Tr
of gaseous

species are±0.60 kcal mol−1 and±0.50 cal mol−1 K−1, re-
spectively. We adopt similar values for the estimated un-
certainties in the values of1G◦

f , 1H ◦

f , andS◦

Pr ,Tr
of the

aqueous amino acids, which are, respectively,±0.50 kcal
mol−1, ±0.50 kcal mol−1, and±0.50 cal mol−1 K−1. These
values were taken fromAmend and Helgeson(1997a), who
assigned them on the basis of experimental error apparent in
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Table 9. Estimated uncertainties in the standard molal thermody-
namic properties of amino acids and the protein backbone group
as a function of temperature and pressure.PSAT refers to the sat-
uration vapor pressure of H2O which corresponds to 1.013 bar at
100◦C and 15.536 bar at 200◦C.

100◦C, PSAT 200◦C, PSAT
Property AA [PBB] AA [PBB]

1G◦a
±0.56 ±1.10 ±0.70 ±1.28

1H ◦a
±0.69 ±1.19 ±0.94 ±1.44

S◦b
±1.06 ±1.56 ±1.65 ±2.15

200◦C, 5000 bar 300◦C, 5000 bar
Property AA [PBB] AA [PBB]

1G◦a
±0.89 ±1.48 ±1.08 ±1.72

1H ◦a
±1.13 ±1.64 ±1.38 ±1.89

S◦b
±1.65 ±2.15 ±2.13 ±2.63

a: kcal mol−1. b: cal mol−1 K−1.

the measurements of the solubilities and enthalpies of solu-
tion. Owing to the availability of experimental data for only
a few short peptides (see above), the values of1G◦

f , 1H ◦

f ,
andS◦

Pr ,Tr
of [PBB] are more uncertain; we assign them es-

timated values of±1.00 kcal mol−1, ±1.00 kcal mol−1, and
±1.00 cal mol−1 K−1, respectively.

Judging from the scatter of the data points shown in
the regression plots in Fig.2, representative uncertainties
for amino acids and Gly–X–Gly tripeptides were estimated
as±2.5 cal mol−1 K−1 for C◦

P , ±2 cm3 mol−1 for V ◦, and
±3.0×10−4 cm3 bar−1 mol−1 for κ◦

T . We provisionally as-
sign these values also to the uncertainties in the properties of
[PBB]. These values can be used to generate estimates of the
temperature and pressure dependence of the uncertainties in
1G◦, 1H ◦, andS◦ using the absolute finite difference coun-
terpart of the corresponding revised HKF equation of state.
For example, Eq. (15) can be used to write

δ1G◦
=

∣∣∣δ1G◦

f

∣∣∣+ ∣∣δS◦

Pr ,Tr
(T − Tr)

∣∣
+

∣∣∣∣δc1[T ln

(
T

Tr

)
− T + Tr ]

∣∣∣∣
+ |δa1(P − Pr)| +

∣∣∣∣δa2 ln

(
9 + P

9 + Pr

)∣∣∣∣ , (56)

where the Greek letterδ denotes uncertainty. Corresponding
equations forδ1H ◦ andδS◦ can be written with the aid of
Eqs. (16) and (17). Because we take the pressure and tem-
perature dependence of the uncertainties inC◦

P , V ◦, andκ◦

T

to be zero, the values ofδc1, δa1, andδa2 used in Eq. (54)
were calculated by taking account of the first term only in
the right-hand side of Eqs. (18), (21), and (24). Uncertainties
in 1G◦, 1H ◦ andS◦ as a function of temperature and pres-
sure calculated using this method are given in Table9. Up

to ∼300◦C and∼5000 bar, the estimated uncertainties in the
calculation of1G◦ of amino acids and sidechain and protein
backbone groups increase only moderately with temperature
and pressure. Hence, it appears that the largest source of er-
ror in the calculation of1G◦ over this temperature range is
not uncertainty in the revised HKF equations of state param-
eters, but that inherent in1G◦

f at 25◦C and 1 bar.
It should be noted that these representative uncertainties,

as such, do not account for large deviations at high temper-
ature apparent in the volumes of Ala and some of the model
proteins. However, the representative uncertainty inV ◦ is
comparable to that observed in other group additivity studies
(Cabani et al., 1981; Lepori and Gianni, 2000; Hnědkovský
and Cibulka, 2004). The estimated uncertainties in1G◦ of
[PBB] are considerably greater than±0.1 kcal mol−1, which
is the value recommended byDill (1997) for group additiv-
ity calculations of the energetics of conformational interac-
tions of proteins such as unfolding and non-covalent struc-
tural changes. Nevertheless, the current method affords an
approximation of the standard molal thermodynamic proper-
ties of proteins of different amino acid composition, which
can be used a frame of reference for subsequent calculations
of the properties of folded proteins and their complexes.

7 Calculations of protein speciation

The group contributions given in Table6 can be used to cal-
culate the standard molal thermodynamic properties of un-
folded proteins in specific ionization states. These properties
are useful for calculations of the environmental constraints
on the speciation of proteins. Examples of these types of cal-
culations are given below for the ionization of proteins and
the evolution of proteins in organisms adapted to different
environments. Although they proceed on quite different time
scales, both of these processes may be constrained by geo-
chemical conditions such as temperature and electrochem-
istry.

The two electrochemical variables considered here, pH
and pe, are equal to the negative logarithms of the activities
of the proton and electron, respectively. Together, they rep-
resent the electrochemical or oxidation-reduction properties
of an aqueous solution. Many geochemical and biochemical
studies use values of Eh, which are related to pe by (Drever,
1997)

pe=
F

2.303RT
Eh, (57)

whereF andR denote the Faraday constant and the gas con-
stant. At 25◦C, Eq. (57) gives Eh (volts) =0.05916pe.

7.1 Ionization of proteins as a function of temperature and
pH

The net charge of a protein,Znet, arises from complexation
with charged species, including metal ions, charged organic
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Fig. 10. Calculated and experimental values of the net charge
(Znet) of unfolded LYSC_CHICK(a), RNAS1_BOVIN (b), and
NUC_STAAU (c) as a function of pH and temperature. Open cir-
cles represent values ofZnet reported from titration experiments in
6.0M GuHCl at 25◦C (Nozaki and Tanford, 1967; Roxby and Tan-
ford, 1971; Whitten and García-Moreno E., 2000), and solid lines
represent values ofZnet and1G◦ calculated using Eqs. (59) and
(58) at 25, 100 and 150◦C. Dotted lines represent calculations for
oxidizing conditions favoring formation of disulfide bonds. In these
cases, the corresponding [Cys] groups are not available for proton
ionization.

species, and the proton. The contributions by proton ioniza-
tion toZnet can be expressed as the sum of the charges of the
ionizable sidechain and backbone groups in accord with

Znet =
∑

i

niαiZi , (58)

whereni stands for the number of theith ionizable group in
the protein,Zi denotes the formal charge of the ionized form
of that group, andαi stands for the degree of formation of the
ionized form of that group (i.e., the molality of the ionized
form of the group divided by the total molality of the group).
Eq. (58) provides a frame of reference for calculating titra-
tion curves as a function of temperature. If we take activity
coefficients to be unity, it can be shown that

αi =
1

1 + 10Zi (pH−pKi )
, (59)

where pKi is equal to the negative logarithm of the equilib-
rium constant of the deprotonation reaction for theith group.

Experimental and calculated titration curves as a function
of temperature are represented in Fig.10. Protein charge as
a function of pH was first computed using Eq. (58), taking
account of seven ionizable sidechain groups and the termi-
nal groups of the protein. The trend of decreasing protein
net charge with increasing temperature at high pHs appar-
ent in Fig.10 can also be noted in titrations of crystalline
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Fig. 11. C◦
P

of heat-denatured proteins to temperatures>100◦C
at pressures corresponding to 1 bar below 100◦C and to the satu-
ration vapor pressure of H2O at higher temperatures. Experimen-
tal values are denoted by filled circles. Values calculated from
group additivity are indicated by the solid and dashed lines (present
study), dotted lines (Amend and Helgeson, 2000) and open cir-
cles (Makhatadze and Privalov, 1990). Experimental values for un-
folded AMYA_PYRFU (a) are taken from the curve for pH=10.3
in Fig. 4 of Laderman et al.(1993). In (b) and (c), experimental
values taken from Fig. 6 ofGuzman-Casado et al.(2003) are shown
for RNH_ECOLI at pHs of 2.0 –3.5 and RNH_THET8 at pHs of
4.0–5.0.

horse serum albumin, even over the relatively narrow tem-
perature range of 5 to 25◦C (Cohn and Edsall, 1943). An-
other factor which may influence protein net charge includes
the formation of disulfide bonds, which may be stabilized in
unfolded proteins in oxidizing experimental conditions (Hu
and Zou, 1992, 1993). Their formation destabilizes the ion-
ized [Cys−] group, effectively increasing the minimum limit
of protein charge at high pHs by the number of [Cys] groups
that can form disulfide bonds (see Table8). Hence, the con-
sequences of disulfide bond formation can be represented by
the titration curves for oxidized proteins shown in Fig.10.
These titration curves more closely represent the experimen-
tal data at high pHs for the proteins in which disulfide bonds
can form.

The standard molal thermodynamic properties of proteins
can be treated as continuous functions of pH in a manner
analogous to the calculations of net charge. Note that the
contributions by complexation with species other than the
proton are taken to be negligible in the present study. For
any standard molal thermodynamic property of an ionized
protein (4UP Znet), we can write

4UP Znet = 4UP 0 + 14ion , (60)
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Fig. 12. Znet and 1G◦ of the extracellularα-amylases from
B. subtilisandP. furiosusas a function of pH at 25◦C and 1 bar,
and at 100◦C and the saturation vapor pressure of H2O at this tem-
perature. Note that the units for1G◦ are Mcal (106 cal) mol−1.

where14ion denotes the contributions to that property due
to the sum of ionization reactions. This value can calculated
by generalizing Eq. (58) to write

14ion =

∑
i

niαi14ion,i , (61)

where14ion,i represents the corresponding ionization prop-
erty of any sidechain or backbone group. Values ofC◦

P

as a function of temperature calculated using Eqs. (47) and
(60) for non-ionized and ionized proteins, respectively, are
shown in Fig.11. The predictions for non-ionized proteins
are greater than the experimental values ofC◦

P shown in
this figure, which were obtained under controlled pH condi-
tions (Laderman et al., 1993; Guzman-Casado et al., 2003).
This is true also of the results of the group additivity al-
gorithms for non-ionized proteins used in two other stud-
ies (Makhatadze and Privalov, 1990; Amend and Helgeson,
2000). The values ofC◦

P calculated for ionized proteins us-
ing Eq. (60) much more closely reproduce the experimental
measurements. Measured heat capacities in unfolded pro-
teins that are lower than model compound predictions have
been used to infer residual structure in unfolded proteins
(Georgescu et al., 2001; Guzman-Casado et al., 2003). How-
ever, the differences between additivity and experiment may

be explained in part by the ionization of the groups in pro-
teins.

7.2 Eh-pH predominance diagram for proteins

Eh-pH predominance diagrams are widely used to charac-
terize the electrochemistry of inorganic systems (Pourbaix,
1949; Garrels and Christ, 1965; Buvet, 1976; Uchida et al.,
1996). The chemical potential constraints on reactions in-
volving e−, H+, O2, or H2 are shown by the locations of
the predominance field boundaries on Eh-pH diagrams. The
chemical affinity (A) of the corresponding reaction is given
by (Kondepudi and Prigogine, 1998)

A = 2.303RT log(K/Q) , (62)

whereK andQ, respectively, represent the equilibrium con-
stant and the reaction quotient. Along a predominance field
boundary,K=Q andA=0.

Gradients of chemical potentials between environments
are also apparent on Eh-pH diagrams (Garrels, 1960;
Baas Becking et al., 1960). If the speciation of proteins
among organisms adapted to different environments is char-
acterized by reactions that tend to minimize the Gibbs en-
ergy, the location of the predominance field boundaries cal-
culated for model proteins might tend to follow gradients in
the electrochemical conditions of the environments. For ex-
ample, electrochemical data are shown in Fig.13 for charac-
teristic soil and hot spring environments. The values shown
are experimental ones, except for a value of Eh for hy-
drothermal fluid at 100◦C calculated by combining values
of logaH2 and logaH+ taken fromAmend and Shock(1998)
with Eq. (57) and the logarithmic analog of the law of mass
action for H2(aq) 
 2H+

+2e−.
An oxidation-reduction reaction representing the overall

speciation of the extracellularα-amylases from two organ-
isms adapted to soils and hot springs,Bacillus subtilisand
Pyrococcus furiosus,can be written as

C3006H4584+Znet,1N850O965S
Znet,1
11

+0.57H2S(aq)+268e−
+
(
268+ 1.285Znet,2 − Znet,1

)
H+ 


1.285C2338H3307+Znet,2N573O649S
Znet,2
9

+ 130H2O + 113NH3(aq) . (R2)

The extracellularα-amylase fromBacillus subtilis is rep-
resented with net chargeZnet,1, and that fromPyrococcus
furiosus is assigned a net charge ofZnet,2. Extracellular
α-amylases were chosen for this study because they repre-
sent proteins commonly secreted by microbes into extracel-
lular aqueous solution. Reaction (R2) is written to conserve
carbon; note in this regard that the choice of basis species
(H2S(aq), H2O, NH3(aq), e−, and H+) and balancing scheme
influences the outcome of the calculations. The combination
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selected here represents an approximation that yields realis-
tic results for this example.

The logarithmic analog of the law of mass action for
Reaction (R2) follows from Eq. (62) whenA=0, and can be
written as

logK(R2) = log
a1.285

AMY_PYRFUZnet,2

aAMY_BACSUZnet,1

+ 130 logaH2O

+ 113 logaNH3(aq)
− 0.57 logaH2S(aq)

+ 268pe+
(
268+ 1.285Znet,2 − Znet,1

)
pH , (64)

where the summation of terms on the right-hand side cor-
responds to logQ. This equation reveals that decreasing
values of pe and pH favor predominance of AMY_PYRFU
over AMY_BACSU, and vice versa. This statement can be
made quantitative by first considering the values ofZnet and
1G◦ of the proteins, calculated using Eqs. (47) and (58–
61), which are shown in Fig.12 at two temperatures (25
and 100◦C). The curved trends in the values ofZnet and
1G◦ shown in this figure reflect the changing ionization
states of the proteins as a function of pH. Besides temper-
ature, pressure, and electrochemical variables, the environ-
mental factors affecting the predominance limits of the pro-
teins are represented by the activities of the basis species,
which are given nominal values corresponding toaH2O =

1, aNH3(aq)
=10−6, andaH2S(aq)=10−3. These values repre-

sent estimates of the properties of hydrothermal solutions
(Amend and Shock, 1998). The activities of the proteins
were taken asaAMY_PYRFU=aAMY_BACSU=10−3, which is
a nominal value for the activities of proteins in the aqueous
solution near a cell surface. Note that changing the protein
activities by three orders of magnitude in either direction has
an effect of approximately±0.1 on the calculated value of
pe.

The values of logK(R2) were computed using the values
of 1G◦ shown in Fig.12 together with the values of1G◦ of
the basis species calculated using SUPCRT92. The values of
logK(R2) were then combined with Eq. (64) to obtain values
of pe for a range of values of pH. pe was converted to Eh
using Eq. (57), the values of which are plotted as the protein
predominance field boundaries in Fig.13. It can be seen in
this figure that the calculated predominance field boundaries
between the extracellular proteins correspond to the overall
gradients of electrochemical potentials between the environ-
ments, and that the effect of increasing temperature on the
location of the boundary is comparatively small.

These calculations of logK(R2) are for the unfolded
protein reference state. The maximum uncertainty due
to folding properties may be assessed by considering the
largest observed values of1G◦ of the unfolding reaction
of α-amylases reported byFitter (2005) (∼50 kcal mol−1).
Combining this value with Eq. (64) and the finite difference
derivative of Eq. (33) gives a corresponding uncertainty in pe
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Fig. 13. Eh-pH diagram showing the electrochemical and temper-
ature constraints on the speciation of the extracellularα-amylases
from B. subtilisandP. furiosus, represented by Reaction (R2). The
solid lines and dashed lines represent, respectively, the calculated
predominance field boundaries of the proteins, and the reduction
stability limits of water. The degree of shading is used to denote
temperature. Values are shown for soils (�; Baas Becking et al.,
1960), solfataric hot springs (�; Kato et al., 2004), Yellowstone hot
springs (+; Spear et al., 2005), Icelandic geothermal fluids (N; Ste-
fánsson and Arnórsson, 2002), and a nominal hydrothermal fluid
(×; McCollom and Shock, 1997andAmend and Shock, 1998).

of ±0.02. In contrast, the estimated group additivity uncer-
tainty for 1G◦ of a single protein in Reaction (R2) is of the
order of±600 kcal mol−1 (see Sect.6), which corresponds
with a maximum uncertainty in pe of±0.3. Hence, our con-
fidence in the calculation of chemical potential constraints
on protein speciation reactions appears to be limited not by
the availability of thermodynamic data for protein folding,
but instead by the uncertainty inherent in the group additiv-
ity calculations of the Gibbs energies of unfolded proteins.

8 Conclusions

The group contributions to the standard molal thermody-
namic properties at 25◦C and 1 bar and the revised HKF
equations of state parameters of neutral and charged aque-
ous sidechain and backbone groups generated in the present
study permit calculation of the thermodynamic properties of
ionized unfolded proteins with any amino acid sequence as
a function of temperature and pressure. The standard mo-
lal Gibbs energies of groups in proteins, which can be as-
sessed using the equations and parameters described above,
are critical for calculations of the chemical and biological
speciation of proteins. These types of calculations include
those of the ionization state of proteins, and of the thermo-
dynamic properties of reactions between different proteins.
The latter type of calculation may be used to assess the
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temperature, pressure, and chemical potential constraints on
proteins among organisms adapted to different environments.
The outcome of a comparative calculation for two model ex-
tracellular proteins from different organisms indicates that
the gradients of environmental conditions correspond with
the calculated predominance limits of the proteins as a func-
tion of oxidation-reduction potential.

A thermodynamic approach to protein speciation confers
a greater understanding of the changes of composition in the
proteome that occur on the length and time scales of the cell.
These reactions can be addressed through a global Gibbs
free energy minimization for systems with many proteins,
which will require the incorporation of protein thermody-
namic data into software tools that traditionally have been
used in geochemical equilibrium modeling (Connolly, 1990;
Shvarov and Bastrakov, 1999; Karpov et al., 2001; Kulik ,
2004). Such advances may make clear the relationship be-
tween gradients of oxidation state and pH among subcellular
compartments and the spatial distribution of proteins in or-
ganisms (Al-Habori, 1995; Conour et al., 2004; Brett et al.,
2006). Hence, a thermodynamic approach may ultimately
lead to a quantitative framework for assessing the causes and
consequences of oxidative stress, disease, and aging.
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