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Abstract

Calculation of the thermodynamic properties of biomolecules at high temperatures and pressures is fundamental to understanding the energetics
of metabolism in hydrothermal systems. Perhaps the most direct interaction between hyperthermophilic microbes and their aquatic and mineralogic
habitat involves conversion of environmentally available redox potential into biochemically useful energy. Although chemical thermodynamics can
be used to quantify this process, little is known about the thermodynamic properties of the biomolecules involved, especially at high temperatures.
However, recent advances in theoretical biogeochemistry make it possible to calculate these properties using the limited experimental data available
inthe literature, together with group additivity and correlation algorithms, reference model compounds and reactions, and the revised-HKF equations
of state. This approach permits calculation of the standard molal thermodynamic properties and equations of state parameters for magnesium-
complexed adenosine nucleotides, nicotinamide adenine dinucleotides (NADs), and nicotinamide adenine dinucleotide phosphates (NADPSs) as a
function of pressure and temperature. The thermodynamic properties and revised-HKF equations of state parameters generated in the present study
can be used to carry out comprehensive mass transfer and Gibbs energy calculations to quantify the energetics of microbial energy production in
hydrothermal systems.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Much has been learned about the numerous organic and inorganic compounds that thermophilic and hyperthermophilic microbes
metabolize in hydrothermal systems to obtain energy [1-12]. Similarly, the discovery and identification of novel enzymes [13-19],
genes [20,21], membranes [22-26], and metabolic strategies [27-29], as well as the search for new organisms that can tolerate
ever more extreme environments [4,30-36] have received considerable attention in recent years. Yet, little is understood about the
chemical and thermodynamic factors responsible for stabilizing the biomolecules involved in the energetics of metabolism at elevated
temperatures and pressures [2,37,121]. Because in vivo Mg2* activity,! pH, and cellular redox couples such as nicotinamide adenine
dinucleotide (NAD) and nicotinamide adenine dinucleotide phosphate (NADP) are essential to the generation of ATP and other
forms of biochemical energy, quantifying their chemical and thermodynamic interactions with minerals and other biomolecules
as a function of temperature and pressure is essential to understanding the energetics of metabolism in hydrothermal systems. In

* Corresponding author. Tel.: +1 510 642 8978; fax: +1 510 642 8975.
E-mail address: larowe@berkeley.edu (D.E. LaRowe).
1 The term pMg is sometimes used in the biochemical literature to characterize the concentration of the aqueous magnesium cation or the total concentration of
agqueous magnesium in solution. Using the former definition, pMg is related to the activity of the magnesium cation, apge+ by pMg = — log g2+
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particular, the exergonic hydrolysis reaction of ATP to ADP, which is coupled to otherwise endergonic reactions to make the overall
reaction favorable, is known to proceed only in the presence of a divalent cation [38-43]. Of the many metal cations that form
complexes with nucleotides, nucleic acids and enzymes, perhaps none is more essential than Mg?* [38-41,43-47]. In particular,
Mg?t forms complexes with nucleotides such as ADP and ATP to make Mg—ADP and Mg—ATP species. Furthermore, biological
redox compounds such as NAD and NADP that are connected to the external redox environment are linked to the flow of electrons
required for the phosphorylation of ADP to ATP and other synthesis reactions. The relative stabilities of these redox molecules and
Mg-nucleotides are controlled by the chemical potentials of H*, O,, Hy, and other components that are shared among biomolecules
and the aqueous and mineralogic environment in which hyperthermophilic microbes thrive. Quantifying these interactions requires
in addition to the thermodynamic properties of the electron donors and geochemical species, those of the biomolecules essential
for the conversion of food into biochemically useful energy, i.e., growth. The purpose of the present communication is to address
this challenge by developing a comprehensive and internally consistent set of thermodynamic properties and equations of state
parameters for the variously protonated Mg-complexed adenosine nucleotides, NAD, and NADP at high temperatures and pressures.

Since the pioneering calorimetric studies of Mg-adenosine nucleotides, NAD, and NADP by Smith and Alberty [48], Burton
[49], Burton and Wilson [50], Racker [51], and Engel and Dalziel [52], considerable attention has been devoted to measuring the
thermodynamic properties of reaction for the reduction of NAD [53,54] and NADP [55,56], as well as the hydrolysis of MgATP [57—
74] at or near 25°C and 1 bar. More recently, Ould-Moulaye [75] has generated a comprehensive set of thermodynamic properties
of Mg-adenosine nucleotides at 25 °C and 1 bar. Although the thermodynamic properties of reaction for the redox reaction between
reduced and oxidized NAD (NADeq and NADy, respectively) and NADP (NADP,eg and NADP.y, respectively) have been reported
in the literature, the standard molal thermodynamic properties of the individual species have not been determined, nor is much known
about the relative stabilities of these species at higher temperatures and pressures.

Most experimental thermodynamic data reported in the literature for Mg-adenosine nucleotides are restricted to 25 °C and 1 bar,
although some experimental heats of reaction are available up to 125°C [76,77]. No other experimental data are available for
Mg-adenosine nucleotides at or approaching the temperatures and pressures obtaining in submarine hydrothermal vent systems.
Similarly, there is a paucity of experimental thermodynamic data reported in the literature for NAD and NADP compounds at any
temperature and pressure. Nevertheless, experimental low-temperature thermodynamic data reported in the literature for reference
model compounds and reactions among them can be combined with the revised HKF equations of state [78-83] and correlation
and group additivity algorithms to estimate the thermodynamic properties of Mg-adenosine nucleotides and variously charged NAD
and NADP species at elevated temperatures and pressures. To ensure internal consistency and compatibility with the most recent
experimental data reported in the literature, this approach requires reassessment of the values of the standard molal Gibbs energies
and enthalpies of formation, (AG¢ and A Hy') and third law entropies, S°, at 25 °C and 1 bar for the Mg-adenosine nucleotides given
by Ould-Moulaye et al. [75].

For the cases in which few or no experimental data are available in the literature from which to generate or derive the standard
molal thermodynamics properties at 25 °C and 1 bar and the revised HKF equations of state parameters for Mg-adenosine, NAD, and
NADP species, extensive use of experimental data reported in the literature for crystalline and aqueous reference model compounds
and reactions are used in a first approximation to estimate these properties and parameters. Although the resulting estimates of these
thermodynamic properties may have greater uncertainties associated with them than experimentally measured values, they can be
used as provisional estimates to better understand the biogeochemistry of hydrothermal systems until more experimental calorimetric
data become available in the literature. The conventions and strategies used for this purpose are described below.

2. Standard state conventions

The standard state adopted for H2O is one of unit activity of the pure liquid at any pressure and temperature. In contrast, that
for aqueous species corresponds to unit activity of the species in a hypothetical one molal solution referenced to infinite dilution
at any pressure and temperature. The standard molal thermodynamic properties of charged aqueous species are consistent with the
hydrogen ion convention [84,85,80], which can be expressed as

(1]

i = B — 7,58 1)

where E; and E?bs stand for any given conventional and absolute standard molal property, or equations of state parameters of the
ith aqueous species, Eabf denotes the corresponding absolute standard molal property of the hydrogen ion, and Z; represents the
charge of the subscripted species. Hence, E+ = 0 at all temperatures and pressures.
Standard molal Gibbs energies and enthalpies are expressed in the present communication as apparent standard molal Gibbs
energies and enthalpies of formation (AG®° and A H®, respectively) in accord with [86,84]
AG® = AG; +(Gpr — Gp.17) 2
and

AH® = AH} + (Hyy — Hp, 1) ©)
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where AG{ and AHy refer to the standard molal Gibbs energy and enthalpy of formation from the elements in their stable form
at the reference pressure (Pr) and temperature (7r) of 1bar and 298.15K, and (G 7 — Gp, 1;) and (Hp r — Hp, 1;) stand for the
differences in the standard molal Gibbs energy and enthalpy of the aqueous species at the pressure (P) and temperature (7) of interest,
and those at Py and T;. These parenthetical differences can be quantified using Egs. (A.1) and (A.2), respectively, in Appendix A.

3. Magnesium-complexed adenosine nucleotides

The magnesium-complexed adenosine nucleotides considered in the present study consist of variously protonated complexes of
magnesium and adenosine mono-, di-, and triphosphates. In addition to their chemical formulas, specific species are referred to
below by adding Mg and/or H at the beginning of the acronyms representing the ionized reference species for adenosine mono-,
di-, and triphosphate, as in MgAMP, HADP?~, and MgHATP, etc. Values of the standard molal Gibbs energies and enthalpies of
formation (AG¢ and A Hy, respectively) and the standard molal third law entropies (S°), volumes (V°), and isobaric heat capacities
(Cp) adopted in the present study for these species are given in Table 1, together with values of the revised-HKF equations of state
parameters? required to calculate values of the apparent molal Gibbs energies and enthalpies (AG° and A H°, respectively) and S°,
Ve, and Cy at elevated temperatures and pressures.

3.1. Standard molal Gibbs energies, enthalpies, and third law entropies at 25°C and 1 bar

Values of AG¢ and A Hy for the Mg-complexed adenosine nucleotides considered in present study were calculated using specific
statements of the generic equations listed in the second column of Table 2, together with experimental values of the standard molal
enthalpies and Gibbs energies of reaction (A Hy and AGy) taken from Table 3 for the reactions listed in column 1 of Table 2. The
values of S° at 25°C and 1 bar for the Mg-complexed adenosine nucleotides were calculated from their corresponding values of
AGy and AHf from

o _ AHf — AGY o
5=t - Zv,'Sl- (4)
1

where v; denotes the number of moles of the ith element in one mole of the species and S; represents the standard molal third-law
entropy of the ith element in its stable state at 25 °C and 1 bar. The values of S7 used in these calculations were taken from [87].

3.2. Equations of state parameters

Calculation of the standard molal thermodynamic properties of agqueous species as a function of temperature and pressure using
the revised HKF equations of state requires values of the species-dependent solvation and non-solvation parameters in the equations
(see Appendix A Section A.2). These parameters can be generated by regressing experimental values of the standard molal isobaric
heat capacity (Cp), volume (V°), and isothermal compressibility («7) for a given species with the revised HKF equations of state as a
function of temperature. It can be demonstrated that reliable values of the solvation parameter, w, can be retrieved from calorimetric
data only if values of C; above ~100 °C are available in the literature for the aqueous species of interest [80-83,88]. In the absence
of experimental high-temperature calorimetric and densimetric data, experimentally derived low-temperature values of C; can be
combined with the revised-HKF equations of state and iterative trial values of w to generate values of the ¢ and ¢, parameters in the
equations discussed below. Furthermore, correlation algorithms reported in the literature (e.g., [89]) can be combined with values
of V° at 25°C and 1 bar to calculate values of the a1, ay, a3, and a4 non-solvation parameters for the species of interest.

3.2.1. w, c1andcy

In the absence of experimental high-temperature calorimetric data, estimated values of ¢; and ¢, for Mg-complexed adenosine
nucleotides can be obtained by regressing low-temperature experimentally derived values of Cy using two rearranged versions of
Eg. (A.31), together with trial values of the solvation parameter w. For P = P, Eq. (A.31) reduced to

ACS, = C5 — wTX, ()

where
c2

ACCIJJ_” =C1+ m (6)

Taking account of experimental and theoretical considerations [80-82,89], a series of trial values of w in Eq. (5) for the Mg-adenosine

nucleotides were specified for each species until the distribution of the calculated values of ACy , became linear functions of

2 The revised-HKF equations of state are summarized in Appendix A.



Table 1

Summary of the standard molal thermodynamic properties at 25 °C and 1 bar and the revised HKF equations of state parameters required to calculate the standard molal thermodynamic properties as a function of
temperature and pressure of selected magnesium-adenosine nucleotides (see text)

Compound  Formula AGH? AHP? seb P verd g (x10)° ap (x1072)? g as (x1074H9 P e (10749 w(x1079)
MgAMP MgC10H12N507P —1505110 —2082860 1744 4828 158.14  9.7119 456.504 —78.4132 —7.2446 801.91 —76.41 18
MgADP~ MgCioH12NsO10P,  —2374520 —3058220 2332 5857 189.17  10.087 531.962 —80.1633  —10.364 733.20 —16.30 13
MgHADP ~ MgCioH13N5010P,  —2403560 —3061190 3202 6756 199.93  10.303 575.287 —81.1683  —12.155 1023.3 —81.07 20
Mg2ADPT  Mg2CioH12NsO10P) 2838010 —3510500 1728 667.1 17477  9.7952 473.231 —78.8015 —7.9370 698.06 —5.853 2.1
MgATP2~  MgCioH12NsO13P3~  —3236780 —4042910 236.8 6282 19348  10.252 565.191 —80.9340  —11.738 1071.2 —109.2 24
MgHATP~  MgCioH1sNsO13P;  —3267680 —4038360 355.7 8820 208.97 10.465 607.810 —81.9227  —13.500 1320.5 —107.0 24
MgH,ATP  MgCioH14N5013P3  —3289460 —4060490 3545 1118  208.63  10.433 601.517 —81.7767  —13.239 1517.1 —100.9 21

Mg, ATP MgzC1oH12NsO13P3  —3701180 —4488400 2022 8541 19155 10.253 565.212 —80.9349  —11.739 1298.3 —96.70 27

a Jmol1.

b JK~1mol-1.

¢ cmdmol—1L.

d Calculated from the revised HKF equations of state parameters generated in the present study.
¢ Jmol~! bar~2.
f JKmol~thart.

9 JKmol 1.

90128 (9002) S¥¥ DIOY DIMUUIYOIOULIDY ] / UOSIS]H "D H 2MOYVT "'
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Table 2
Summary of equations and reactions used to calculate values of AG¢ and A Hy' for selected aqueous Mg-complexed adenosine mono-, di-, and triphosphate nucleotide
species at 25°C and 1 bar

Reactions for which values of AGy and A Hy are available in the literature Equations used to calculate values of AG{ and A Hy for
the indicated species

AMPZ + Mg?* — MgAMP* 0] Enmgamp: = Epype- T Sy + A )
ADP®~ + Mg?* = MgADP~ (I Egane- = Eppps- + Eygzs T A
HADP?~ 4 Mg?" = MgHADP® (D) Ehagnaoee = Egappe- + Eygzr T AN
ATP*™ 4+ Mg** = MgATP?~ (Iv) Epgarer- = Snppt- T Eygee + ANy
HATP®~ ++ Mg?+ = MgHATP~ V) Epgrare- = Spares- + Epgee T AEg)
HoATP?~ 4+ Mg?+ = MgH,ATP® (V1) Eg,aTes = Engnare- + AEre)
MgADP~ + Mg?" = Mg,ADP* (Vi SIS a;,lg aop- + E;’AQH +AE
MgATP?~ + Mg?* = Mg,ATP® (Vi) Ehg,atee = Epgarpz + Epgz T A

The symbol 2° stands for AG¢ and A Hy for the subscripted species and AEp denotes AGy and A Hp for the indicated reaction in column 1. Values of AEY for
Reactions (I)~(V/1) are listed in Table 3. Values of AG§ or A Hy for AMP?~, ADP®~, HADP?~, ATP*~, and HATP®~ were taken from LaRowe and Helgeson [120].

1/(T — ©®)? at 1 bar. The values of C¢ required to evaluate Eq. (5) for each of the nucleotides considered in the present study were
calculated by taking finite difference derivatives (8) of values of A H° for these species in accord with

CS _ <8H> <8H ) AHT2 AH7, 7 @)
aT §T > —T1
where 71 and T» designate lower and higher temperatures, respectively. The values of A H® at different temperatures required to
evaluate Eq. (7) for the Mg-complexed nucleotides were calculated using the equations listed in Table 4, together with experimental
values of A Hy taken from the literature for the reactions shown in Table 4.
It follows from Eq. (6) that values of ¢; and ¢, for Mg-complexed adenosine nucleotides correspond to the intercepts and slopes,
respectively, of straight lines fitted to the resulting values of ACy , as a function of 1/(7 — ®)2. For example, the filled circular

symbols in Fig. 1 represent values of AC5%, for MgATP, MgADP MgHADP, Mg,ADP™, MgATP?~, MgHATP, MgH,ATP,
and Mg,ADP calculated from Eq. (5) usmg experimentally derived values of Cj. It can be seen in Fig. 1 that the stralght lines

Table 3
Summary of standard molal thermodynamic properties for selected aqueous Mg-phosphate and Mg-nucleotide reactions at 25°C and 1 bar
Reaction AGRR AH?
Monophosphates
Mg2t + AMPZ~ — MgAMP —15930° 11300°
Mg?* + HPO3~ — MgHPO, —15460° 12220°
Diphosphates
Mg?t + ADP3~ — MgADP~ —26540°, —243909, —26650¢-" 190001, 17990¢
Mg?* + HP,03~ — MgHP,0; —25810¢ 11800°
Mg?*t + HADP?>~ — MgHADP —142700- | —1402049 12500°-", 38009
Mg?* + H2P,02~ — Mg,HP207 —16560¢ 11090°
Mg?* + MgADP~ — Mg,ADP* —9620f, —9510¢:" 137008
Triphosphates
Mg?t + ATP*~ — MgATP?~ —35280°, —332609, —33750¢-" 22890°, 213409, 18200%-"
Mg?* + P03~ — MgP,03~ —41100° 13310°
Mg?t + HATP3~ — MgHATP~ —204609, —20720°:" 92109, 16900°-
Mg?t + MgATP?~ — Mg,ATP —15350°, —10410¢-" 10800P, 204608
Mg?* + MgP,03~ — Mg,P,07 —22320° 3810°
Mg?* + H2P,07~ — MgaH,P207 —16560¢ 11090°
Mg?t 4+ HoATP?~ — MgH,ATP —165609 110909
a Jmol—L.
b [57].
¢ [99].
d [46].

¢ These values are consistent with higher temperature experimental A H;’ values give by [77] and the revised HKF equations of state parameters derived from them.
f [100].

9 Taken to be the same as that for Mg2* + HP,03~ — MgH,P,07.

h Values adopted in the present study.
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Table 4

87

Summary of equations and reactions used to calculate values of A H° as a function of temperature for selected aqueous Mg-complexed adenosine mono-, di-, and

triphosphate nucleotide species

Reactions from which values of A H; were used to calculate values of
A H° for selected Mg-nucleotides

Equations used to calculate values of AH® for the indicated
Mg-nucleotides as a function of temperature

ADP3~ 4 Mg?* = MgADP~ (i) AHG pp- = AR s+ AHY o+ A}

MgADP~ + Mg?t = Mg,ADP* (i) H"\’Agz ADPF = AH&Q App- T AH:/IQH + AH?,

H2ADP?~ 4+ HT = H3ADP’ (iif) AHy aopo = DHyoane- + AH

ATP*~ + Mg?" = MgATP?>~ (iv) AHy o = A+ AHG o, + AH,

MgATP?~ + Mg?* = Mg,ATP® ) AHy wrpo = DHyy oo + AHG o+ AH
AHyoampe = A pype- T AHy o, + Al

HoATP?™ 4+ HY = H3ATP~ (vi) AHypre- = Dy pree + AHg

H3ATP™ + H* = HyATP? (vii) I L

The values of A Hy for Reactions (i), (ii), (iv), and (v) were taken from [77]. Those for Reactions (iii) and (vii) were calculated using the SUPCRT92 software package
[93] and the standard molal enthalpies of formation and revised HKF equation of state parameters for AMP2~, ADP3~, HADP?~, ATP*~, HATP3~, H,ATP?~,
H3ATP~, and H4ATP taken from LaRowe and Helgeson [120]. The values of A H° for Mg?* were taken from SUPCRT92.

730
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Fig. 1. AC},, for selected aqueous Mg-adenosine nucleotides as a function of 10%/(T — ©)? at 1 bar. The symbols represent values of AC3,, computed from Eqgs.
(5) and (6) using values of w taken from Table 1 and values of Cj calculated as discussed in Section 3.2.1. The regression lines denote fits of Eq. (6) to the data.
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representing the revised HKF equations of state are closely consistent with the experimentally derived values of AC3, , as a function
of 1/(T — ®)2.

3.2.2. a1, az, a3, and ag

No experimental volumetric and compressibility data are available in the literature for Mg-adenosine nucleotides. Nevertheless,
estimates of the as, az, az, and a4 parameters can be generated from correlation algorithms reported by Shock and Helgeson [89].
For example, the a1 and a» parameters can be calculated from

a; = 0.013684 (41%8‘;?;3) +0.1765 8)
and

az = 2601[0(0.0239006) — a1] 9)
where AV and o are given by

AVS =V — AVS (10)
and

o = 1.07143AV; +3. (11)

The values of AVy required to evaluate Eq. (10) were calculated using the independently derived values of w for the species given in
Table 1, together with the relation AVy = —wQ, where Q refers to volumetric Born function (see [82]). The a4 and a3 parameters
can be calculated using [89]

as = 27790 — 4.134a, (12)
and

as = £(0.0239006) — (Zggl) (13)
where

£ =70.15(AV; — o). (14)

The values of V° at 25°C and 1 bar for the ith Mg-complexed adenosine nucleotide, Vi, o cieotide;» Which are required to evaluate
Eg. (10), can be calculated from

Vl\cjlg-nucleotidei = V,\.;|92+ + Vnoucleotide,- + AVro (15)
where Vil jeotige; aNd Vige+ refer to the standard molal volumes of the ith adenosine nucleotide and Mg?*, respectively, and

AV{ represents the standard molal volume of the association reaction for the ith nucleotide (nucleotide;) and Mg?*. A generic
representation of this reaction can be written as

nucleotide’’ + Mg?* = Mg-nucleotide,%+2) (16)

Although values of AVy for association reactions like those represented by Reaction (16) are not available in the literature, values
of AVy for these reactions can be taken in a first approximation to be equal to those of AV, for reactions involving analogous
association of Mg?* with a variety of ionized organic acids (OA) reported in the literature. Values of AV for the latter reactions
can be calculated using

AVrO - Vl\c}lg—(OA)z - V’\.;|92+ - ZVSAf, (17)
and
AVrO == V’\O/Ig—(OA)Jr - V&gz+ - V8A7 (18)

where OA~, Mg — (OA)2, and Mg — (OA)™ stand for ionized organic acid, magnesium-complexed di-organic acid, and magnesium-
complexed organic acid, respectively.

Values of AVy at 25°C and 1bar for Egs. (17) and (18) were computed using values of V° for Mg?*t, nine Mg — (OA),
compounds, and eight Mg — (OA)™ species. The experimental values of V° for the Mg-organic acids and organic acids used in the
calculations were taken from [90-92]. The average values of AV, at 25°C and 1 bar computed from these equations are 3.43 and
—9.89, respectively, with standard deviations of +-2.00 and +0.02. These values were taken in a first approximation to be equivalent
to those for the analogous nucleotide reactions. Eq. (15) was then used to calculate the values of Vy,o cieqtige, 9iven in Table 1.
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Table 5
Idealized structures of selected nicotinamide adenine dinucleotide species

NAD_, NADP;;

I

Co1HagN-O 4Py Ca1HasN7O17P3~

4. Nicotinamide-adenine dinucleotides

The aqueous nicotinamide-adenine dinucleotides (NADs) considered in the present study are variously protonated compounds
consisting of one adenosine nucleotide monophosphate and one nicotinamide nucleotide monophosphate joined by a phosphodiester
bond. An idealized structural representation of oxidized NAD is shown in Table 5. Because nicotinamide nucleotides have two
biologically relevant oxidation states, both the reduced and oxidized forms of nicotinamide-adenine dinucleotides, (NADeg and
NADy, respectively?) are considered in the present communication. The generic acronyms NADyeq and NADoy stand for all of the
differently charged varieties of each type of dinucleotides. Particular charged species are referred to by H,, NADEZd_ 2 and H, NAD(()’)l(_l)
for values of n =0, 1, or 2, which represents the number of moles of hydrogen atoms bonded to the respective base species,

NADZ; and NADg,. The same nomenclature is used to refer to the reduced and oxidized nicotinamide nucleotide monophosphates

(HnNicMPﬁgd’z)) and (HnNicMPo')’(‘l)). Although few experimentally determined thermodynamic properties have been reported in
the literature for these species, the standard molal thermodynamic properties and revised HKF equations of state parameters for
nicotinamide adenine dinucleotides can be estimated from the corresponding properties of the constituent mononucleotides using
reference model reactions. The standard molal Gibbs energies, enthalpies, third law molal entropies, volumes, and heat capacities
for nicotinamide adenine dinucleotides adopted in the present study are given in Table 6 together with the revised HKF equations of

state parameters.
4.1. Standard molal Gibbs energies, enthalpies, and third law entropies at 25°C and I bar

The values of AG¢, AHf, and S° at 25°C and 1bar for aqueous H,NADyeq were calculated from the standard molal Gibbs
energies and enthalpies of formation and third law entropies of its constituent nucleotides, HoAMP and HaNicMPygq, using the
corresponding standard molal thermodynamic properties of reaction for

HoAMP + HaNicMPreg = HaNADyeq + H20, (19)
in accord with
EH,NADrg = EHNicMPeg  Efamp + AE; — Efy,0- (20)

The subscripted symbol E° in Eq. (20) refers to AGg, AH;, or S° of the indicated species, and AE stands for the corresponding
standard molal thermodynamic property of reaction. Because no experimental values of AE; for Reaction (19) are available in the

3 Because nicotinamide-adenine dinucleotide species of different overall charges are considered in the present study, the abbreviations used to refer to them differ
slightly from those commonly used in the biochemical literature.



Table 6
Summary of the revised HKF equations of state parameters and the standard molal thermodynamic properties at 25 °C and 1 bar of selected aqueous nicotinamide mono- and dinucleotides and ribose-5-phosphate
species
Compound Formula AGH? AHP? sob CP yee ay (x10)8  ap(x1072)2  ag® as (x107HF b e (x1079f w(x107%)2
Mononucleotides
HaNicMPreg  C11H17N20gP —1379150 —1933540 367.7 3633 1989 10.2127 557.1858 —80.747 —11.407 606.1 —66.99 12
HNicMP,_, C11H16N20gP~ —1357390 —1915550 355.1 3404 1994 10.2391 562.4681 —80.868 —11.625 625.7 —78.49 14
NicMPfe‘d C11H15N,0gP?~ —1323090 —1919060 2282 1191 1729 9.87591 489.5062 —79.178 —8.609 384.3 —68.62 14
H2NicMPZ, C11H16N20gP™ —1401620 —1904000 4115 3319 199.0 10.2144 557.4883 —80.755 —11.419 599.2 —78.99 12
HNicMPoy C11H15N20gP —1379860 —1886010 398.8 309.1 190.0 10.2408 562.7706 —80.877 —11.638 618.8 —90.50 14
NicMPg, C11H14N20gP~ —1345550 —1889520 2720 8778 1730 9.87759 489.8087 —79.186 —8.6216 3774 —80.63 14
Dinucleotides
H2NADyeq C21H29N7014P2 —2216430 —3266560 682.0 9142 3464 —10.074 1037.896 —168.43 —8.0241 1361  —124.3 21
HNAD_, C21H28N7014P; —2207650 —3274510 625.9 8247 3410 -10.778 1036.191 —167.79 —7.9534 1366  —1425 28
NADfejj Co1Ho7 N7014P§‘ —2194260 —3276600 5740 7414 3358 —10.916 1035.846 —167.64 —7.9391 1386  —159.4 35
H2NADZ, C21HasN7014P5 —2238900 —3237020 7259 8828 3465 —10.072 1038.199 —168.44 —8.0366 1354  —136.3 21
HNADx C21H27N7014P2 —2230110 —3244970 669.4 7937 3411 -10.776 1036.493 —167.80 —7.9659 1359  —154.6 28
NAD, C21H26N7014P; —2216730 —3247060 6176 710 3359 —10.914 1036.149 —167.65 —7.9517 1379 1714 35
Ribose-5-phosphates
R5P CsH1108P —1636080 —2037740 2615 3791 1201 28.0625 289.1098 —92.066 —0.32468 494.1 —67.94 -2.5
R5P~ CsH1008P~ —1623700 —2045690 1928 2515 1103 20.5932 270.8726 —84.898 0.42928 477.7 —94.01 3.8
R5P2-9 CsHgOgP?~ —1582570 —2041480 68.99 3138 83.78 8.64373 241.6946 —73.429 1.6355 4304 1377 124
2 Jmol 2.
b JK-1mol-L.
¢ cm?® mol 2.
d ymol~tbar1,
¢ JKmol =t bar2,
f JKmol~t,
9 LaRowe and Helgeson [120]. The revised HKF equations of state parameters and standard molal thermodynamic properties at 25 °C and 1 bar for R5P~ and R5P were estimated using E;SP, = E;5p2— — AEY

o — mo
and E3gp = CHI.

— AEyp. The values of AE; were taken in a first approximation to be equal to that for Reactions (41) and (40), respectively.
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Table 7
Summary of the equations and reference model reactions used to calculate values of AG¢, AHZ, and S° at 25°C and 1 bar and the revised HKF equations of state
parameters for selected nicotinamide adenine mono- and dinucleotide species

Equations used to calculate values of AG, AH;, S°, and equations of state Reference model reactions used to calculate AE; for
parameters for the indicated species? the adjacent equations

SiNAD, = SraNaDy + AET H4P,09 = H3P,0;7 + H*t (@)
EEADQ = E;NA% + AE? H3P,07 = HoP,0%™ 4 H* (b)
Zhnaby, = Enaps, T A HyP20%~ + H' = H3P,0; ©
B ans, = SHNADg T AEY H3P,07 +H' = HyP,09 (d)
S icwp, = EoNiowprg + A7 H2AMP = HAMP~ + H* (e)*
S iNicMPg, = SHaNicMpg, T AEY

ciY ot = = o, T AS? HAMP = AMP?~ + HT ("
Eﬁnchg; = Eniomey, T AEF

& The symbol E° stands for AG7, AHg, S° and the revised HKF equations of state parameters for the subscripted species, and AEp denotes AGy, AHY, ASY,
and the equations of state parameters for the adjacent reference model reactions. Values of AGg, AH, S° and the revised HKF equations of state parameters for
the species involved in reference model Reactions (a)—(d) above were taken from SUPCRT92 [93]. Those for the species in Reactions (e) and (f) were taken from
LaRowe and Helgeson [120].

* It has been observed that the values of AGy, AHy, and AS; for the deprotonation reactions of mononucleotides containing different nucleic-acid bases have
virtually the same values [120].

literature, and because Reaction (19) constitutes a dehydration reaction involving two phosphate groups bonded to two nucleosides,
AEY in Eq. (20) was estimated in the present study by taking it to be equal in a first approximation to AE; for the analogous
condensation of two phosphoric acids into diphosphoric acid given by

H3PO4 + H3PO4 = Hy4P207 + H2O (21)
which is consistent with

AE? = EOH4P207 - ZE&3PO4 + EonO' (22)
The values of E° for the indicated species used to calculate A EY in Eq. (22) were taken from SUPCRT92 [93]. The values of AGg,

AHg,and $° at25°C and 1 bar for HNAD 4 and NADfe*d were calculated using the equations and reference model reactions shown

in Table 7, together with experimental data taken from the references cited in the footnotes to Table 7.
Values of the standard molal Gibbs energy and enthalpy and third law entropy for NAD, can be calculated from the corresponding

properties of NAD% and experimental values of AG?, A H?, and A S reported in the literature for the reduction of NADg, to NADZ
by the oxidation of ethanol (C2HgO) to acetaldehyde (C2H40), i.e.,
C2HgO + NADG; = CoH40 + NADZ; + H™. (23)

The requisite values of AGg, AHy, and S° for NAD,, were computed from

o — = 0 _ mo __ mo

where 2° represents values of AGg, AHE, or S° of the subscripted species and AEy denotes the corresponding standard molal
reaction property of Reaction (23) given by [94]. The values of AG¢, AHf, and S° 25°C and 1 bar for ethanol and acetaldehyde
used to evaluate Eq. (24) were taken from [95] and [96], respectively. Values of AG{, AHg, and S° for HNADox and HoNADZ,
were calculated from the equations given in Table 7 using values of the standard molal properties of reaction for the reference model
reactions shown in this table.

The values of &, \icvip,, fequired to evaluate Eq. (20) are not available in the literature. Despite this, values of AG¢ and A Hy
can be calculated from estimated values of AG¢ and A Hy for crystalline HoNicMPreq (AG¥ () and A Hg () and the corresponding
standard molal properties of solution (AG¢ g,y and A Hy(g)) using

AGY = AG(fj(cr) — AGg (25)
AHf = AHfCEcr) — AHg. (26)

A value of S° for aqueous H2NicMPreq at 25° C and 1 bar can then be computed by combined the resulting values of AG{, AHY,
and S°of the elements with Eq. (4). The values of AGgen and AHfg for HaNicMPgq required to evaluate Eqgs. (25) and (26)
were estimated by equating them in a first approximation to the corresponding standard molal Gibbs energies and enthalpies of the
reference model reaction given by

nicotinamidereq(cry + R5P(cry = H20 + HaNicMPreq (cry. (27)



92 D.E. LaRowe, H.C. Helgeson / Thermochimica Acta 448 (2006) 82—106

for which

- =
=

O (o) O O O
EH, NicMPreg (or) nicotinamidered (cr) + ER5PEy — SH0 + AE,. (28)

The subscripts nicotinamideyeq (cr) and R5P(¢ry in Eq. (28) denote crystalline reduced nicotinamide and ribose-5-phosphate, respec-
tively. The symbol A &y in this equation stands for AG; or A Hy of Reaction (27), which were taken to be equal to the corresponding
values for the reference model reaction represented by

adenine(cr) + R5P(cry = H2AMP ey 4+ H20, (29)

which is consistent with

—~o =0 o =2 ER
ABr = Ei,ampe T EH0 — Eadeninerr ~ ER5P()- »

The values of AG¢ and A Hy for H,AMP ) were estimated using

™~O O ~O ~O ™~O
EHAMPy = 2C‘adenosine(cr) + SH3POs(ry — “adenineery — “R5P(en (31)

and those for R5P () were calculated from

~O ~O O
ERSPy = ER5Peg — A Esol- (32)

using values of AEg,, computed from

=0 _ mo . =o _ mo .
AQSOlep = Egol adenosine T Ssol H3PO, — Zsol adenine- (33)

The values for AGy and AHg used in these calculations for H3POy (), adenosine(r), adeniner), and the Gibbs energies and
enthalpies of solution for these species were taken from LaRowe and Helgeson [120]. The calculated values of AGf and A Hf
for RSP (aq) are given in Table 6. Values of AHg ., for nicotinamidereq, are available in the literature, but values of AGg ) and
S(ery are not. As a first approximation, the value of the standard molal third law entropy of reduced nicotinamide (Sﬁlicre ; (cr)) can be
calculated using the group additivity algorithm depicted in Table 8. Combining this estimate with a value of AHf (¢ for crystalline
nicotinamideyeq given in Table 9, a provisional value of AGE ¢ Can be computed using a rearranged version of Eq. (4) and values of
§° of the elements taken from [87]. The C; power function coefficients for the reference model compounds acetamide and pyridine

given in Table 9 were determined by regressing experimental values of C;; for these compounds with Eq. (A.4). These regressions
are shown in Fig. 2.

Table 8

Summary of group additivity algorithms used to calculate the standard molal heat capacity (C;) power function coefficients in Eq. (A.4) and the indicated standard
molal thermodynamic properties at 25°C and 1 bar for selected crystalline compounds and groups

4
NH X o
Ej/ — | P - 2< >CI[ > - <>C_> —<>N > + <>\JH ) - (—C<NH ) AHP, S%a,b,c

N
H

\

NICOTINAMIDE, 4 PYRIDINE
//o
oS C\NH2 = | o - \cn + \('— + —C<O S%a,b,c
‘ - / 7 7 NH,
N N
NICOTINAMIDE, PYRIDINE
—° = —Z° - | —on AHP. S% a.b,c
( C\NH2 > e C\NHZ : f
ACETAMIDE
(Nj AN
< >NH > = \ / ) 4< /C“ > v
PYRROLE
IS
N > = | <\, o go
N = =5 ew AHP 8% a,b,c
< 7 &
PYRIDINE

Values for the properties and parameters of the groups used in these algorithms are given in Table 10, and those for the reference model compounds are given in
Table 9.
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Table 9
Summary of standard molal heat capacity (C;) power function coefficients for Eq. (A.4) and the standard molal thermodynamic properties at 25°C and 1 bar of
selected crystalline and liquid reference model compounds

Compound Formula AG{RP AHP? so¢ ol yod a® b(x10%)¢ c(x107%)f
Acetamider) C2HsNO —188540 —3142209 115.0" 89.24 50.96' 3.9400  275.4 2.821)
Pyridinecr) CsHsN 184060 901404 136.2' 115.80 64.4™ 4561 3732 0l
Pyridineq) CsHsN 181460 99960" 177.9° 132.7° 80.86P 42.84° 269.2° 8.544°
Piperidiner) CsHioN 103660 —103970% 146.9° 137.4° 80.714 —55.23° 612.1° 9.000°
Piperidineq) CsHipN 101550 —87280" 210.0° 179.7° 99.40% 10.13° 413.7° 41.13°
Pyrrole C4HsN 53.9P
H,AMP! C10H14Ns07P —1090410 —1641130 363.1 356.5 214.51 15.94 1132 2.699
H,CMP! CgH14N30gP —1451350 —1959330 411.7 347.2 198.14 78.32 933.5 —8.389
Ribose-5-phosphatet CsH1108P —1615410 —2032250 211.0 253.3 135.4 —1.079 835.5 4.648
Nicotinamiderey CeHgN20O 9740 —202880" 138.2Y 131.0v 105.26V  —121.2Y 754.0Y 24.33Y
Nicotinamideoy CgHsN2O 21760 —142470% 169.9¥ 125.3Y 96.97Y —84.35Y 603.8¥ 26.38Y
HaNicMPyeg! C11H17N2OgP —1367390 —1938340 3121 344.4 —106.8 1411 27.03

2 Jmol—1.

b Calculated from the values given for AH; and S° using Eq. (4) and values of S° of the elements taken from [87].

¢ JK~tmolL.

4 ¢cm3 mol 1.

¢ JK=2mol~t.

f JKmol1,

9 Average of values given by [101,102], and [103].

h [101].

I Calculated from density data given in [104].
i Calculated by regressing experimental C;, data from [104] (acetamide) and [105] (pyridine) with Eq. (A.4).
k Metastable crystal value calculated using values of A H for the liquid together with those for A Hmeir and Cp of liquid and crystalline phases.
I [105].
M Calculated from the group additivity algorithm represented by (pyridine) = ((> N) + 5 (> C)) using the values of V° for the groups given by [106]. The symbols
> Nand > C denote aromatic nitrogen and carbon atoms, respectively.
N Calculated using the average of values given by [107] and [108].
© LaRowe and Helgeson [120].
P Calculated from a value for density given by [109].
9 Calculated from the group additivity algorithm represented by (pyridine) = (>NH) + 5 (>CH_). The value of V° for (~=NH) was calculated as shown in the
algorithm in Table 8, and that for (>=CH>) is taken from [100]. The symbols (>=NH) and (>CH>) denote saturated cyclic nitrogen and carbon atoms, respectively.
" Average of values given by [110] and [111].
$ Calculated using density data given by [110].
t See text for discussion of these species.
U Average of values given by [112] and [113].
V' Calculated using the algorithms depicted in Table 8 together with the groups shown in Table 10.
W Average of literature values given by [112] and [113].

The values of AG¥(y, and A Hg o,y Used to evaluate Eqgs. (25) and (26) for H2NicMPreq were taken in a first approximation to
be the same as that for HoCMP, which is a similar nucleotide. The latter values were calculated from

o — 9mo =o ) o
=soln,cmp 2u50|cytidine + =solHspo, =50lcytosine =50lripose (34)

which takes into account the solubilities of each bonded molecular constituent of H,CMP. The values of E¢, at 25°C and 1 bar for
cytidine, H3POy4, cytosine, and ribose used in the calculations were taken from LaRowe and Helgeson [120].
Values of AGZ, AHZ, and S° for HNicMP, and NicMP% were calculated from equations given in Table 7. The calculated

values of AG§, AHy, and S° for the agueous nicotinamide mononucleotides are given in Table 6.
4.2. Equations of state parameters

Experimental values of C5, V°, and «% are not available in the literature for any of the nicotinamide adenine nucleotides.
Nevertheless, provisional estimates of the revised HKF equations of state parameters for these species can be calculated from those
of their constituent molecules using reference model reactions.

The values of the equations of state parameters corresponding to w, c1, ¢2, a1, a2, az, and a4 for HoNAD ¢4 given in Table 11
were calculated from a version of Eq. (20) in which the subscripted symbol Z° stands for values of the equations of state parameters
and A By refers to the parameters for Reaction (21).

The values of w, c1, ¢z, a1, az, az, and as for HaNAD{, were calculated from the oxidized analog of Eqg. (20), which can be
written as

=o __ mo =o mo _ rmo
Eh,nant, = Ehpniemps, T Ehpame + AEr — Ehyo (35)
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Fig. 2. Standard molal heat capacities (Cg) of crystalline acetamide and crystalline and liquid pyridine as a function of temperature at 1 bar. The symbols denote
experimental values of Cg. The regression lines represent fits of the standard molal heat capacity power function (Eq. (A.4)) to the data.

where AEp was taken in a first approximation to be equivalent to that in Eq. (22). The corresponding equations of state parameters
for HNAD 4, NADZ, HNADoy, and NADj; were calculated from equations listed in Table 7 using values of A E; for the reference
model reactions shown in this table.

The values of the equations of state parameters for the reduced and oxidized aqueous nicotinamide nucleotides (Nicreq and
Nicox) required to evaluate the algorithms discussed above were estimated from those of cytidine monophosphate (CMP) and other
reference model compounds for which experimentally derived equations of state parameters are available [120]. The values of w

and ¢, for aqueous HaNicMPyeq, HNicMP 4, and NicMP2; were taken to be equal in a first approximation to those for aqueous

H,CMP, HCMP—, and CMP?~, respectively. The values of ¢1 for HoNicMPyeq, HNicMP__,, and NicMP2; were computed using

red? red
those of w and cz, together with rearranged versions of Egs. (5) and (6). The values of C;; at 25°C and 1 bar required to calculate

values of ¢ for these species were generated by estimating their standard molal isobaric heat capacities of solution from

pHaNicMPreg = CpHNieMP(y T ACpsol (36)
Conniemp,, = CpHoNieMpreg T ACh r @37)
and
o __ o o
Coniemez, = Cormiemer, + 4 Cpr- (38)

The requisite values of ACS,sm and ACy , in these equations were taken in a first approximation to be equal to those of the reference
model reactions represented by

HQCMP(Cr) = H2CMP(aq) (39)
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H,CMP = HCMP™ + H* (40)
and
HCMP~ = CMP? + Ht, (41)

respectively, which were computed from

ACp sl = Cp HycMP oy — Cp.HaCMP ey (42)

ACp, = C; HCMP~ — CS,HzCMP(aq)’ (43)
and

AChr =€ emp- — Cp Homp- (44)

The values of C; for the agueous cytidine nucleotides were taken from LaRowe and Helgeson [120] and that of CO(Cr) for
HoNiCMPreq cr) was calculated from Eq. (28). The value of AC;SO, at 25°C and 1bar for HoCMP was computed by combin-
ing the value of C; ) for H,CMP given in Ref. [120] with

p(ag
ACp sol — CS aq CS cr (45)

and that of Cy ) calculated from

o _ . o _ o o
Cp H2CMP(ey — Cp cytldlne(cr) + Cp H3POg4 (cr) Cp H,O + Acp,r (46)

The values of C; .y used in these calculations for the subscripted species on the right side of Eq. (46) correspond to those given by
LaRowe and Helgeson [120], and the value of ACy . For Reaction (46) was taken to be equal in a first approximation to that for
Reaction (29).

The values of c1, ¢z, and w for the oxidized nicotinamide nucleotides can be computed using the corresponding values for
H2oNicMPeq and a reference model group additivity algorithm that takes explicit account of the difference in the oxidation state of
the reduced and oxidized nicotinamide bases in HoNicMP¢q and HgNicMPjX. This difference in redox state was taken in a first
approximation to equal to that per carbon between cyclohexane and benzene. Accordingly, values of c1, c2, and o for HaNicMPZ,
were calculated from

=0 - 7 .. 1go
“H,NicMPg, — “H2NicMPreg — 6 “cyclohexane + 6 Epenzene (47)

where E° stands for values for the equations of state parameters of the indicated species. Values of the revised-HKF parameters
for aqueous cyclohexane and benzene were taken from [97] and [89], respectively. The values of ¢, ¢z, and a) for HNicMPyx and
NicMPg, given in Table 6 were then computed using the procedure described above for HNicMP ., and NicM Pred and the equations
and reference model reactions for these species listed in Table 7.

The a1, a2, a3, and a4 equations of state parameters for the nicotinamide mononucleotides were calculated using Egs. (8)—(14).
The values of V° at 25°C and 1 bar required to evaluate these equations for each of the nicotinamide mononucleotides species were
computed from estimated values of their respective standard molal crystalline volumes (V) using volumes of solution (A Vg,) and
the relation,

Ve = Vcor + A sol (48)

The values of Vg and AV, in Eq. (48) for the nicotinamide mononucleotides were computed from the corresponding values for
their constituent molecules and reference model compounds. For example, the value of V° for aqueous HaNicMPred(V3, Niemp,o,)
was calculated from

(o) (o)
VioNieMPe,, = VAoNieMPregey T A Veol- (49)

w1 for H,CMP, which was
for HoCMP can be estimated from

The requisite value of AV, in this equation was taken to be equal in a first apprOX|mat|on to that of A

calculated from values of A V2, for its constituent molecules. A provisional value of AV,

sol
AVs%l H,CMP = 2AVsolcytidine + AVsool H3PO4 — AVs?)lcytosine - AVs%l ribose* (50)

Similarly, the standard molal volume of HyNicMPyeq (cr) (VﬁZNiCMPred(cr)) at 25°C and 1 bar in Eq. (49) was calculated from

O o (o) ] O ]
VHzNicMPred(cr) = VNicred(cr) —2A adenine(cr) + 2Vadenosine(cr) + VH3PO4(C,) - Vribose(cr) (51)

using the value of V° for NiCred (cr) computed from the group additivity algorithm for this species shown in Table 8. Values of a1,

ay, a3, and a4 for HNicMP ., and NicMPZ were calculated from the equations for these species listed in Table 7, but those of AE¢
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in these equations were generated in a first approximation from the corresponding parameters for the species in Reactions (40) and
(41), together with

[anl®] o (]} [anle]
AE; = Ejeme- T B+ — EH,emp (52)
and
mOo __ mo mO0 o
Aur - L_ACMPZ_ + Syt SHCMP— (53)

respectively. The symbol E° in these equations stands for the values of a1, az, a3, or a4 for the indicated species, and AE} in Egs.
(52) and (53) refers to the corresponding parameters for Reactions (43) and (44), respectively. Values of these parameters for the
cytidine nucleotides are given by LaRowe and Helgeson [120]. However, those for HoNicMPoy were calculated by first evaluating

VioNicMPoy = VFaNicMPox ey + A Vsol- (54)
The value of AV, in this equation was taken to be equal in a first approximation to that calculated from Eq. (50). The as, a2, as,

and a4 parameters for HNicMPoy and NicMP, were computed from the equations for these species listed in Table 7 using values
of AE; generated from Egs. (52) and (53) (Table 10).

5. Standard molal thermodynamic properties at 25 °C and 1 bar and equations of state parameters for nicotinamide
adenine dinucleotide phosphates (NADPs)

The reduced and oxidized nicotinamide adenosine dinucleotide phosphates, which are generically referred to by the acronyms
NADP¢q and NADP.y, respectively, are structurally identical to NADeg and NADgx except that the OH groups located on the 2’
carbon in the ribose ring that is bonded to the adenine base is replaced with a phosphate group (see Table 5 for the idealized chemical
structure). The NADP¢q and NADPy species considered in the present communication include the variously charged reduced and
oxidized species referred to as H,, NADPﬁ’;d"‘) and H,, NADPQ}(3) for values of n = 0, 1, 2, 3, or 4, which represents the number of
protons bonded to the phosphate oxygens in the respective base species, NADP‘r‘efj and NADPE; . Because few experimental data
are available for these various species, provisional values of AGg, AH;, S°, and the equations of state parameters for the NADPs
were determined by combining the corresponding properties and parameters for the molecules that comprise these species with
reference model reaction properties and parameters. The standard molal thermodynamic properties and revised HKF equations of
state parameters for the reduced NADP species given in Table 11 were estimated using

O O O O O
EH,NADP.y = SHyNADg T EHspo, T AEF — Epo (55)
=0 __ mo =0 =mO _ mo
Engnaoe, = Ernapy, T SHspo, T AEr — Enyo (56)
O O O ~O ~O
B ) =B o + & + AE; — E (57)
H2NADP: | NAD; H3PO4 r H,0
O O O
= - = 2 + AE (58)
HNADPZ, H2NADPZ | r
and
O O O
& 4 =G -+ AE (59)
NADP? HNADPZ | r
where
—O —O O —O O
AB; = Epj,rsp + EH,0 — EHapo, — Eribose- (60)
The values of AE;} in Eq. (60) were taken in a first approximation to be equivalent to those of A Ey in Egs. (55)—(57). Similarly,
=0 __ =m0 __ m™o
and
mo __ QO _ r:O
AEY = Blpor- ~ Biypo; (62)

were used to calculate values of AE; for Egs. (58) and (59), respectively. The symbols E° and A E} in Egs. (55)—(62) stand for values
of the standard molal Gibbs energies and enthalpies of formation, standard molal entropies, and the solvation and non-solvation
revised HKF equations of state parameters for the subscripted species, which are given in Tables 6 and 11.

The standard molal Gibbs energies and enthalpies of formation and third law entropies of the completely deprotonated oxidized
NADP species (NADPg;) were calculated from those of NADPfeE, 2-propanol (C3Hg0), acetone (C3HgO), and the corresponding
reaction properties for

C3HgO + NADPS, = C3HgO + NADPY, + H*. (63)

red



Table 10

Summary of standard molal heat capacity (Cp) power function coefficients for Eq. (A.4) and the standard molal thermodynamic properties at 25 °C and 1 bar of crystalline groups used to calculate the corresponding

properties and parameters for the compounds and groups shown in Table 8

Group AGy®P AHP? sec Gyt yod a® b(x10%)e¢ c(x107%)f
>CH2 9 4535 —26510 32.3 23.8 14.6 -73 93.7 2.8
}CH g 21630 6908 21.7 19.8 10.5 -15 715 0
h —4740 —48310 55.6 60.17 16.6 70.25 32 —17.4
CH3;
/C— 18600 15700 —4.0 0.24 12.9 —24.1 59 6.15
—O0—— 5.541
H 4.16
/ NJ 75930 55600 28 16.9 11.9! 12.3 15.4 0
/NHJ' 81010 28600% —14.7" 18.5' 7.71] —19' 144! —4.81!
O
c/
. —183790 —265900 59.40 29.1 34.36 —66.32 243.6 20.23
NH,
2 Jmol—1.
b Calculated from the values given for AH; and S° using Eq. (4), together with values of S° taken from [87].
¢ JK1mol-t,
4 cm3 mol—1.
e JK—2mol~1.
f JKmol1.
9 [100].

" Average of values for (—CHzeven) and (—CH3odq) given by [100].

i [106].

I Calculated from algorithm 4 in Table 8.
k Calculated from the group additivity algorithm represented by (>=NH) = piperidine — 5(>CHy). The value of AHg used in this algorithm was taken from Table 9, and that for (>CH) from [100].

I [120].
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Table 11
Summary of the revised HKF equations of state parameters and standard molal thermodynamic properties at 25 °C and 1 bar for selected aqueous reduced (red) and oxidized (0x) nicotinamide adenosine dinucleotide
phosphates

86

Compound Formula AG{? AHg? seb cpe yeed a1 (x10)8  ap(x1072)2  g5f as (x10749 P 2 (x107%8  »(x107%)?
NAD-phosphates
H4NADPyy  Ca1H3oN7017P3 —3100490 —4270300 6945 1009  378.35 —100.226 1357.804 —101.694  —31.055 1291.8  —54.94 18
H3NADP 4 Co1H29N7017P5 —3091700 —4278250 638.5 919.0 37296 —100.930 1356.098 —101.054 —30.985 1296.6 —73.18 24
HzNADPfeE Co1HpgN7017P;~  —3078310 —4280340 586.6 836.2 367.72 —101.068 1355.754 —100.903 —30.970 1316.1 —90.04 32
HNADPZ, Co1H27N7017P3~  —3065930 —4288290 5184 7088 35051 —108.537 1337.516 —93.735  —30.216 1299.6 —116.1 38
NADPfeTj Co1Hag N7017P‘3“ —3024800 —4284090 394.6 495.0 323.81 —120.487 1308.338 —82.2666 —29.010 1252.3 —159.8 47
HaNADPZ, Co1Hag N7017P3J)r —3128310 —4235750 773.2 982.9 378.46  —100.224 1358.106 —101.702 —31.068 1284.9 —66.94 18
H3NADPx C21H2gN7017P3 —3119530 —4243700 717.1 893.4 373.07 —100.929 1356.401 —101.063 —30.997 1289.7 —85.19 24
HoNADPG, Co1H27N7017P5 —3106140 —4245790 665.2 810.6 367.83 —101.066 1356.056 —100.911 —30.983 1309.1 —102.0 32
HNADng‘ Co1HsN7017P;~  —3093750 —4253740 597.1 683.2 350.62 —108.535 1337.819 —93.7434  —-30.229 1292.7 —128.2 38
NADPS, Ca1HzsN7O17P;~  —3052630 —4249530 4732 4694 32392 —120.485 1308.641 —82.275  —29.023 1246.7 —171.8 47
a Jmol—1.
b JK L mol-L.
¢ cm® mol 1.

4 Calculated from the revised HKF equations of state parameters generated in the present study.
¢ Jmol—! bar1.

f JKmol~thar~1.

9 JKmol~1.
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Table 12
Summary of the reactions (left column) and corresponding equations (right column) used to calculate values of AG¢, AH; and S° for selected oxidized NADP
species

Reactions from which the equations used to calculate AG¢, AHf, and S° Equations used to calculate values of AG;, AHf, and
for the indicated species were derived S° for the indicated species
NADPS, + H* = HNADPZ, A g =& + AE]
°X27 N > A HNADP2, NADP3; riA
HNADPS, + H™ = H,NADP,, (B) AP, = ShnaDRs +AEHp
H2NADPG, + HT = H3NADP ©) E1,NADPy, = EZZNADP& + AE A
+ + =o = 5° o
H3NADPo + H™ = H3NADP, (D) B NADPE, = EHaNADPoy +AE A
Reference model reactions from which values of AEp were calculated Equations used to calculate AEY?
HaP202™ +HT = H3P,0; (E) A8 = Eip0- ~ Fp,0
7
H3P207 + HY = H4P,05 F AB728 = Eup00 ~ iupgo-
7
2— + . — go . =&° _z°
HPO;™ +H™ = HzPO, (G) ABLp = Shpo; ~ Shpor
- + _. o o _ mo __ mo
H2PO, +H™ = H3PO; (H) ABY g = S0y ~ Brpo;

The symbol E° represents AGg, AHg and S° for the subscripted species, and AEY stands for AGy, AHp, and ASy for the reaction of interest. Values of AGY,
AHg and S° for the mono- and diphosphate species used in the reference model reaction are taken from SUPCRT92 [93]. The values of A&} for Reactions (E)-(H)
were taken in a first approximation to be equal to those of Reactions (A)—(D).

Values of AG§, AH? and S° for NADPZ, in this reaction can be calculated from

—mOo

® =0 —=e o
NADP?eTj + =C3HgO — “C3HgO + A&, (64)

SNaDPE T
where 2° refersto AGg, AHy, or S° of the indicated species, and A 2y stands for the corresponding properties of reaction taken from
[98]. The standard molal thermodynamic properties of aqueous acetone and 2-propanol were taken from [95] and [97], respectively,
and those for NADPfejj are given in Table 6. The standard molal Gibbs energies, enthalpies, and third law entropies for the other
NADP.y species were calculated using the equations and reference model reactions shown in Table 12.

The revised HKF equations of state parameters for HyNADPZ, , H3NADP, HoNADP,, HNADPZ,, and NADP3, were computed
from

EfnaDPE = Ehonap: T Ehgpo, + AL — Efo, (65)

EH;NADPy = EHNADy T Eigpo, + AE; — Ef,0s (66)

Ef,nADPs, = Enap;, T BHpo, T AEF — Bhyo (67)

Einap2 = Srynappy T AET (68)
and

Enaor = Efnappz T AET (69)

The values of AE; for Egs. (65)—(67) were taken to be equal in a first approximation to those calculated from Eq. (64). Similarly,
the values of AE; in Egs. (68) and (69) were provisionally considered to be equivalent to those for reference model Reactions (C),
(D), (G) and (H), respectively, in Table 12.

6. Uncertainties

Because so few relevant experimental data are available in the literature, it is difficult to assess the uncertainties associated with
the values of the standard molal thermodynamic properties and revised HKF equations of state parameters generated in the present
study for aqueous Mg-adenosine and nicotinamide adenine nucleotides. However, in a first approximation uncertainties associated
with AGg, AHg, §°, Cpand V° at 25°C and 1 bar and the w, a1, a2, as, as, c1, and c parameters of the species considered above
can be estimated by propagating the uncertainties associated with the experimental data used to calculate values of these properties
and parameters.
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6.1. Mg-adenosine nucleotides

6.1.1. AG{, AHE, S°, CS and V° at 25°C and 1 bar

The uncertainties associated with the values of AGf, AH¢, and S° adopted in the present study for aqueous Mg-adenosine
nucleotides at 25°C and 1 bar can be assessed by combining the uncertainties associated with those of the adenosine nucleotides
taken from LaRowe and Helgeson [120] and the experimentally determined values of AGy, AHP, and A Sy for these species given
in Table 3. Uncertainties assessed in this manner for the values of AG and A Hy for Mg-adenosine nucleotides are £2900 J mol—?
and those associated with the values of S° are +12Jmol~1 K1, Due to the dearth of calorimetric data in the literature, similar
calculations could not be carried out for the values of Cp and V° of the Mg-adenosine nucleotides at 25 °C and 1 bar.

6.1.2. Revised HKF equations of state parameters

Uncertainties associated with the revised HKF equations of state non-solvation parameters can be estimated by taking into account
the extent to which the straight lines in Fig. 1 represent the experimentally derived values of AC},, as a function of 1/(7 — 0)2.
It can be deduced from this that figure that the lines represent all of the symbols corresponding to experimentally derived values
within 10Jmol~1 K~ or less, which is of the order of the experimental uncertainty.

The uncertainties associated with the values of AG¢, AHy, S°, C; and V° for Mg-adenosine nucleotides at elevated temperatures
and pressures can be estimated by taking into account the maximum additive uncertainties associated with the equations of state
parameters for these species given in Table 1. For example, using the maximum error in the equations of state parameters for MgATP2~
as a function of temperature and pressure, the uncertainties associated with values of the Gibbs energy for this species under different
conditions can be assessed. The maximum uncertainty in the HKF parameters for MgATP2~ combine to yield an uncertainty of
+2900Jmol~1 for AG® at 150 °C and 5 bar. At 150 °C and 800 bar, the uncertainty decreases to nearly +840J mol~1. Combining
the uncertainty in AG§ for MgATP?~ at 25°C and 1 bar, results in a total maximum uncertainty of the order of 4000 kJmol~? at
elevated temperatures and pressures.

6.2. Nicotinamide adenine dinucleotides

Because so few experimental thermodynamic data are available in the literature for the nicotinamide adenine dinucleotides, the
relative uncertainties associated with values of AGg¢, AHg', §°, Cj and V° and the revised HKF equations of state parameters adopted
in the present study cannot be easily determined. Nonetheless, uncertainties associated with the corresponding thermodynamic
properties and parameters of the constituent nucleotides that comprise these dinucleotides can be used to estimate the relative
uncertainties associated with nicotinamide adenine dinucleotides species. For example, if the relative uncertainties associated with
the standard molal thermodynamic properties at 25 °C and 1 bar and the HKF equations of state parameters for the nucleotides taken
from LaRowe and Helgeson [120] are of the same magnitude for those of the nicotinamide adenine dinucleotides, then the maximum
uncertainty of AG® for NADZ at 150 °C and 5 bar is 5000 J mol~* and at 150 °C and 800 bar it is around 2900 J mol 2.

7. Concluding remarks

The estimated revised HKF equations of state parameters, together with the standard molal thermodynamic properties of Mg-
complexed adenosine nucleotides and nicotinamide nucleotide mono- and diphosphates at 25 °C and 1 bar computed above make it
possible to characterize a wide variety of reactions among minerals, biomolecules, and other aqueous species at elevated temperatures
and pressures. Calculations of this kind can be used to guide experimental studies of the relative stabilities of aqueous biomolecules
by identifying possible metastable equilibrium states and providing a basis for comparison of the relative chemical affinities (A) of
various irreversible reactions. However, assessing the accuracy of the estimation strategies employed to compute the standard molal
thermodynamic properties and revised HKF equations of state parameters for the species considered in the present study requires
more calorimetric, densimetric, and sound velocity data. Of particular interest in this regard is the experimental determination of the
standard molal heat capacities and volumes of the Mg-adenosine nucleotides and nicotinamide adenine dinucleotides at temperatures
in excess of 25°C and preferably beyond 100 °C. In the interim, the standard molal thermodynamic properties and revised HKF
equations of state parameters generated in the present study from the group additivity algorithms and reference model compounds
summarized above provide a provisional comprehensive and internally consistent framework for thermodynamic investigation of
biogeochemical systems at elevated temperatures and pressures. The properties and parameters generated in the present study can
be used to quantify mass transfer among microorganisms and their environment under a wide variety of temperature and pressure
conditions. Furthermore, fundamental biochemical processes such as the polymerization of RNA and DNA and the energetics of the
ATP-ADP cycle can now be investigated for extremophiles and mesophiles alike.

The equations of state parameters and standard molal thermodynamic properties at 25°C and 1 bar generated in the present
study are being incorporated in a biogeochemical analog of the SUPCRT92 [93] software package to be called OBIGT (OrganoBio-
GeoTherm). This software package will be available at no cost from the Laboratory of Theoretical Geochemistry and Biogeochemistry
(otherwise known as Prediction Central) at http://www.affinity.berkeley.edu.
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Appendix A. Thermodynamic relations

The differences in Gibbs energies and enthalpies between the pressure and temperature of interest (P, T') and the reference pressure
and temperature (P, Tr) in Egs. (2) and (3) can be expressed by writing

T P
Gpr—Gpp=—Sp (T — Tr)+/ Cp dT — T/T C,‘;rdlnTJr/P vedp, (A1)
r r

T P P ave
H;,T—H;,r,Trz/T C;rdT—i—/P Vedp — T/P (ar) ar | (A2)
r r r p T

which are consistent with

T 5 P gve
S0 = Sp 1 /CprdInT— / i), o (A3)
Ty Py T

where Cp, stands for the isobaric molal heat capauty of the species at the reference pressure, (3V°/9T)p represents its standard
molal expan3|b|I|ty, and Sy, 7, refers to the standard molal entropy of the species at the reference pressure and temperature.

and

A.l. Crystalline compounds

Consideration of a wide range of experimental data indicates that in the absence of lambda phase transitions the standard molal
heat capacities at 1 bar of crystalline organic compounds including amino acids [114] can be represented as a function of temperature
by the Maier—Kelley power function [115], which can be written as

Cp, =a+bT +cT™? (A4)

where a, b, and ¢ stand for temperature-independent coefficients of the species of interest.
Combining Eq. (A.4) with Egs. (A.1)-(A.3) and integrating the heat capacity terms leads to

o o o T (C - bTZT) (T — Tr)z P o
PT — VP T = PrsTr(T - TI’) +a (T - TT —Tln (TI‘)> - ( r2Tr2T + /Pr v dP’ (AS)
b 1 1 P P rave
Hpr—Hp 7 =a(T —T;) + =(T? — T2)—c(—)+/ vVedp — T/ ( ) dp | (A.6)
) rsfr 2 T Tr PI' Pr 3T p T

and

T c /1 1 Prave
s° _SPrTr+aIn(T>+b(T Ty) — 2<T2_T3>_</Pr (8T>de)T (A7)

As in the case of minerals [116] and organic crystals [114,100], the standard molal volumes of crystalline molecules are insensitive
to the changes in temperature and pressure considered in the present study, which range from 0 °C and 1 bar to 150 °C and 800 bar.
Therefore, as a first approximation we can write

VooV, (A8)

which can be used to evaluate the volume integrals in Egs. (A.5)—(A.7) for crystalline compounds.
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A.2. Aqueous Species

The conventional standard molal properties of aqueous species are expressed in the revised-HKF equations of state [78-
83,88,89,93,117,118] as the sum of structural (non-solvation) and solvation contributions, which can be expressed as

E° = AE, + AE; (A.9)
where Z° stands for any conventional standard molal property of an aqueous species, and AE; and AEg refer to the conventional

non-solvation and solvation contributions to that property, respectively.

A.2.1. Charged aqueous species
The solvation contributions to the standard molal heat capacity, volume, isothermal compressibility, and entropy of a charged
aqueous species can be expressed in terms of Born transfer theory as [88]

ow 1 2w
ACS = oTX + 2TY —r(z-1) (22 Al
Cp S <8T>p (6 ) <8T2>p, (A-10)
1 ow
AVE = — | A1l
=o0 (2-1) (7). 1D
A Ni20 (%) — (14 Fo (A.12)
Krs = apP ¢ oP2 ) . '
and
o 1 dw
sspmars (2-2) (2) At

where ACy , AVS, Ak, and ASg refer to the standard molal heat capacity, volume, isothermal compressibility, and entropy of
solvation, ¢ stands for the dielectric constant of H20, w designates the conventional Born coefficient, and X, Y, N, and Q denote the
Born functions defined in [82]. Values of X, ¥, N, and Q have been tabulated [78] and discussed in detail by [82].

The non-solvation contributions to the heat capacity (ACy ,), volume (AVy), and isothermal compressibility (Ax7,) of an
aqueous species are given by

c2 2T v+ P
ACS = - P—P In , A.la
Pn C1+(T—®)2 <(T—®)3> <a3( Y) + as (\IJ+Pr>) (A.14)
o __ ‘i: _ a as 1
Avn_G+T—®_al+\D+P+(a3+\Ij+P> <T—®>’ (A.15)
and
0 0. 1
—Akpn = (U) + (E) ( ) , (A.16)
’ aP), \oP),\T -0
where
az
= A.17
o=aj+ T+ P ( )
as
= A.18
E=az+ T+ P (A.18)
do —ay
L R , A.19
<3P>T (¥ + P)2 ( )
and
o0& —ay
— = — A.20
<8P)T (¥ + P)2 ( )

where c1, ¢2, a1, az, a3, as, o, and & represent species-dependent non-solvation parameters and W and ® denote solvent parameters
equal to 2600 bar and 228 K, respectively. The revised-HKF equations for the standard molal heat capacity, volume, and entropy,
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and the standard molal enthalpy and Gibbs energy of formation of charged species are given by

Co= ACS, + ACS, = c1 4+ —2 2T (P—P)tagin [ 2P
p = AR T AR = AT (T T \(1— 03 ) \® el \vrr
oo 1 Pw
TX + 2TY —r(=-1) (22, A21
E as 1 1 ow
Ve = AVS+ AV = - - S () A.22
n T AYs e a1+\IJ+P+(a3+\I/+P> (T—@ @@+ | ¢ P ), (A22)

o __ o o do S ow 1 82a)
s (5) () () eree() -GN (),
=5 (L 1, (ET-6)
- P'T’”l"(Tr) © K > O> © <T(Tr O)ﬂ
2
+ (Ti@> <c13 (P— Pr)+a4ln( )> ( 1> <g;))p_wPr»TrYPrvTr’ (A.24)

AH® = AHE +cy(T — T) ! L +ar(P—P)+arin [~
= f C1 r c2 T—0 ay r az UtP

(25 (e () (i oo () (2),

1
— WP Ty < — 1) — wPr,TrTrYPr»Tr’ (A25)
€P. Ty

and

T
AG® = AG{ — Sp. (T —T}) — 1 (Tln (T) ~ T+ Tr>
W+ P 1 1 O-T T TH(T — ©)
rate-rran(Giz) e (((76) - (756)) (57) -a" (70w

1 v+ P 1 1
+ (T — ®) (as(P — Pr)+agln <w+ Pr)) + o (E - 1) — WP Ty <6P“Tr - 1) +op 1. Yp (T = Th),

(A.26)

respectively.

A.2.2. Neutral aqueous species

As in the case of other neutral aqueous species [83,117], the effective Born coefficient (w) of the various nucleotides are taken to
be independent of temperature and pressure. * Therefore, the non-solvation contributions to the standard molal properties of these
species can be expressed as

ACh, = oTX, (A.27)

AVE = —w0, (A.28)

Ak = oN, (A.29)
and

ASS = Y. (A.30)

4 The effective Born coefficients for neutral aqueous species account for dipole-dipole interactions arising from the presence of the neutral aqueous molecules in
a structured solution [81,88,119].
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It follows that Egs. (A.21)—(A.26) can be expressed for neutral nucleotides as

o o o c2 2T v+ P
Cp =ACp, +ACp =1+ 7 — 0y — <(T— @)3> X (613(P— P)+asln <\I/+Pr>> + oTX, (A.31)
az as 1
V= AV + AVY = — , A.32
ntAY al+\IJ+P+(a3+\IJ+P>(T—®) °Q (A32)
o o o do o0& 1
KT = AKT,}’L + AKT,X = — <8P>T (3[2) _@) +CUN, (ASS)
1

- T(T
g | T ¢ 1 1I (T — ©®)
= Sp.1,+c1ln <Tr) ) KT_@) - (Tr @) el (T(Tr—®)>]
2
+ (T—l®> (as(P—Pr)+a4 In (;I:j__;)) +o(Ypr —Yp 1), (A.34)
AH° =AHf +ca(T—-Tr) — 2 ((Ti®> - (Ti@)) +ai(P—P)+axln (i:;)
2T — ® v+ P 1
—+ ((T—®)2> <a3(P—Pr)+a4|n (\IJ+P,)> —l—a)(e—l)

1 1
+w (TYP,T - TI'YPr,Tr - ( - 1) + ( - 1)) ) (A35)
€p.T; €pT

and
T
AG® = AGY — Sp.1,(T —Ty) — c1 <T|n (T) —T+ Tr> +a1(P - P)
X1 V4P 1 1 ®-T TI (T — ©®)
raxn (i) - ((7e) - (756)) (P67) - & (Fr=ey)
+ (Ti@)) <a3(P— P)+asln (51;)) +w (Yp,,T,(T— Ty) + (eplr —1) — (éprl,rr _1>) . (A.36)
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