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Abstract. Thermodynamic calculations can be used to quan-1 Introduction

tify environmental constraints on the speciation of proteins,

such as the pH and temperature dependence of ionizatiomhe speciation of proteins encompasses ionization reactions
state, and the relative chemical stabilities of proteins in dif-associated with complexation with protons and other ions,
ferent biogeochemical settings. These calculations depend ias well as evolutionary processes that lead to differences in
part on values of the standard molal Gibbs energies of prothe composition of proteomes in organisms adapted to differ-
teins and their ionization reactions as a function of temper-ent environments. Patterns in the compositions of proteomes
ature and pressure. Because these values are not generathat support life in different parts of the biosphere have re-
available, we calculated values of the standard molal thermoeeived considerable attention in recent yedtsdr et al.
dynamic properties at 28 and 1 bar as well as the revised 200Q Gasch et a).200Q Fukuchi and Nishikawa2001;
Helgeson-Kirkham-Flowers equations of state parameters oKreil and Ouzounis2001, Kato et al, 2004 Tyson et al,
neutral and charged zwitterionic reference model compound2004 Schulze 2005 Boonyaratanakornkit et a2005, but
including agueous amino acids, polypeptides, and unfoldedheir connections to gradients of oxidation state and pH both
proteins. The experimental calorimetric and volumetric datainside and outside the cell (e.&¢hafer and Buettng2001;

for these species taken from the literature were combineding et al, 2001) are only beginning to be recognized (see
with group additivity algorithms to calculate the properties Brett et al, 2006§. A thermodynamic investigation of these
and parameters of neutral and ionized sidechain and backsrocesses, which is based on Gibbs energy calculations, af-
bone groups in unfolded proteins. The resulting set of groupfords a quantitative understanding of the speciation of pro-
contributions enables the calculation of the standard molateins as a function of temperature, pressure, and electrochem-
Gibbs energy, enthalpy, entropy, isobaric heat capacity, volical constraints such as Eh and pH.

ume, and isothermal compressibility of unfolded proteins in Generating Eh-pH diagrams depends on calculations of
a range of proton ionization states to temperatures and preshe thermodynamic properties of reactions between proteins,
sures exceeding 10Q and 1000 bar. This approach pro- which in turn depend on knowing the ionization states and
vides a useful frame of reference for thermodynamic studiesstandard molal Gibbs energies of proteins with different
of protein folding and complexation reactions. It can also amino acid compositions as a function of temperature, pres-
be used to assign provisional values of the net charge angure, and ionization state. These properties are generally
Gibbs energy of ionized proteins as a function of tempera-unavailable in the literature. However, the calculations can
ture and pH. Using these values, an Eh-pH diagram for e facilitated by adopting a reference state corresponding
reaction representing the speciation of extracellular proteingo aqueous unfolded proteins, the properties of which can
from Pyrococcus furiosusind Bacillus subtiliswas gener-  be assessed using ionization-specific group additivity algo-
ated. The predicted predominance limits of these proteingithms. The group contributions reported in the present study
correspond with the different electrochemical conditions ofwere generated using experimental data reported in the re-
hydrothermal vents and soils. More comprehensive calcucent literature in conjunction with the revised Helgeson-
lations of this kind may reveal pervasive chemical potentialKirkham-Flowers (HKF) equation of statéi¢lgeson et a).
constraints on the interactions of microbes with their envi- 1981, Tanger and Helgesori988. The ionization con-

ronment. stants and other thermodynamic properties of sidechain and
backbone groups in proteins permit the calculation of the

Correspondence ta]. M. Dick net charge and Gibbs energ¥net and AG®) of unfolded

(jedick@berkeley.edu) proteins, which vary not only as a function of temperature
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Fig. 1. Representative structures(al an amino acid (cysteinelh) a Gly—X—Gly tripeptide (Gly—Cys—Gly), an@) 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 toC1l4rhe28avy lines denote

bonds between sidechain groups and the alpha carbon of the backbone group; the second bond of the proline sidechain group is to th
nitrogen of the backbone group. Note that the formulas givén)iare those of the corresponding amino acid.

and pressure, but also as a function of ionization state. The The reference model compounds used in these calculations
purposes of this paper are to summarize the results of thesaclude amino acids and Gly—X—Gly tripeptides. Represen-
group additivity and equations of state calculations and to il-tative structures of these molecules are shown in Figs.
lustrate their application in calculations of the chemical andand b. Among the twenty standard protein sidechain groups
biological speciation of proteins. shown in Fig. 1c, seven are ionizable at pHs of 0 to 14. Be-

Group additivity algorithms have been used to supplemenfaUse of the availability of experimental data for amino acids,
experimental thermodynamic data of proteins and other orVe have used them as the primary model compounds for the
ganic species, both at 26 and 1 barCohn and EdsallL943 sidechain groups. T_he amino acid backbong group, de_noted
Cabani et a].1981 Lepori and Gianni2000), and as a func- by [AABB], is a zwitterionic structgre tha_t itself contal.ns
tion of temperature and pressuMdkhatadze and Privalpy ™0 ionizable groups. The repeating unit of polypeptides
199Q Privalov and Makhatadzel99Q Makhatadze et al. and protems is denoted by [PBB], or the 'proteln backbqne
1990 Amend and Helgesqri997h Marriott et al, 1998.  9roup- Adjacent [PBB] groups in polypeptides and proteins
The thermodynamic properties of the protein sidechain@re linked by _the peptldg b(_)nd. Proteins are distinguished
groups are often modeled from those of amino acktaénd from polypeptides by their size, often greater. than one hun-
and Helgesor1997a 2000 or other peptide molecules such dred backbone groups, and their occurrence in organisms.
as Gly—X—Gly tripeptidesharakoz 1997 Hakin and Hed- Owing to specific interactions among the ionized groups
wig, 2001a Hedwig and Hinz 2003. These calculations in unfolded proteinsWhitten and Garcia-Moreno E2000,
generally have been restricted to non-ionized (or completelythe equilibrium constants of the ionization reactions of
neutral) proteins, or to proteins in discrete ionization statessidechain and backbone groups in unfolded proteins differ
(Amend and Helgesqr2000. Kharakoz {997 used group  from those of the corresponding amino acid ionization reac-
additivity for the volumes and compressibilities of ionized tions, in some cases by more than a log uditfaki and Tan-
unfolded proteins at 2%. ford, 1967 Steinhardt and Reynold$969 Tan et al, 1995

Biogeosciences, 3, 31336 2006 www.biogeosciences.net/3/311/2006/
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Elcock 1999 Kundrotas and Karshikaff2002 Tollinger and
et al, 2003. However, the enthalpies, heat capacities and . . 3 .
volumes of the the different ionization reactions in pro- AG® = AGS +(Gpr — G, 1) - (3)

teins generally are not experimentally known. Therefore,
g y P y here Al-é;’. and AG® represent the standard molal en-

estimates of the temperature dependence of the ionizatio . . . X
P P thalpy and Gibbs energy of formation of the species from

equilibrium constants of sidechain groups in proteins can
be calculated in a first approximation using the sidechainthe elements at the reference temperatdig ¢f 298.15K
(25°C) and pressureR.) of 1bar, a”dHﬁ,r—Hﬁ,,n and

group contributions derived from amino acids. Refinement Go - Go - denote the diff bet e standard
to these provisions will become possible when more com- PiTI_ fﬁ’TIr enodeG'b(la) ierences ewtgenl et sthantar
prehensive calorimetric data are available for the ionization™ 0'&! €Nthaipy and %51bbs €nergy, respectively, at the tem-
reactions of proteins perature ') and pressureR) of interest, and those & and

P,.
The values oG, AH¢, and the standard molal entropy
2 Thermodynamic conventions at25Cand 1 barS;r,Tr) are related by
The revised HKF equations of state permit calculation of AG‘} = AH} -7 (S%,,Tr — S%,,T,.,elementg , (4)

the standard molal thermodynamic properties of agueous

species as continuous functions of temperature and pressushere Sy  cemensePresents the total standard molal en-

(Helgeson et a).1981; Tanger and Helgespri989. They  tropy at25C and 1 bar of the elements making up the species
have been used to represent experimental valu€x,ofv°, of interest. The values of the standard molal entropies of the
and «2 of a wide variety of organic and inorganic aque- elements at 25 and 1bar used in the present study were

ous species, including amino acidsnjend and Helgesgn taken fromCox et al.(1989).

19973 Marriott et al, 1998. The equations of state and the ] .

thermodynamic conventions adopted in the present study aré-2 Summary of the revised HKF equations of state

summarized below. . . . .
The revised HKF equations of state are consistent with the

2.1 Standard state conventions separation of variables represented by

The standard state convention adopted feDHs unit activ- E = AEn+ AEs, )
ity of the pure component at any temperature and pressure. - .
For other aqueous species, the convention corresponds to uﬁ'ﬁhere“ stands for any standard molal thermodynamic prop-

L X : . erty or equation of state parameter of an aqueous species,
activity of a hypothetical one molal solution referenced to in- _ ~ ; :
e . and AE, and A Es refer, respectively, to the nonsolvation
finite dilution at any temperature and pressure. The conven- . -
nd solvation contributions to that property or parameter.

tional standard molal thermodynami ties of charged® . 'S 10 .
lonal standard mo'al thermodynamic properties ot charge The nonsolvation contributions to the standard partial mo-

agueous species are given b : . . . -~
q P g y lal isobaric heat capacity, volume, isothermal compressibil-
E = 53PS Zgafs, (1) ity, and expansibility AC3 .\, AVy, Ak, and AE, re-

- ~abs . . spectively) of an aqueous species can be expressédmrgdr
whereE and 225, respectively, stand for any conventional or and Helgesor1989

absolute standard molal thermodynamic property or equation

of state parameter of the agqueous species of inte&“éﬁide- . ¢

notes the corresponding absolute standard molal thermody- ACpp=c1t m

namic property or equation of state parameter of the hydro- oT waip

gen ion, andZ represents the formal charge of the aqueous — (—3) (ag (P —P)+asln ( )) , ()

species of interest. The conventional standard molal thermo- (T -©6) v+ B

dynamic properties and equations of state parameters of H

are therefore zero at all temperatures and pressures. Calcula- . a, aa 1

tions taking account of the biochemical standard state, which A Vn =1+ = + ( 3Ty P) (T = 8) . (1)

is referenced to neutral pH, can be referenced to the stan-

dard state adopted here by taking account of the appropriate

equationsltaRowe and Helgeso2006. AS — as 1 2 8
The standard molal enthalpiea Z°) and Gibbs ener- krn= |42+ T—0© wirp)’ (®)

gies (AG°) of aqueous species given below are expressed as

apparent standard partial molal thermodynamic properties{de

which are defined by

AE® - Ly 9)
o o o o =—\a ’
AH® = AH} + (Hp 7 — Hp, 1,) @) " *Tvtr)\1-0

www.biogeosciences.net/3/311/2006/ Biogeosciences, 333612006
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whereas, az, az, as, c1, andcy represent temperature- and 2.3 Revised HKF equations of state ibG°, AH°, andsS®
pressure-independent parameters of the species of interest,

and® andW represent solvent parameters equal to 228 K andl he revised HKF equations of state faG°, AH®, andS®
2600 bar, respectively. The solvation contributions(tp, ~ can be written as (Tanger and Helgeson, 1988)

Ve, k7, andE®° are given by

AG® = AGS — S5 1 (T —T)

d
ACS o = wTX + 2TY (—w) - T :
’ T ) p - Tln(7>—T+T,

r .

EEE, el (e

T [T, (T — @)]
+ey | ———
1 e e} T (T, — ©)
si-wor(P0)(2) L T,
T al r az U+ P
() [ - (555
a — a
o ow 1 92w r+0o0 S ' ¢ v+ P
AKT,S =wN + 2Q (a_P>T — (g — 1) BPZ , 1 1
T w|-—1)—-wp15 |Yr 5 (T, —T)+ -1,
(12) € €p.T,
(15)
and
Yo Yo AH® = AHS +c1 (T —Ty)
AE=—-o0U—-Q(—) -Y(|— ‘
T Q(aT)p (8P>T 1 1
— ¢ -
1 dw T—-0 T, —©
+|-=-1)(a(=—) /3T ) ., (13)
€ 0PJr T tar(P - P)+azhn (L
v+ P,
wherew denotes the solvation parameter of the species of 27T _ ® W4+ P
interest,e stands for the dielectric constant 0p®, andQ, —— ) |a3(P = P)+taaln| ——
. o . (T — ©) v+ P
N, Y, X, andU represent partial derivatives of the recipro- 1 1 5
i i ad/e) (& i D (R Y s
cal dielectric constant ofﬂ? equal to— ( 5P )T, "P)r’ +w (TY + . 1) T <6 1) (8T>P
- (%) (2, and(%) , respectively. The values
P . /P —owp 1. | T, YP. T + -1}, (16)
of O, N, Y, X, andU used in the present study were taken el T epr

from Tanger and Helgesai1988 andShock et al(1992).
The solvation parametes and its first and second partial

derivatives with respect to temperature and pressure appear

in Egs. (L0-13). The partial derivatives ab generally are T

calculated from charge-dependent correlatiorenfer and §° = Sp, 1, +c1ln (F)

Helgeson1988. The values ofv of neutral species are in r

and

fact effective values, and their partial derivatives with respect _2 {( ! ) — ( 1 )}
to temperature and pressure commonly are taken to be equal © r-o -0
to zero Shock et al. 1989. Hence, group additivity algo- e {i n [Tr (T — ®)]}
rithms for zwitterionic species such as neutral amino acids ®2 T (T, — ®)
can be facilitated by taking account of 1 \2 U4 P
+ <—T — ®) [a3(1’ — P)+agln <\IJ m Pr)]

2 2 1 ow
o\ _ (oo _ (o) _[dw) _ 0, (14) + oY — <— - 1) (ﬁ) —owp.1,Yp.1,, (A7)
or Jp  \oP )y \or2) ~—\or2) € P

respectively. The calculations @G°, AH®°, and S° used
which we take as an approximation for all the neutral andin the present study take account of Eqgs. (15)—(17) together
charged groups and species considered below. with Eq. (14) and, hencey=wp, 7, .

Biogeosciences, 3, 31336 2006 www.biogeosciences.net/3/311/2006/
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2.4 Regression equations

c2

Values of the nonsolvation revised HKF parameters can be m

retrieved by combining experimental or estimated values
of the standard molal isobaric heat capacity, volume, and, 4
isothermal compressibility((3,, V°, andxy, respectively)
with values ofw 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. At~ P,, Eq. (6) reduces to

C%=c1+ +oTX (25)

V=0 +

— , 26
5 0 (26)
which can be used to retrieve simultaneously values; pf

c2, andw, or o, &, andw where sufficient high-temperature
€2 experimental data (above 1UD) are available.

ACS =14+ ——
Fn (T — ©)2

(18)

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

which can be used to retrieve valuescgfandc,. 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/alues of the revised HKF equations of state parameters of

o and¢ as
az
= 19
o=ai+ viP (19)
and
as
= . 20
E=az+ T (20)

The conversion between the volumetric unitscofand &
and the energetic units afi, ap, a3, andag is given by
1cak=41.84cnibar. Combining Egs.10) and Q0) with

Eq. (7) yields

§

AVS = ,
n =0t 6

(21)

which can be used to retrieve valuesscofndé. The partial
derivatives with respect to pressure of E4®)@nd @0) can
be expressed as

0o —ay
=) =——= 22
(8P>T (W + P)? 22
and
o0& —aq
=) =— 23
<8P>T (¥ + P)? )
which can be combined with E¢8)to give
do A& 1
Ak == — . 24
“Tn (aP)T+<8P>T<T—®) @y

Equation @4) can be used to retrieve values (df%), and

(5% ).,

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°@0@re not
available for most of the amino acids considered here, so ac-
curate independent retrieval of the solvation parameier,

in the revised HKF equations of state generally is not pos-
sible. Hence, a correlation algorithm was developed to esti-
mate values ofo. Earlier correlations betweenandsSp .,

or betweenw and the standard molal Gibbs energy of hy-
dration at 28C and 1bar AGy, ) of neutral species were
used byShock et al(1989 andPYyasunov and ShodR007).
Exploratory calculations revealed that neither of these corre-
lations could be used to represent valuesvobf the neu-

tral amino acids that are consistent with high-temperature
heat capacity data. Instead, we found a correlation between
o and the standard molal entropy of hydration, denoted by
ASﬁyd. The standard molal thermodynamic properties of
both gaseous and aqueous species &(2&nd 1 bar are re-
quired for the calculation of the hydration properlyshyd,

and are summarized below.

3.1 Standard molal thermodynamic properties of gaseous
and aqueous amino acids

The values oAG%, AH?, andSy, ;. of the gaseous amino
acids given in Tabld were calculated by first taking account
of the sidechain group additivity algorithm represented by

= ZniEi , (27)
i

where E[sc; and g; stand for any thermodynamic prop-
erty or parameter of the sidechain group anditheorganic

Elscy

Regression equations that involve the solvation parametegroup, respectively, and; stands for the number of th¢h

can be written by taking account of EgS) &nd (L4) together

with Egs. (L0) and (L8) for AC},
AVy. Thus, it is possible to write

or Egs. (1) and @1) for

www.biogeosciences.net/3/311/2006/

organic groups present in the sidechain group. Haganic
groupsrefers to groups whose properties can be summed to
model the properties of sidechain groups. We used the group

Biogeosciences, 333612006
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Table 1. Group additivity algorithms for gaseous amino acid sidechain and backbone groups, and corresponding xxmjgsm;, and
S;’,r T Unless otherwise noted, valuesA)HJ? ande’,r T, of the groups were taken froMomalski and Hearing1993.¢ Square brackets
here and in the text are used to denote groups.

Species or
Group Sidechain group additivity algorithm Ac?b AH}ab S;r T c
Alad [C-(H)3(C)] —71.91  —99.10 94.17
Arg 2[C-(H)2(C)2] + [C-(H)2(CY(N)] + [N-(H)(C)2] + [C-(N)2(Na)] + [N-(H) 2(C)lsecondamino acids™ 214  -69.05 128.73
[Na-(H)(C)]
Asn [C-(H)R(CO)(C)] + [CO-(C)(N)] + [N-(H:(CO)lamidesureas —98.81 -141.13 107.84
Asp [C-(H)(CO)(C)] + [CO-(C)(O)] + [O-(H)(CO)] —151.04 —-187.80 112.47
Cys [C-(HR(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-(HR(CO)lamidesureas —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 §°: [C-(H)2(C)(CB)] + [Ca-(N)(CB)(C)] + [Ca-(H)(CB)(NA)] + [N-(Cp)] + [Cr-(H)(N|)(N)] + —1431  -62.60 104.53
[N-(H)(CB)2]
AHj: 2-ethylimidazole- [C-(H)3(C)]
lle [C-(H)2(C)z] + 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-(HR(C)z] + [C-(H)2(C)(N)] + [N-(H)2(C)]secondamino acids —49.47  -105.95 132.25
Met [C-(H)2(C)2] + [C-(H)2(C)(S)] + [S-(CY] + [C-(H)3(S)] -59.13  -98.34 126.73
Phe [C-(HY(C)(Cg)] + [Cr-(C)(CR)2] + 5[Cg-(H)(CR)2] —-32.33 —71.95 123.16
Prd 5566 -87.52  112.48
Ser [C-(HR(O)(C)] + [O-(H)(C)] -103.12 -134.94 103.16
Thr [C-(H)(O)(Chlalconolsperoxidest [C-(H)3(C)] + [O-(H)(C)] —104.79  -143.42 112.92
Trp [C-(H)2(C)(Cp)] + [Cp-(C)(Cr)2] + [Ca-(H)(CB)(N)] + [N-(H)(Cp)2] + [CB-(N)(Cp)2] + 148  -5113 120.88
4[Cg-(H)(Cp)2] + [CBF-(CBF)(CB)2]
Tyr [C-(H)2(C)(CB)] + [CB-(C)(Cg)2] + 4[Cp-(H)(Cp)2] + [CB-(O)(Cr)2] + [O-(H)(Cp)] —69.87 -114.70 130.20
Val 2[C-(H)3(C)] + [C-(H)(C)s] —68.10 —109.48 111.79
[AABB] © —-67.12  —89.00 63.74

a AHJ?. and S%,..T, of [Cg-(N)(Cg)(C)], and [C-(Nh(Na)] were taken to be equivalent to those of g{@N)(Cg)2].
AH; and S§° of [Cg-(H)(N))(N)], [Na-(H)(C)] and [Gs-(H)(Cg)(Na)] were taken to be equivalent to those

of [C-(H)20C)N)], [N-(H)(C)2], and [G—(H)(Cg)2],  respectively. We  used Spy_(H)(cB),) =SIN-(H)(©)2]"

AHZ 1Go— (O N = 22 pyrrote ™ AH ] [ b(Cono] ~ 28 HFIN- 1 CB121" ANISTa—(k Cay ) =S - (Hco),] - THE Value of

AH}? of 2-ethylimidazole used in the calculations was 16.30 kcalth¢liménez et a)1992); that of pyrrole was 25.88 kcal mot (Scott

et al, 1967). b: kcal morL. € calmor! K—1. 9: values ofAG‘,L of these amino acids were calculated from the corresponding hydration
property @Gﬁyd) (Plyasunov and Sho¢l2001) and AG‘} of the corresponding aqueous amino acids. VaIueAHij'; were taken from
Ngauv et al(1977 andSabbah and Laffitt€1978. ©: See text.

additivity schemes developed Benson and Bus§1958 whereE[aaBB]: Ea4, andE[sc] stand for any standard mo-
and Domalski and Hearing1993 to generate the specific lal thermodynamic property or equation of state parameter
statements of Eq2({7) for gaseous amino acids shown in Ta- of the amino acid backbone group, an amino acid, and its
blel1. Because of their structures, the sidechain groups of Glysidechain group. The values affi? andS3; ;. of the other
and Pro are not readily modeled by the additivity algorithm. amino acids shown in Tablgé were calculated from those
Instead,AH]‘? andS°hTr of Gly and Pro were calculated from of [AABB] together with Eq. 28) and the values for the
available measurements. sidechain groups obtained using E2j7)

The values ofAH} andS;, ;. of gaseous [AABB] given The values ofAGS, AH$, and S3 ;. of the aqueous
in Table1 were calclilated from those of [C-(s(C)] and the  amino acids given in Tablé were taken fromAmend and
corresponding experimental properties of Ala, together withHelgeson(19973, except for those of Cysand His". The
the amino acid group additivity algorithm represented by  |atter values were calculated from the standard molal Gibbs

energies and enthalpies of ionizatioAG;,, and AH )

Eaa = Efanss] + E[sc] » (28)  of these charged species taken fr@uldberg et al(2002
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et al. (1994b) (Asp, Glu), Duke et al. (1994) (Ile, (His+ and His ™), Price et al. (2003b) (Val), Sorenson Mizuguchi et al., 1997; (57) Yasuda et al., 1998; and
Leu, Val), Hakin et al. (1995) (Asn, GIn), Hakin et al. etal. (2003) (Pro); (A) Clarke et al. (2000) (ACIO;) n)s (x) Millero et al., 1978.

(1997) (Arg, Met, Pro), Marriott et al. (1998) (His, Clarke and Tremaine (1999) (AVDO); (v) Downes
Phe, Trp, Tyr), Hakin and Hedwig (2001b) (Lys*, et al. (2001) (AC%,n)‘ Yasuda et al. (1998) (AV,2)

Arg™); ; (X) Mizuguchi et al. (1997); () Marriott et al.
(2001).
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(O) Vogl et al. (1995); (v7) Hickel et al. (1998); (<>) Hickel et al. (1999a); (O) (O) Vogl et al. (1995); (/) Hickel et al. (1998); (<>) Hickel et al. (1999b).
Downes and Hedwig, 1995; (A\) Makhatadze and Privalov, 1990.

Fig. 2. Regression plots for the revised HKF parameters of amino daids) and Gly—X—Gly tripeptidegd) 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 fcmcfg’n, AVy and A"%n correspond te@1 andcy, o andg, and— (do/d P)r and— (3&/d P)7, respectively, in the

revised HKF equations of state. The values were calculated from experimental valtips16f and« g taken from the sources cited in the
caption of each subfigure. The values estimated in the present study are represented by open dignota)seind (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 3, V° and«y. given in Sect6 are represented by a small filled center point.

www.biogeosciences.net/3/311/2006/ Biogeosciences, 333612006



318 J. M. Dick et al.: Thermodynamic properties of ionized unfolded proteins

Table 2. Standard molal thermodynamic properties &t@%nd 1 bar and revised HKF equations of state parameters of aqueous amino acids.

Species AG;-a AH;-a S?’r,Trb w® 1P o4 a,® ap® az’ agd C?,b ved K%C

%1072 x10~4 x10  x1072 %1074 x10%
Ala -88.81 —132.50 38.83 0.18 495 -7.00 14.90 1.74 716 -369 336 604 -235
Arg —-57.36 —143.06 80.06 022 948 -1250 28.83 8.21 720 -595 674 1239 -3.7
Argt -69.93 -154.88 82.57 073 103.8 -9.60 3172 0.22 546 -515 77.6 1225 -50.9
Arg~ 4034 —129.42 68.72 230 1419 -19.60 31.28 13.76 3212 -9.94 811 1430 -24.1
Asn —125.49 —182.70 57.88 021 565 —11.70 19.83 2.37 376 -481 308 774 -29.7
Asp —17251 —226.34 55.22 017 581 -11.90 18.96 305 -6.62 -223 324 747 -24
Asp~ —167.17 —224.54 43.34 247 563 —-1530 16.96 5.77 1011 -6.37 27 648 -436
Cys -80.33 —124.07 46.32 015 59.8 -560 18.14 2.40 931 -497 471 735 -30.4
Cys~ -68.92 -115.44 37.01 259 610 -950 14.44 5.08 1224 -368 181  60.6 -24.3
Gln —126.28 —191.86 62.41 0.18 686 —11.40 23.22 358 544 -523 438 937 -25.7
Glu —173.05 —234.82 61.20 015 652 —10.00 22.30 4.23 655 -5.84 435  90.2 -26.7
Glu~ —-167.21 —234.15 43.86 265 476 -7.80 20.49 6.96 10.86 -7.02 76 800 -437
Gly -90.95 -124.78 39.29 023 285 -840 11.30 0.71 399 -3.04 93 432 -246
Gly*™ -94.16 -125.72 46.91 059 490 -180 1957 -7.58 —40.35 541 40.0 564 -4.7
His —48.42 —108.20 66.00 027 816 -11.30 24.32 4.80 752 -6.05 562  99.3 -26.2
His™ -56.70 —115.25 70.13 050 880 —12.00 26.64 -3.40 -0.88 —3.07 591 97.0 -52.8
lle -81.99 -151.60 49.70 009  99.7 -3.60 24.49 6.55 18.16 -7.76 91.6 1058 -28.8
Leu -84.20 —153.60 50.41 009 1027 -3.30 24.68 7.51 19.93 -837 952 107.8 -28.2
Lys -80.68 —159.33 57.91 007 86.6 —10.90 24.56 8.30 2443 -953 63.8 1086 -33.3
Lys* -92.89 -170.37 61.82 121 952 -8.00 2862 -151 447 -399 679 1075 -55.9
Lys™ -66.31 —146.34 53.27 267 1337 —-18.00 28.29 10.53 297 761 728 1122 -27.0
Met —120.12 —178.52 62.36 013 853 -6.60 24.95 6.90 1359 -7.77 707 1054 -27.1
Phe —-49.43 —108.90 56.60 012 1081 -650 28.27 8.80 19.34 -938 938 1221 -29.4
Pro 7356 —124.10 49.83 014 636 -950 19.39 4.87 11.88 -568 43.0 826 -21.3
Ser —123.93 —172.42 47.24 0.18 485 -9.40 15.69 0.73 387 -349 278 606 -27.9
Thr -119.83 -178.94 44.23 011 655 -7.10 18.94 2.83 887 -487 501 776 -265
Trp -26.82  —97.59 59.96 0.15 1168 -7.80 33.91 9.21 1478 -936 99.6 143.6 -27.0
Tyr —91.80 -157.74 59.41 0.09 106.2 —12.40 30.06 8.49 836 -858 802 1245 -24.0
Tyr— -79.38 -149.42 45.66 278 109.0 -16.00 26.34 10.49 1642 -759 512 1118 -28.1
Val -85.33 —146.42 45.68 012 838 -430 2135 4.48 1458 -6.12 740 909 -27.4

a kcalmolr?, P calmorik-1, ¢ calmor?, 9 calmorlK. © calmorlbar?®, f: calkKmorlbar?l, 9 cmdmol-l,
h. cm3 mol~Lbar1.

together with the properties of the corresponding neutralcharged amino acids. However, provisional estimates aff

species given in Tabl2. charged amino acids were calculated using the correlations
betweenASy, ; andw of alkali- and fluoride- group metal
3.2 Retrieval of the solvation parameter ions represented in Figb.

) ) ] ] Experimental heat capacities to 2250f Gly—Gly—Gly,
The equations for the correlations far given in Table3  Gjy_Ala—Gly and Gly-Thr—Gly have been reported in the lit-
were generated by first considering valuesoadf Gly, Ala, erature [lakhatadze and Privalpd99Q Downes and Hed-
Pro, His, and Val that were independently regressed usingyig 1995. The regression plots shown in Figd are con-

Eqg. @5 and experimental’;, data at temperatures100°C sistent with values ab of Gly—X—Gly given by
(Clarke et al. 200Q Price et al. 2003ab; Sorenson et al.

2003. The corresponding regression plots are shown in WGly—X—Gly X 10° =wyy x 10°°-1.77, (29)

Fig. 2a. Values ofAS,‘;yd of the amino acids were calculated

from those OfS;’,,T, of the gaseous and aqueous amino acidswhere the value ofvo44, in calmol, is that of the corre-
taken from Tabled and2. The equation for the correla- sponding amino acid. The values ofof the Gly—X-Gly
tion line shown in Fig3a was used to prediat of the other  tripeptides given by Eq.209) are negative, but those of
neutral amino acids. Sufficient high-temperature calorimet-the amino acids are positive. It should be emphasized
ric data are not available to generate a similar regression fothat the values of» of neutral species are effective values;
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Fig. 3. Correlations betweensﬁyd at 25C and 1 bar and for

neutral amino acidg) and metal anions and catiofty), and corre- ~ of AC} | vs. I/ (T—©)? (Figs.2a and d) correspond te,
lations betweervV° anda; (c), and between, anday (d) for neu- andcy, respectively. Regression lines afV? as a function

tral (O), positively charged4), and negatively charged}) amino  of 1/ (T —©) (Figs.2b and e) have intercepts efand slopes
gcids. The values @b andS5, T of the aqueous metal ions shown of &, and those of«?. ., (Fig. 2c) correspond te- (3o /3 P) 1

in (b) were taken fronBhock and Helgeso(l988, and those of and — (3E/0P)y, reépectively. The values afy, ap, as,
AS;’r,Tr of the gaseous metal ions were taken friglarcus(1994. andas can be retrieved from those of, &, (3o/3P);, and

See text for the sources of the other values. (9€/dP); using Egs. 19), (20), (22), and @3). 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 CI~ at each experimental temperature using the revised
HKF parameters taken fro®hock et al(1997). The polyno-
mial equations representing the experimental measurements
of C3 andV* of the Gly—X-Gly tripeptides given byogl

t al. (1995, Hackel et al(1999, andHackel et al (19993
ere used to generate the values at 15, 25, 40, 55, 70, 80, 90,

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 df ° of Gly, Pro, and Ser at temper-
atures>100°C (Clarke and Tremainel999 Marriott et al,
2001 were combined with correlated valueswfto calcu-
late values ofAV,). There is an overall linear trend appar-
ent in the regression plots faxV,y shown in Fig.2b, which
supports the use of the correlation equations for estimatin
values ofw of these amino acids. This is also true for many S
of the regression plots Ak V;; of the Gly—X-Gly tripeptides and 106,0 shown in F|952d.a.n.d €. ) )
shown in Fig.2e. However, the values ak Ve of Ala are Expe'rlmenFaI compressibility data fpr amino acids re-
considerably less than the predicted values at elevated tenported in the literature generally refer to isentropic compress-

peratures. Although this represents a significant error in volPilities (). Accordingly, values of the isothermal com-
umetric units €10 cn? mol~1), it corresponds to an ener- pressibilities £7.) of the amino acids were calculated from

getic error (only~0.24 cal motL bar-1) that is small com-  (Desnoyers and Philid972 Amend and Helgesori997h
pared to the uncertainties ii;. A magnification of the
error in V° at high temperature calculated using calorimet- k7 = kg

ric values ofw has been observed for other neutral aqueous TV o (2E° Ve 4o O /Ce )
species (see, e.@gchulte et al.2001). Hence, we have more H20%H,0 H20%H,0C P/ Ch h0 (30)
confidence in the values af of amino acids retrieved from Ch h,0 ’

high-temperature experimeniaf, data.
whereE° represents the standard molal isobaric expansibil-

3.3 Retrieval of non-solvation parameters ity of the amino acid, and’; H,0' Vi5,0 andan,o represent
the standard molal heat capacity, volume and coefficient of
The experimental or calculated values©f, V°, and«. isobaric thermal expansion of2B, respectively. Values of

were combined with values ab to calculate values of Cj, V°, and E° of the amino acids were calculated using
ACyp o, AVy, andAk7 | using the revised HKF equations of Egs. 0) and (3) together with the regressed or calculated
state. The intercepts and slopes of regression lines on plotgalues ofw, c1, ¢2, o, andé. The values oC,jZO, VHOZO, and
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Table 4. Reference model compound algorithms for estimagiig 300 — I\ \Vau LN '
andV°of amino acids as a function of temperature. [AABB*] | \[AABB]

Amino Property or

Acid Parameter Reference Model Compound Algorithm 200 -

Asp~ Ch Asp? + propanoal’é — propanoic acifl S

Cys Co Sef + Gly—-Cys—Glyf — Gly—Ser-GIy - 150 B

Cys~ Cp,V° Cys + propanoaﬂef propanoic acifl

Glu™ C% Glu? + butanoat® — butanoic acif 100 -

Gly*+ ve Gly + propanoic acifl — propanoate

Lys™ Cp,V° Lys +n-butanamin@ — n-butanaminé d 50 |

Tyr cs Phé + Gly-Tyr—Glyf — Gly—Phe-GI¥/

Tyr~ cs,ve Tyr + propanoat® — propanoic acifl 0 | | |
2 Hakin et al.(19943, ®: Shock(1995, ©: Héckel et al. (1998, 1 3 5 7 9 11 13
d. C%: Makhatadze and Privalofd990; V°: Makhatadze et al. pK

(1990, & Marriott et al.(1999, f: Hackel et al(19993.

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 100C and the saturation vapor pressure giHat higher
temperatures. Values for the ionization of the sidechain groups are
represented by the thin lines. Values for [AABBand [AABB™]

are denoted by the left and right bold lines, respectively, which

Where experimental data were insufficient to regress the I,egelimit the predominance field of [AABB] relative to either of its

vised HKF parameters of amino acids, the model compound: harged counterparts.
algorithms shown in Tabld were used to estimate values
of C3 andV* as a function of temperature. This approach
was used to generate valuesf of Asp~, Glu™, Cys, Tyr,
Cys, and Tyr and of V° of Cys™, Gly™, and Tyr at 15,
25, 40, and 5%C, as well as values af§, andV° of Lys™ at
25, 50, and 7%C. Estimated values af$ of Gly™ were cal-
culated by combining values atC3 ., taken fromWang
et al. (1996 with those ofCj of Gly calculated using the
revised HKF parameters given in Talde
terEXcE)fe:r?rer;tr?(ljlyL;snzc;?\séglgs?t?mezftgztf;faiifnsg;z[gczi:qatnc])?-rhe values of j of the ionization of groups at 2& and

1 bar can be calculated from the values of the standard molal

the corresponding ionizations of other amino acids. For X Gibbs energy of formationXG2.) of amino acids taken from
ample,c2 and¢ of Lys were calculated from f

the literature (see Tab®). These values are shown by the lo-
Elys = Elys+ + EArg — Earg - (31) cations of the symbols in Fig. Itis apparent from this figure
) ] that, except for [Lys] and [Arg], the ionization of sidechain
The values ofc; ando of Lys were then retrieved using groups occurs in conditions where [AABB] is stable relative
Egs. (8) and @1) and the measured values 6f, andV°®  tg ejther of its charged counterparts. This observation bears
of Lys at 25C and 1bar Jolicoeur et al.198§. However, o the group additivity algorithms used to generate the pa-
because no experimental values(df andV° of Arg™ can  rameters of the neutral and charged sidechain groups. The

aH,0 in Eq. (30) were calculated using SUPCRTaBb6finson
etal, 1992.

3.4 Estimation algorithms for non-solvation parameters

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 Helgesof19973.

3.5 lonization as a function of temperature

be found in the literature, the values @f, c2, o, and¢ of jines in Fig.4 represent values ofpcalculated as a function

Arg~ were estimated from of temperature using the group contributions summarized be-
- - - - low. Values of K as a function of temperature can be calcu-
Harg- = BArg + Elys- — Biys- (32) lated from K P

Correlations between values 6f, ap, andas of amino acids

were used to estimate values @f and a4 of Arg, Arg—, pK = —logK = AG°/2.303RT , (33)
Asp, Cys’, Gly*, Lys, Lys™, and Tyr. This approach has

been used for amino acidafiend and Helgesqgii9973 and  whereK stands for the equilibrium constant for the ioniza-
for other organic specie®lyasunov and Sho¢R001). Up- tion reaction and\G° is equal to the difference between the
dated correlations for the amino acids are depicted in Bms. apparent Gibbs energies of the ionized and neutral forms of
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Table 5. Revised HKF equations of state parameters@pcandVv° at 25°C and 1 bar of Gly—X-Gly tripeptides and backbone group.

Species 0® P ¢ od g cpb yed
%1073 x10~4 %1072
Gly—-Ala-Gly -159 858 -158 130.7 -3.20 682 1305
Gly-Argt—Gly ~ —1.04 116.0 —20.0 1920 -7.00 84.8 1849
Gly-Asn-Gly ~ —156 89.0 -18.0 157.9 -852 66.6 150.1
Gly-Asp-Gly ~ —-160 789 -138 1479 -6.15 654 143.6
Gly—Cys-Gly ~ —-1.62 89.0 -—11.8 1473 -571 79.8 1437
Gly-GIn-Gly ~ —-159 1005 -18.8 1673 -6.45 76.8 162.5
Gly-Glu-Gly ~ —-1.62 946 —155 1645 -6.39 77.9 159.9
Gly-Gly-Gly —154 639 -166 1122 -3.10 442 1121
Gly-His—Gly ~150 151.9 -36.1 1788 -7.69 922 172.0
Gly-lle-Gly ~1.68 1226 -6.8 1884 —11.34 1241 1769
Gly-Leu-Gly  —1.68 1294 —9.6 1848 -9.18 1252 176.4
Gly-Lyst—-Gly ~—0.56 180.0 -36.0 189.0 -9.50 112.0 177.0
Gly-Met-Gly ~ —1.64 1059 -9.4 190.2 —12.43 1017 177.0
Gly-Phe-Gly =~ —-1.65 1284 —11.3 204.1 —-10.90 1205 193.1
Gly-Pro-Gly =~ —1.63 915 -17.8 1491 -593 70.2 1452
Gly-Ser—Gly -159 775 -157 1303 -3.14 60.1 130.2
Gly—Thr-Gly -1.66 99.3 -165 149.0 -545 80.9 1458
Gly-Tyr-Gly ~1.68 126.8 -17.2 2039 -958 107.2 194.9
Gly-Val-Gly -1.65 111.8 -10.8 1644 —6.08 1049 160.3
[GXGBB] —154 526 -—176 1012 -159 309 103.2

a calmoi1, P: calmor1 K1, ¢: calk mol~?, 9: cn3 mol—1, € cm3 K mol—1.

the group, which can be calculated using Etp) (together  of [Lys] and [Arg] were retrieved from

with the group contributions given in Tabte _ _ .
Elys- = E[aaBB-1 + ElLys] (35)

and
4 Sidechain group contributions ~ ~
Earg- = Ejaae-1 1 EfArg] - (36)
The standard molal thermodynamic properties and equations The thermodynamic properties of the charged sidechain

of state parameters of amino acids and Gly—X-Gly tripep-g.,hs were retrieved from charge-explicit versions of
tides can be assessed by combining additivity algorithms forEq. (28), which can be written as

sidechain groups with the properties of the amino acid and

Gly—X—Gly tripeptide backbone groups. Values®fagg] Eaa- = EanBB] + Esc (37)
and Ejcxcee] can be computed from Eq2§) for amino

acids, or its analog for Gly—X—Gly tripeptides, which can be for [Glu7], [Asp~], [Cys~], and [Tyr], and

written as Eas+r = EanBB] + E(sc+] (38)
Ecxc = E[GxeBB] + E[sc] » (34)  for[His™], [Lys™], and [Arg*].

It follows from Eqgs. 28), (37), and @8) that the inter-
where [GXGBB] represents the backbone group ofcepts of the regression lines shown in Figcorrespond to
Gly—X-Gly tripeptides, an6XGand [ represent, respec- the values ofAH; and Sy ;. of [AABB], [AABB *], and
tively, any Gly—X—Gly tripeptide and its sidechain group. [AABB ~]. The model sidechain groups considered for cal-
The values ofEcxcB) and Ejaass| Were calculated using  culation of the properties of [AABB] and [GXGBB] include
the regression plots shown in Figsand?7. [Ala], [Ser], [Glu], [GIn], [Leu], and [Phe]. They contain the

Using retrieved values &[cxcer) andEjaaee]. EJ. 29) terminal and branched organic groups denoted-bgHls],
can be used to calculate the sidechain group contribution§—CH,OH], [-COOH], [-CONH,], [-CHCHz—], and
of the neutral amino acids considered here except Lys anfl—CgHs] (seeAmend and Helgesofi997h). Glu~ was not
Arg. Because thelgs of their sidechain groups are within the used as a model compound for [AABBbecause the nega-
predominance limits of [AABB] (see Fig4), the properties tive charge of GlU is associated with its sidechain group.
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Fig. 5. AH]% and ST, of model amino acids as a function of

[AABB] and [AABB T] involves ionization of the carboxylic
acid group, which is why Asp and Aspwere 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 Fig5 that the group contributions to
AH3 and Sp , given by Amend and Helgeso1997h
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 6f; zagg; Calculated
using Eq. 28) and the values o€ of Ala and Ser given
in Table 6, together with those of—{CHg] and [-CH,OH]
taken fromAmend and Helgesofi9971, are equal te-13.4
and 10.5 cal molt K—1, respectively, which differ by more
than 20calmot'!K~1. The differences between Amend
and Helgeson's2000 values forC$, of alanine and serine
sidechain groups and those of other authors noteddkin
et al.(2001) are likely a result of this uncertainty.

Amend and Helgesof1997h 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 Helgesort997h group ad-
ditivity algorithms. This term appears in modified group ad-
ditivity algorithms for model compounds which are given in

the corresponding property of the sidechain groups. The values ofTable7. The values ofAGS,, AH; and S° T of [di.corr]

u[gc] were calculated using Eg2T) and the group contributions
given in Table5. The values 0E 4 4+, E44, andE 4 4 - Were taken

were taken to be zero, because the group contributions to
these properties given #ymend and Helgesof1997h con-

from Table2. The regression lines have slopes of unity and inter- sistently represent the sidechain groups in amino acids (see

cepts that correspond ®yaapg+]» E[AABB]: OF E[AABB -]

The equations of state parameters of [AABBvere cal-
culated using Gy as a reference by evaluating

EaaBB+] = E[AABB] + Egly+ — EGly » (39)

whereE stands forcs, ¢2, or w. 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

EanBe+] = E[aaBB] + Easp — EAsp- (40)

and

EianBe-1 = E[aaBe] + Eiys — Elys. (41)

where B stands fomy, az, as, or aq of [AABB *] or ¢y, c2,
ai, az, as, a4, or w of [AABB ~]. The reaction between

Biogeosciences, 3, 31336, 2006

Fig. 5). We also considered the non-solvation equations of
state parameters of{CH,—] given by Amend and Helge-
son (19971, 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
Table 7 can be combined in order to obtain algorithms for
modifying the group contributions according to

1
E[*CH3] = E[—CHg]AH97b + é c"[dl corr] (42)

and

1
E[—CH,0H] = E[7CH20H]AH97b - Ea[di.corr] ’ (43)

where the superscripted AH97b refers to the group con-
tributions given byAmend and Helgesorf1997hH. Al-
though Eqg. 43) is written specifically for f£CHoOH],
analogous statements apply to the other terminal organic
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Table 6. Revised HKF equations of state parameters and standard molal thermodynamic properti€aat®5b bar of aqueous sidechain,

backbone, and organic groups.

Group AG;’(a AH}a SOPr,Trb »® clb (‘2d a,® a® 03f a4d C;’Jb ved K;C
x107° x10~4 x10  x1072 x10~4 x10%
Sidechain Groups
[Ala] -394 -13.29 16.85 -0.05 27.9 36 543 3.60 439 -1.92 357 269 5.8
[Arg] 3162 -20.73 5475 -053 732 -19 18.08 13.39 50.81 —10.09 742 1058 -12
[Arg™] 14.94  -35.67 60.59 050 822 1.0 2225 2.08 2.69 —3.38 797 889 -216
[Asn] —40.61  —63.49 3590 -0.02 349 -11 10.36 4.23 099 -3.04 328 438 -05
[Asp] -87.64 —107.13 3324 -006 365 -13 949 491 -939 -0.46 344 411 26.9
[Asp~] —82.29 —105.33 21.36 224 347 -47  7.49 7.63 734  —4.60 47 312 -144
[Cyd 454 —4.86 2434 -0.08 382 50  8.67 4.26 6.54 —3.20 491 399 -11
[CysT] 15.95 3.77 15.03 225 394 11 4.96 6.97 9.58 —1.94 211 270 49
[GIn] —41.40  -72.65 4043 -0.05 470 -0.8 13.75 5.44 2.67 —3.46 458  60.1 3.6
[Glu] -88.18 —115.61 3922 -0.08 436 0.6 1283 6.09 3.78 —4.07 455  56.6 25
[Glu™] -82.34 -114.94 21.88 242 260 28 11.02 8.82 8.09 —5.25 96 464 -14.4
[Gly] -6.07 5,57 17.31 0.00 6.9 22 183 2.57 122 -1.27 11.4 9.6 4.7
[His] 36.46 11.01 44.02 004 600 -0.7 14.85 6.66 475 —4.28 58.2  65.8 3.1
[Hist] 28.17 3.96 48.15 027 664 -14 1717 -154 -365 —1.30 61.1 635 -235
[lle] 289  -32.39 2772 -014 781 70 1502 8.41 15.39 -5.99 936 722 0.5
[Led] 0.67  —34.39 2843 —0.14 811 73 1521 9.37 17.16 —6.60 97.2 742 1.1
[Lys] 566  —37.65 3930 -016 650 -0.3 15.09 10.16 2166 —7.76 65.8 750 —4.1
[Lys*] -8.01 -51.16 39.84 098 736 26 19.15 0.35 1.70 —2.22 700 739 -266
[Met] -3525 —59.31 4038 -0.10 637 40 1548 8.76 10.82 —6.00 727 718 2.2
[Phq 35.44 10.31 3462 -0.11 865 41 1880 10.66 16.57 —7.61 958 885 -0.1
[Prg 11.31 —4.89 2785 -0.09 420 11 9.92 6.73 9.11 -3.91 451  49.0 8.0
[Sei —39.05 -53.21 2526 —0.05 269 12 622 2.59 110 -1.72 29.8 270 1.3
[Thr] -3496 -59.73 2225 012 439 35 947 4.69 6.10 —3.10 521 440 2.8
[Trpl 58.05 21.62 37.98 -0.08 952 2.8 2444 11.07 12.01 -759 101.6 110.0 2.3
[Tyr] -6.92  —3853 37.43 014 846 -1.8 20.59 10.35 559 —6.81 822 909 5.3
[Tyr~] 550  —30.21 23.68 255 874 -54 1687 12.35 13.65 -5.82 532 782 1.2
[Val] -046  -27.21 2370 -0.11 622 6.3 11.88 6.34 11.81 -4.35 76.0 573 1.9
Amino Acid and Protein Backbone Groups
[AABB] —84.87 —119.21 21.98 023 216 -106 947 -1.86 277 -177 -20 336 -29.3
[AABB 1] -88.00 —119.58 31.23 059 421 —40 1150 -458 —13.96 2.37 28.6 36.2 —13.0
[AABB ] —71.97 —108.69 13.97 283 687 -17.7 13.20 0.37 -18.69 0.15 6.9 372 -229
[PBB] —21.44  —4522 1.62 005 112 -75 810 -375 -6.73 113 -45 263 -137
Organic Groups
[-CHy—] 2.24 —5.67 6.07 0.00 16.0 23 349 2.15 3.09 —1.70 207 160 -17
[—CHg] —219 -12.46 13.78 —0.05 315 19 555 3.60 396 -1.92 358  27.1 5.8
[—~CHCHg—] 347  -12.48 1171  -0.09 30.1 44 620 3.62 10.12 —2.98 399 312 -30
[—=CHyNHy] 704  -12.43 21.44 -019 259 -25 698 0.00 -0.74 0.00 226 293 1.8
[—~CH,OH] —4153  —56.79 2157 —005 26.2 09 586 2.59 3.03 -1.72 285 267 1.3
[~CONHy] —4655  —61.42 3014 -0.05 145 -49  7.02 114 -503 —0.06 50 282 7.0
[-COOH —92.57 —104.38 2641 -008 129 —-41 582 179 -—240 —0.67 53 245 5.9
[—CgHs] 31.66 15.17 31.02 -0.11 704 1.8 1533 8.51 13.47 -5091 751 726 1.6
[di.corr] 0.00 0.00 000 -0.02 -0.1 -67 006 -148 —0.05 232 -135 3.2 11.5
a kcalmol?, P calmorlk-1, ¢ calmor?, 9 calmorlK, & calmorlbar?®, f: calkKmorlbar?l, 9 cmdmol-l,

h. cm3 mol~Lbar1.
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Table 7. Group additivity algorithms for the alcohols and amines shown in &igdi.corr] represents a correction term used in the present
study to modify the group additivity algorithms usedAsend and Helgesofi9978.

Species Amend and Helgesof1997hH Present Study
propanol [-CH3] + [-CHy—]+ [-CHoOH] = [-CH3] + [-CHy—] + [-CH,OH]
butane-1,4-diol P—CHo—] + 2[—CHo0OH] =  2[—CHy—]+ 2[—CH,OH] + [di.corr]
butane-1,6-diol B-CHo—]+ 2[—CH,OH] =  4[—CHy—]+ 2[-CH,OH] + [di.corr]
propylamine [-CH3] + [-CHy—]1+ [-CHoNHy] = [CH3] + [-CHy—] + [-CHoNH>]
butane-1,4-diamine [2CHo—] 4+ 2[—CHoNH5] = 2[—CHy—]+ 2[—CHyNH>] + [di.corr]
hexane-1,6-diamine [4CHy—]+ 2[—CHoNHo] =  4[—CHy—] + 2[—CHyNH>] + [di.corr]
L w0 — 85 . — : Cg, cal mol~1 K1 Ve, cm3 mol—1
T g5 | Propanol 80 Propylamine
e 120
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S
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Fig. 6. AC} , as a function of 1(T-0)? of aqueous propanol,  Fig.7.C$, V°, ¢z, ands of model amino acid<{) and Gly-X-Gly
butane-1,4-diol, hexane-1,6-diol, propylamine, butane-1,4-diaminetripeptides () as a function of the corresponding property of the
and hexane-1,6-diamine. Experimental values“8f were taken  model sidechain groups. The valuesgyf ] were calculated using

from Inglese and Wood, 19967), Inglese et al., 1997L(), Eq. 27) and the group contributions given in Talfle The values
Makhatadze and PriValOV, 198%1, Jolicoeur and Lacroix, 1976 of EAA and EGXG were taken from Tabl@. The regression lines

(v), Nichols et al., 1976¢; alcohols), and Cabani et al., 198%(  have slopes of unity and intercepts that corresponjggg O
amines). The error bars represent an estimated experimental UNCeE; cxcpp|-

tainty of £5%. The values o4 andc,, which correspond to the
intercepts and slopes of the regression lines, were calculated using
the equations given in Tabtogether with the organic group con-

tributions given in Tabl. et al.(1997. These data were used in a simultaneous regres-

sion analysis taking account of Eq42] and @é3) to calculate
values ofw, c1, andcy of [di.corr], as well as updated values
of w of [-CHjs], [-CH—], [-CH2OH], [-CH2NH3], and
groups, represented by-COOH], [-CONH], [-CeHs],  the other terminal organic groups. The corresponding regres-
and [-CHzNHy]. The constraints represented by Eq®)(  sjon lines are depicted in Fig, where it can be seen that the
and @3) ensure that the revised group contributions are convevised group contributions are consistent within experimen-
sistent with the properties of the compounds from which theyta| uncertainty with the high-temperature data for the mono-
were originally derived. and di- alcohols and amines.

Experimental values of'; at 280bar and temperatures ~ The values ofC}, andc; of the terminal organic groups
to ~250°C of propanol, butane-1,4-diol, hexane-1,6-diol, computed in this manner closely represent those of the model
propylamine, butane-1,4-diamine and hexane-1,6-diamineidechain groups shown in Figéa and b. It can be seen in
have been reported bgglese and Wood1996 andinglese  Fig. 7a, for example, that the differences in the calculation of
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C3 of [AABB] and [GXGBB] from different model amino 0 ‘ ‘ ]
acids is of the order oft1 calmoltK=1, which is much 1ol o |
smaller than the uncertainty associated with the original (a.)

group contributions (see above).

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

ACg,, cal mol 1K1

1
ElanBB] = EAla — (B[_cHyaHom + 5 Eidi.con) (44)

and

E[AABB] = Eser— (E[_CHZOH]AHWb - EE[di.corr]) ., (45)

which represent statements of Eq8( combined with
Egs. @2) and @3). Equations 44) and @5) were also used
to calculate values af; andag4 of [di.corr] and [AABB] us-
ing the values ofi; anday of Ala and Ser given in Tabl2.

The values ofV° and ¢ of the other organic groups were X

then computed from those of the corresponding amino acids

together with those of [AABB] using Eq26). Finally, the

revised organic group contributions 4@ andaz were com-

puted from those oV °, &, a2, anday using Egs. ) and @0). 20 ‘ ‘ ‘ ‘ ‘

4.2 Cj% and K of amino acid backbone group ionization at 0 50 100 150 200 250 300

high temperature T,°C

The ionization reaction of the carboxylic acid group of Gly, Fig. 8. comparison of experimental and calculated valuescf, ,

Ala, Pro, and Val can be represented as (a) and [K (b) of the ionization of the carboxylic acid group in
[AABB] + H — [AABB*]. (R1) [AABB] (Reaction (R1)) as a function of temperature. Experimen-

tal values shown ing) are taken fromiWang et al.(1996 for Gly
This reaction corresponds to the low pH boundary of the pre{O) and Ala (J), from Sorenson et a{2003 for Pro (A), and from
dominance field of [AABB] shown in Figd. Experimental Price et al(2003n fqr Val (_V)- In (b), the same symbols are used
values ofAC;; L from ~15 to 120C taken fromWang to designate the amino acids, but the experimental values are taken
et al.(1996, Sorenson et a[2003, andPrice et al(2003 from Amen.d and Helgesof19973 at 25’(_3 and fromCIque et al.
are shown in Fig8a, along with values calculated from the 152003 at higher temperatures. The estlmated experimental errors
. . or Gly are represented by the error bars; the error bars for Ala and
revised HK'F eqpatlons of state parameters of [AABB] and 5, 2-e omitted for clarity.
[AABB *] given in Table6. At low temperatures, the exper-
imental values ofAC;’,,(Rl) of Ala, Pro, and Val are gener-
ally consistent with one another. However, at temperatures  Protein backbone group contributions
>80°C, the experimental values diverge from one another
by up to~20 calmot 1 K~1. The calculated values approxi- The backbone group contributions to the standard molal ther-
mately split equally the differences between the experimentamodynamic properties and equations of state parameters of
values. The large differences mc;,,(m) at high tempera-  unfolded proteins are represented belowdyysg. The cal-
tures may be attributed to interactions with specific sidechairculation of E;pgg) takes account of a reference state cor-
groups, or perhaps to a high uncertainty in the measurement®sponding to a hypothetical non-ionized unfolded protein,
owing to the degradation of amino acids under the experi-represented by/P°, the properties of which are given by the
mental conditionsAmend and Helgesqri997h Andersson  group additivity scheme represented Byr(end and Helge-
and Holm 200Q Li et al., 2002. son 2000
Experimental and calculated values df gy from ~25
to 250°C are shown in Fig8b. The measured values for
Gly, Ala, and Pro at 28C and at higher temperatures do _ - -
not differ by more than the stated experimental uncertainties. ~UP°= “[AABB] T (n—1) Sipag+ X; niscy; Biscy; . (47)
The calculated values ofgry) at high temperatures most =
closely follow the trend for Gly, from which the parameters where [PBB] and$Q; represent the protein backbone group
of [AABB *] were retrieved. and theith sidechain group, respectively, stands for the

1
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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.

Namé Accession No.  Protein Organism niscy n[,s&]b Mas$ Formula

AMY_PYRFU 008452 Alpha amylase (extracellular) Pyrococcus furiosus 434 2 50113 C2338H3307N5730649S9
AMY_BACSU P00691 Alpha amylase (extracellular) Bacillus subtilis 619 0 68423 C3006H4584N8500965511
AMYA_PYRFU P49067 Alpha amylase (intracellular) Pyrococcus furiosus 648 0 76178 C3526H5325N8850976514
BPT1_BOVIN P00974 Pancreatic trypsin inhibitor ~ Bos taurus 58 3 6518 Cog4H438Ng4079S7
CYC_BOVIN P62894 Cytochrome C Bos taurus 104 0 11572 C517Hg25N 143015054
LYSC_CHICK P00698 Lysozyme C Gallus gallus 129 4 14313 Cs13H959N 1930185510
MYG_PHYCA P02185 Myoglobin Physeter catodon 153 0 17200 C783H1240N216021652
NUC_STAAU P00644 Staphylococcal nuclease Staphylococcus aureus 149 0 16811 C747H1204N208022454
RNAS1_BOVIN P61823 Pancreatic ribonuclease Bos taurus 124 4 13690 Cs575Hg09N1710193512
RNBR_BACAM P00648 Ribonuclease Bacillus amyloliquefaciens 110 0 12383 Cs55Hg47N1530170
RNH_ECOLI POA7Y4 Ribonuclease H Escherichia coli 155 0 17597 C776H1215N227022857
RNH_THET8 P29253 Ribonuclease H Thermus thermophilus 166 0 18728 Cgo9H1297N2530231S7
RNT1_ASPOR P00651 Ribonuclease T1 Aspergillus oryzae 104 2 11089 Cy79He87N1270171$4

& The names shown for the proteins are those used in the Swiss-Prot dadeslknfann et 412003, except for AMY_PYRFU, which
is the name adopted in the present study. The sequence of 008452 _PYRFU was taken from the TrEMBL ddabkseiin et al.
2003, and was combined with the sequence of the signal peptide givédohyg et al.(1997) to calculate the composition of secreted
AMY_PYRFU. Signal peptides and propeptides, where annotated in Swiss-Prot, were excluded from the calcBiaTibesiumbers of
disulfide bonds are taken from Swiss-Prot, except for those of AMY_BACSU and AMY_PYRier(2005. ¢: gmol1.

number of residues in, or length of, the proteifgc;, des-  and

ignates the number of th#h sidechain groups in the pro-

tein, andi=1, 2, ..., i, wherei denotes the number of dif- Eipeel = Eaaes] + Eteucly — (ELeu + Ealy) - (51)
ferent kinds of sidechain groups in the protein. [AABB] in
Eq. @7) is used to represent the terminal groups of the pro-
tein molecule. Although it is written for unfolded proteins,

analogous statements of E47) for polypeptides are used to

generate values d;pgg; Where experimental data for pro-

teins are lacking.

Using Shock’s 1992 values for the dipeptides, we cal-
culated values oNH 3 ppg and Sy, - pgg from each of
Egs. 48)—(51). The averages of the results are given in Ta-
ble6, as are the corresponding value’ot: pgg, calculated
from Eq. @). It should be noted that the value 8fH 7 ogg
calculated from Eq.48) (—44.08 kcal mot?) differs from
51 AGS, AH; andS‘;,hTr of [PBB] our adopted value by only1kcal molt. However, the
value ofS}, ;- |pgg calculated from Eq48) (9.44 cal mot?!
K~1) is different by ~8 calmotl K=1 from our adopted
' value. Hence, the value of the standard molal Gibbs energy
of [PBB] may be subject to considerable uncertainty.

Experimental values oa&G‘} of proteins are not commonly
available in the literature. As a provisional approximation
they can be calculated using vaIuesAoH]‘i and Sy ;. of
model dipeptides. This approach was takerﬁtmyend and
Helgeson(2000, who took into account the properties of g o € andV° of [PBB]

diketopiperazine given byhock (1992 together with the

group additivity algorithm represented by Values ofCj andV° of [PBB] as a function of temperature
were calculated from Eq4{) and experimental values for
the proteins and polypeptides. A value wfof [PBB] was
Because it is a circular dipeptide, diketopiperazine may notchosen that linearized the trend of data points in the regres-
be a desirable model compound for the backbone group irsion plots shown in Figd. The values oAC3, || represented
unfolded proteins, which more closely resemble extendedn this figure generally are consistent with thetrend of the re-
polypeptide chains. Therefore, linear dipeptides for whichgression lines despite variations in experimental solution pH
AHd‘;’ andsj, ;. are known were also included in the present for the proteins from 2 to 6Rrivalov et al, 1989. Hence,

E[PBB] = Ediketopiperaziné2 - E[GIy] . (48)

study by conS|der|ng it appears that the denaturing buffer used in the experiments
- - - - - may have had a compensating effect on the ionization prop-
Zipee) = Eianes) + Eaoly — (Eoy + Eoly) . (49) oo of the proteins. Consequently, the symbols shown in
Figs.9b and d can be regarded in a first approximation as

Erpee = Ejaaee] + Ealacly — (Eaa + Eay) . (50)  representative of non-ionized unfolded proteins.
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There is a greater scatter in the values\df;, of unfolded
proteins shown in Fig9d, but this does not appear to be as-
sociated with a systematic difference betwegW; of the
proteins and the polypeptides. In contrast, there is an al-
most constant difference betwearCy, | of the proteins and >
polypeptides. The intercepts of the correlation lines shown ¢¢
in Figs. 9a and b, representing values of of the back-
bone group in unfolded proteins and polypeptides, can be
expressed as

cal mofl K1
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L 2f ° (d) |
c1ippeg = c1,ipep] + 10, (52) g 30} DQ@E A -
I A 28 1
where [PPBB] denotes the backbone group contributions in g %l o ° e ,
. . . Ty —1 oc @] o
polypeptides; the units af; are calmot-K~*. Because of 3 24 | .
. . . . _ 22 1 1 1
limited independent experimental data for the other thermo 05 10 15 20 25 05 10 15 20 25

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.

1/(T-0)x10?, K1 1/(T-0) x10?, Kt

Fig. 9. AC% , as afunction of 1(T—©)2 (a) and(b) andAVy as

a function of ¥ (T—©) (c) and(d) of the protein backbone group
([PBB]). The intercepts and slopes of the regression lines corre-
spond to the values @f;, ¢, o andé of [PBB] given in Tables, ex-

. - cept for (a), where the intercept of the regression line corresponds to
The isothermal compressibilitcf) at 25C and 1bar of the value ofcq of the polypeptide backbone group ([PPBB]) that is

[PBB] can be calculated from the measured compressibili—given by Eq. 62). Values are shown for the proteins CYC_BOVIN

ties of polyd,|-alanine and poly-glutamic acid, together with (~y My PHYCA (0), LYSC_CHICK (J), RNAS1 BOVIN
those ofi;. of [Ala] and [Glu] using the relations (4), BPT1_BOVIN (), ILIB_HUMAN (<), RNBR_BACAM
(V), and RNT1_ASPORX) and for the polypeptides GGLGGY),

5.3 k7, az anday of [PBB]

“T,1PBB] = KT poly—d.I-alanine ™ KT [Ala] (53)  GGSAG (1), GGSGG (), and GFVGG (). The values ofCS
and of the unfolded proteins used in the calculations were taken from
Privalov and Makhatadzg990 (O, ¢, O, A), Makhatadze et al.
K;,[PBB] = K%polyfglutamic acid— K%[Glu] ) (54) (2993 (>), Yu et al.(1999 (x), Makhatadze et a{1994) (<) and

. . 7 Griko et al.(1999 (V); those for the polypeptides were taken from
o 4

which yield Xalues Of’flT of [fBB] of __13'40X 10 _ and  sckel et al(20003. The values of/° of the unfolded proteins and
—1398x10*cnPbartmol!, respectively. The isother- polypeptides were taken froMakhatadze et a(1990 andHéackel
mal compressibilities of the polypeptides were calculatedet al.(20001), respectively.

from Eq. 30) using the values of; measured bKharakoz

(1997 . The values ofC$, V° and E° of the polypeptides

in Eg. 30) were calculated using the revised HKF equation 6 Representative uncertainties

of state and the properties and parameters of the sidechain

and backbone groups taken from TaBleogether with the ~ The representative uncertainties of amino acids and [PBB]

values ofs and¢ of [PBB] retrieved above. summarized below can be used to assess the reliability of
The group additivity algorithm used ®ymend and Helge-  biogeochemical calculations that depend on valuea Gf

son(2000 to calculate values af, andas of [PBB]is given ~ @s a function of temperature and pressure. These uncertain-
by ties exceed by far those arising from the number of signifi-

cantfigures used in the present study. The uncertainties in the
E(peB|=CE[AABB | +2E[-CHy — E[-CcH0HI—E[-CHsl - (55)  additive properties of proteins can be estimated by multiply-
where E representsa; or as of the subscripted group. ing the uncertainty in the corresponding property of [PBB]
Using this equation and the group contributions given inPY the length (number of backbone groups) of the protein.
Table 6 results in apppgx102=—3.75calmol! and ~ Benson .e}nd Bus§’1_958 estimates of the uncertainty
a4,[PBB]X10_4=—1-53 calmorlK. These values, when in the additive prediction ofAH]‘i and Sp.1. of gaseous
taken together with the value akpgg) given in Table6, are species are-0.60 kcal mot! and+0.50 cal mot1 K1, re-
consistent withicy, ppg = —37.15x10~*cm®bartmol~t.  spectively. We adopt similar values for the estimated un-
This value is considerably lower than that computed abovecertainties in the values oAG%, AHZ, and S, ;. of the
for the polypeptides. Accordingly, the value @f of [PBB] agueous amino acids, which are, respectivet(.50 kcal
was calculated using Eg5%), but that ofas of [PBB] was ~ mol~2, +0.50 kcal mot?!, and+0.50 calmot! K. These
chosen to give a value;. at 25°C and 1 bar that matches the values were taken froAmend and Helgeso(19973, who
average of the results of Eq$3) and 64). assigned them on the basis of experimental error apparent in

www.biogeosciences.net/3/311/2006/ Biogeosciences, 333612006



328 J. M. Dick et al.: Thermodynamic properties of ionized unfolded proteins

Table 9. Estimated uncertainties in the standard molal thermody-to N?’OO_)C and~50000 b"’}“ the gstimateq uncertainties in the
namic properties of amino acids and the protein backbone grougalculation ofAG® of amino acids and sidechain and protein

as a function of temperature and pressuPear refers to the sat-  ackbone groups increase only moderately with temperature
uration vapor pressure of 4@ which corresponds to 1.013bar at and pressure. Hence, it appears that the largest source of er-

100°C and 15.536 bar at 20C. ror in the calculation ofAG° over this temperature range is
not uncertainty in the revised HKF equations of state param-
100°C, PsaT 200°C, PsaT eters, but that inherent inG<. at 25C and 1 bar.
Property AA  [PBB] AA  [PBB] It should be noted that these representative uncertainties,
AG°@ 4056 +1.10 1070 +1.28 as such, do not account for large deviations at high temper-
AH®®  4+0.69 +1.19 +094 +1.44 ature apparent in the volumes of Ala and some of the model
sob +1.06 +1.56 4165 4+2.15 proteins. However, the representative uncertainty tnis

comparable to that observed in other group additivity studies

200°C, 5000 bar 308C, 5000 bar (Cabani et a.1981; Lepori and Gianni200Q Hnédkovsky

Property AA  [PBE] AA  [PBE] and Cibulka 2004). The estimated uncertainties iG° of
AG°®  +0.89 +1.48 +1.08 +1.72 [PBB] are considerably greater tha©.1 kcal mot 1, which
AH°®  +1.13 +1.64 +1.38 +£1.89 is the value recommended ®Bjll (1997 for group additiv-
s°b +1.65 +£2.15 +2.13 +£2.63 ity calculations of the energetics of conformational interac-
tions of proteins such as unfolding and non-covalent struc-
a: kcalmor1. P: calmor1 k=1, tural changes. Nevertheless, the current method affords an

approximation of the standard molal thermodynamic proper-

the measurements of the solubilities and enthalpies of soluEles of proteins of different amino acid composition, which

tion. Owing to the availability of experimental data for only g??hzeplrjss:rzggag;?o(ljdfersfSrrgtg ?ﬁ;(;rnzutazeiﬂgsgpfgﬁilat'ons
a few short peptides (see above), thg valueAGf;p, AH3,

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

timated values oft1.00 kcalmot1, £1.00kcalmotl, and 7 Calculations of protein speciation

+1.00 cal mol1 K—1, respectively.

Judging from the scatter of the data points shown inThe group contributions given in Tabecan be used to cal-
the regression plots in Fig, representative uncertainties culate the standard molal thermodynamic properties of un-
for amino acids and Gly—X—Gly tripeptides were estimatedfolded proteins in specific ionization states. These properties
as+25calmorlK-1 for Cs, £2 cnmmol~! for ve, and  are useful for calculations of the environmental constraints
+3.0x10~4cm3bar- mol-2 for «3. We provisionally as- " the speciation of proteins. Examples of these types of cal-
sign these values also to the uncertainties in the properties ulations are given below for the ionization of proteins and
[PBB]. These values can be used to generate estimates of t{8€ evolution of proteins in organisms adapted to different
temperature and pressure dependence of the uncertainties §fvironments. Although they proceed on quite different time
AG®°, AH®, ands® using the absolute finite difference coun- scaleg, both of. t.hese processes may be constrained by geo-
terpart of the corresponding revised HKF equation of state Shémical conditions such as temperature and electrochem-

For example, Eq.15) can be used to write Istry. _ _ .
The two electrochemical variables considered here, pH

and pe, are equal to the negative logarithms of the activities
+ |3S?>r,Tr(T - T,)| of the proton and electr.on, respgcti\{ely. Toget.her, 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 pelvg\(er,
1997

SAG® = ‘MG‘;

+

Sc1[T | d T+T,
Cl[ n T -1+ r]

”
Y4 P
(Sazln
v 4 P,

where the Greek lettérdenotes uncertainty. Corresponding ~ 2.303RT

equations fos AH® andS° can be written with the aid of \nare r and R denote the Faraday constant and the gas con-

Egs. (16) and (17). Because we take the pressure and tendiont. At 25C, Eq. 67) gives Eh (volts) =05916pe.
perature dependence of the uncertaintie§§n vV°, andx?.

to be zero, the values 6t1, da1, andéaz used in Eq. (54) 7.1 lonization of proteins as a function of temperature and
were calculated by taking account of the first term only in pH

the right-hand side of Egs. (18), (21), and (24). Uncertainties

in AG°, AH®° andS° as a function of temperature and pres- The net charge of a proteiZ,et, arises from complexation
sure calculated using this method are given in T&bléJp with charged species, including metal ions, charged organic

+[8a1(P — P)| +

. (56)

F

pe Eh, (57)
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Fig. 10. Calculated and experimental values of the net chargeFig. 11. C9 of heat-denatured proteins to temperaturd(°C

(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 @het reported from titration experiments in
6.0M GuHCI at 25C (Nozaki and Tanford1967 Roxby and Tan-
ford, 1971, Whitten and Garcia-Moreno F2000, and solid lines
represent values afnet and AG® calculated using Eqs59) and
(58) at 25, 100 and 15T. Dotted lines represent calculations for
oxidizing conditions favoring formation of disulfide bonds. In these

at pressures corresponding to 1 bar below°@@nd to the satu-
ration vapor pressure of 40 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 linesAmend and HelgesqQr200Q and open cir-
cles (Makhatadze and Privalpt990. 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

cases, the corresponding [Cys] groups are not available for protowvalues taken from Fig. 6 @dduzman-Casado et #2003 are shown

ionization.

for RNH_ECOLI at pHs of 2.0 —3.5 and RNH_THETS8 at pHs of
4.0-5.0.

species, and the proton. The contributions by proton ioniza-
tion to Znet can be expressed as the sum of the charges of thRorse serum albumin, even over the relatively narrow tem-

ionizable sidechain and backbone groups in accord with

Znet= E nio; Zj ,

i

(58)

wheren; stands for the number of thi¢gh ionizable group in

the protein,Z; denotes the formal charge of the ionized form
of that group, and; 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. 68) provides a frame of reference for calculating titra-

perature range of 5 to 26 (Cohn and Edsall1943. 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 conditiohu(

and Zoy 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 TaB)e Hence, the con-
sequences of disulfide bond formation can be represented by
the titration curves for oxidized proteins shown in Fif)
These titration curves more closely represent the experimen-

tion curves as a function of temperature. If we take activity 15| gata at high pHs for the proteins in which disulfide bonds

coefficients to be unity, it can be shown that
_ 1
= T4 107:GHpK)

where [X; is equal to the negative logarithm of the equilib-
rium constant of the deprotonation reaction for ttiegroup.

(59)

o

Experimental and calculated titration curves as a function

of temperature are represented in Fif. Protein charge as
a function of pH was first computed using E§8), taking

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 Eypznet), We Can write

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

Eypznet = Bypo + ABion, (60)
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100 be explained in part by the ionization of the groups in pro-
teins.
50
0 7.2 Eh-pH predominance diagram for proteins
()
N 50 Eh-pH predominance diagrams are widely used to charac-
terize the electrochemistry of inorganic systerRsyrbaix
100 1949 Garrels and Christl965 Buvet, 1976 Uchida et al.
1996. The chemical potential constraints on reactions in-
150 —_ volving e~, HT, O,, or Hy are shown by the locations of
6 2 4 6 8 10 12 1 the predominance field boundaries on Eh-pH diagrams. The

chemical affinity @) of the corresponding reaction is given
ey by (Kondepudi and Prigogine, 1998)

T PPFRFU _ _ _ __----"1

6 -15F-----7°Z ---TT 73

c F--- A =2303RT log(K/Q) , (62)

S -20 b (b) 4 whereK andQ, respectively, represent the equilibrium con-
2_ stant and the reaction quotient. Along a predominance field
ED —// boundaryK =0 and A=0.

g 5 __,.——/'Iﬁ:su— Gradients of chemical potentials between environments

L L are also apparent on Eh-pH diagramGafrels 196Q

0 2 4 6 8 10 12 14 Baas Becking et gl.1960. If the speciation of proteins
among organisms adapted to different environments is char-
pH acterized by reactions that tend to minimize the Gibbs en-

ergy, the location of the predominance field boundaries cal-
Fig. 12. Znet and AG® of the extracellulara-amylases from  culated for model proteins might tend to follow gradients in
B. subtilisand P. furiosusas a function of pH at 2% and 1 bar, the electrochemical conditions of the environments. For ex-
and at 100C and the saturation vapor pressure ofHat this tem-  ample, electrochemical data are shown in B@for charac-
perature. Note that the units farG° are Mcal (1 cal) mor1. teristic soil and hot spring environments. The values shown

are experimental ones, except for a value of Eh for hy-

drothermal fluid at 100C calculated by combining values
where A Eijon denotes the contributions to that property due of log an, and logay+ taken fromAmend and Shockl199§
to the sum of ionization reactions. This value can calculatedwith Eq. (57) and the logarithmic analog of the law of mass

by generalizing Eq.58) to write action for Hp,,) = 2H"+2¢™.
N _ An oxidation-reduction reaction representing the overall
AEion = Z”iaiADion,i ’ (61) speciation of the extracellular-amylases from two organ-

i isms adapted to soils and hot springscillus subtilisand

whereA Eion; represents the corresponding ionization prop- Pyrococcus furiosugian be written as
erty of any sidechain or backbone group. Values(gf

as a function of temperature calculated using E4%) énd 5

(60) for non-ionized and ionized proteins, respectively, are  C3006H4584+ zye;; N85009655,1°
shown in Fig.11 The predi(_:tions for non-ionized prot_eins +0.57HpS ) +268  +(268+ 1.285Znet2 — Znet1) HF =

are greater than the experimental valuesCgf shown in Znets

this figure, which were obtained under controlled pH condi- 1.285G338H3307+ Zpe, N57306495 ™

tions (Laderman et al.1993 Guzman-Casado et aR003. + 130H0 4 113NHg (4, . (R2)

This is true also of the results of the group additivity al-

gorithms for non-ionized proteins used in two other stud- The extracellularz-amylase fromBacillus subtilisis rep-

ies Makhatadze and Privalpt990 Amend and Helgeson  resented with net chargénet1, and that fromPyrococcus
2000. The values ofC calculated for ionized proteins us- furiosusis assigned a net charge @het2. Extracellular

ing Eg. 60) much more closely reproduce the experimental a-amylases were chosen for this study because they repre-
measurements. Measured heat capacities in unfolded present proteins commonly secreted by microbes into extracel-
teins that are lower than model compound predictions havdular aqueous solution. ReactioRZ) is written to conserve
been used to infer residual structure in unfolded proteinscarbon; note in this regard that the choice of basis species
(Georgescu et al2001; Guzman-Casado et a2003. How- (H2S(g), H20, NH3 (44, e~ and H") and balancing scheme
ever, the differences between additivity and experiment mayinfluences 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 Eg. (62) whem=0, and can be 0.5
written as

0.0F IO
C AMY_AYRFUF o
+ 130logan,o [ -~ T m-ol X . 4-5

daMY_BACSUZnet1 STt +
_ -0.5 IR - S

+113 |OgaNH3(aq) 0.57 Iogast(aq) -

+ 268pe+ (268+ 1.285Znet2 - Znetl) pH N (64) 1 1 1 T

2 4 6 8 10
pH

1.285
AMY_PYRFUZnet2

Eh, volts

log Kr2) = log

where the summation of terms on the right-hand side cor-
responds to lo@. This equation reveals that decreasing
values of pe and pH favor predominance of AMY_PYRFU
over AMY_BACSU, and vice versa. This statement can beFig. 13. Eh-pH diagram showing the electrochemical and temper-
made quantitative by first considering the valueZgi; and ature constraints on the speciation of the extracellutamylases
AG® of the proteins, calculated using Egs. (47) and (58_from B. subtilisandP. furiosus represented by ReactioR%Z). The

61), which are shown in Figl2 at two temperatures (25 Solid lines and dashed lines represent, respectively, the calculated

and 100C). The curved trends in the values Bfe and predominance field boundaries of the proteins, and the reduction
AG® shown in this figure reflect the changing ionization stability limits of water. The degree of shading is used to denote

temperature. Values are shown for soils Baas Becking et al.

states of the proteins as a function of pH. Besides temper-l%oy solfataric hot springsl; Kato et al, 2004, Yellowstone hot

ature, pressure, and electrochemical variables, the envirorwgprings (- Spear et aJ.2005, Icelandic geothermal fluidsa¢ Ste-
mental factors affecting the predominance limits of the pro-tansson and Arnérssp002, and a nominal hydrothermal fluid
teins are represented by the activities of the basis speciegx; McCollom and Shock1997andAmend and ShockL998.
which are given nominal values correspondinguifo =

1, anmg,,, =10"%, andap,s,,=10"3. These values repre-

sent estimates of the properties of hydrothermal solutionof £0.02. In contrast, the estimated group additivity uncer-

(Amend and Shock1998. The activities of the proteins tainty for AG° of a single protein in ReactiorR@) is of the

were taken aszAmy_pYRpuzaAMy_BAcsu=10—3, which is order of 600 kcal mot! (see Sect6), which corresponds

a nominal value for the activities of proteins in the aqueouswith a maximum uncertainty in pe at0.3. Hence, our con-

solution near a cell surface. Note that changing the proteirfidence in the calculation of chemical potential constraints

activities by three orders of magnitude in either direction hason protein speciation reactions appears to be limited not by

an effect of approximately-0.1 on the calculated value of the availability of thermodynamic data for protein folding,

pe. but instead by the uncertainty inherent in the group additiv-
The values of lod (r2 were computed using the values ity calculations of the Gibbs energies of unfolded proteins.

of AG° shown in Fig.12together with the values af G° of

the basis species calculated using SUPCRT92. The values of

log K (ro) were then combined with Eg64) to obtain values 8 Conclusions

of pe for a range of values of pH. pe was converted to Eh

using Eqg. §7), the values of which are plotted as the protein The group contributions to the standard molal thermody-

predominance field boundaries in FIB. It can be seen in  namic properties at 2& and 1bar and the revised HKF

this figure that the calculated predominance field boundariegquations of state parameters of neutral and charged aque-

between the extracellular proteins correspond to the overalbus sidechain and backbone groups generated in the present

gradients of electrochemical potentials between the environstudy permit calculation of the thermodynamic properties of

ments, and that the effect of increasing temperature on thénized unfolded proteins with any amino acid sequence as

location of the boundary is comparatively small. a function of temperature and pressure. The standard mo-
These calculations of lofrz are for the unfolded lal Gibbs energies of groups in proteins, which can be as-

protein reference state. The maximum uncertainty duesessed using the equations and parameters described above,

to folding properties may be assessed by considering thare critical for calculations of the chemical and biological

largest observed values @fG° of the unfolding reaction speciation of proteins. These types of calculations include

of a-amylases reported biyitter (2005 (~50 kcal mot?1). those of the ionization state of proteins, and of the thermo-

Combining this value with Eq.64) and the finite difference  dynamic properties of reactions between different proteins.

derivative of Eq. 83) gives a corresponding uncertainty in pe The latter type of calculation may be used to assess the
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temperature, pressure, and chemical potential constraints ofindersson, E. and Holm, N. G.: The stability of some selected
proteins among organisms adapted to different environments. amino acids under attempted redox constrained hydrothermal
The outcome of a comparative calculation for two model ex- ~conditions, Orig. Life Evol. Biosph., 30, 9-23, 2000.

tracellular proteins from different organisms indicates thatBaas Becking, L. G. M., Kaplan, I. R., and Moore, D.: Limits of
the gradients of environmental conditions correspond with the natural environment in terms of pH and oxidation-reduction

the calculated predominance limits of the proteins as a func-, POtentials, J. Geol., 68, 243-284, 1960. o
tion of oxidation-reduction potential. Benson, S. W. and Buss, J. H.: Additivity rules for the estimation

of molecular properties. Thermodynamic properties, J. Chem.
A thermodynamic approach to protein speciation confers pnys., 29, 546-572, 1958.

a greater understanding of the changes of composition in th@oeckmann, B., Bairoch, A., Apweiler, R., Blatter, M.-C., Estre-

proteome that occur on the length and time scales of the cell. icher, A., Gasteiger, E., Martin, M. J., Michoud, K., O'Donovan,

These reactions can be addressed through a global Gibbs C., Phan, I., Pilbout, S., and Schneider, M.: The SWISS-PROT

free energy minimization for systems with many proteins, protein knowledgebase and its supplement TrEMBL in 2003,

which will require the incorporation of protein thermody- _ Nucleic Acids Res., 31, 365-370, 2003. _

namic data into software tools that traditionally have beenBoonyaratanakornkit, B. B., Simpson, A. J., Wh|teheaq, T A,

used in geochemical equilibrium modelir@dnnolly, 199 Fraser, C. M., El-Sayed, N. M. A., and Clark, D. S.. Tran-

: . scriptional profiling of the hyperthermophilic methanarchaeon

Shvarov and Bastrakou999 Karpov et al, 2001 .Ku“k.’ Methanococcus jannaschim response to lethal heat and non-

2004. Such advance_s may make clear the relationship be- lethal cold shock, Environ. Microbiol., 7, 789-797, 2005.

tween gradients of oxidation state and pH among subcellulagett, ¢. L., Donowitz, M., and Rao, R.: Does the proteome encode

compartments and the spatial distribution of proteins in or-  organellar pH?, FEBS Lett., 580, 717-719, 2006.

ganisms Al-Habori, 1995 Conour et al.2004 Brett et al, Buvet, R.: Topics in Electrochemistry and Bioenergetics, chap. En-

2009. Hence, a thermodynamic approach may ultimately ergetic structure of metabolism, John Wiley and Sons, New York,

lead to a quantitative framework for assessing the causes and vol. 1, pp. 105-177, 1976.

consequences of oxidative stress, disease, and aging_ Cabani, S., Gianni, P., Mollica, V., and Lepori, L.: Group contribu-
tions to the thermodynamic properties of non-ionic organic so-
lutes in dilute aqueous solution, J. Solution Chem., 10, 563-595,
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