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ABSTRACT: The criterion for chemical equilibrium at specified temperature, pressure, pH, concentration
of free magnesium ion, and ionic strength is the transformed Gibbs energy, which can be calculated from
the Gibbs energy. The apparent equilibrium constant (written. in terms of the total concentrations of
reactants like adenosine 5'-triphosphate, rather than in terms of species) yields the standard transformed
Gibbs energy of reaction, and the effect of temperature on the apparent equilibrium constant at specified
pressure, pH, concentration of free magnesium ion, and ionic strength yields the standard transformed
enthalpy of reaction. From the apparent equilibrium constants and standard transformed enthalpies of
reaction that have been measured in the adenosine 5'-triphosphate series and the dissociation constants of
the weak acids and magnesium complexes involved, it is possible to calculate standard Gibbs energies of
formation and standard enthalpies of formation of the species involved at zero jonic strength. This requires
the convention that the standard Gibbs energy of formation and standard enthalpy of formation for
adenosine in dilute aqueous solutions be set equal to zero. On the basis of this convention, standard transformed
Gibbs energies of formation and standard transformed enthalpies of formation of adenosine 5'-triphosphate,
adenosine 5-diphosphate, adenosine 5-monophosphate, and adenosine at 298.15 K, 1 bar, pH = 7, a
concentration of free magnesium ions of 103 M, and an ionic strength of 0.25 M have been calculated.

The thermodynamic criterion for chemical equilibrium
depends on the independent variables that are specified at
equilibrium. When temperature and volume are specified,
the criterion is the Helmholtz energy A, and (d4)r,y < 0, with
the equality applying at equilibrium. When the temperature
and pressure are specified, the criterion is the Gibbs energy
G, and (dG)rp £ 0. If, in addition to T and P, the pH and
pMg are specified, it is necessary to introduce another
thermodynamic property G, the transformed Gibbs energy,
as the criterion for chemical equilibrium, and (dG’ ) 7.ppu,pM;
< 0 (Alberty, 1992a,b; Alberty & Oppenheim, 1992). The
symbol G'is in agreement with the current usage (Wadso et
al., 1976) in biochemistry of K’for the apparent equilibrium
constant for a reaction like!

ATP + H,0 =ADP + P, K’=[ADP][P,)/[ATP] (1)

at specified T, P, pH, pMg, and I (ionic strength), where the
concentrations of reactants (sums of species) are in moles per
liter. Strictly speaking, there should be a ¢® = 1 mol L-!in
the denominator of the equilibrium constant expression to
make this equilibrium constant dimensionless, but that is
omitted here to simplify the equations. The standard trans-
formed Gibbs energy of reaction is calculated using

AG®=-RTInK’ @)

In writing this equation, two changes have been made from
what is usually used: Since G’is the transformed Gibbs energy,
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! Abbreviations: ATP, adenosine 5'-triphosphate; ADP, adenosine 5/-
diphosphate; AMP, adenosine 5’-monophosphate; aden, adenosine; G6P,
glucose 6-phosphate; P;, inorganic phosphate. The designator (aq) is
understood as being appended to all species that exist in aqueous solution.

it is the standard value G® that is involved so that the
superscript zero is placed after the prime, the subscript r
represents reaction to emphasize the difference from the
standard transformed Gibbs energy of formation A(G”® of a
reactant (sum of species) at specified T, P, pH, pMg, and J
that is calculated in this paper. Thetransformed Gibbs energy
G'is defined by the following Legendre transform of the Gibbs
energy G (Alberty, 1992a):

G'=G-n(HHWHY) - Mg uMg™)  (3)
where u(H*) and u(Mg?*) are the specified chemical potentials
of H* and Mg2* at equilibrium and n’(H*) and n(Mg2*) are
the total amounts of these ions (free and bound) in the system.
Theuseof eq 3 in the fundamental equation of thermodynamics
defines the standard transformed Gibbs energy of reaction
AG”, the standard transformed enthalpy of reaction A H”,
and the standard transformed entropy of reaction A.S” that
are related by

AGP = AH”-TAS® 4)

These three standard transformed reaction properties depend
on T, P, pH, pMg, and I, which must therefore be specified.
These properties depend on the way the reaction is written.
If the standard transformed enthalpy of reaction is independent
of temperature, the standard transformed entropy of reaction
will also be independent of temperature, and it can be shown
(Alberty, 1992b) that

AH" = [RT\T,/(T,- T))] In (K)/K\") )]
so that the standard transformed enthalpy of reaction
determines the effect of temperature on K’ at specified T, P,
pH, pMg, and 1. In the calculations presented here, the pH

is defined as —log [H*] and pMg is defined as —log [Mg2*]
at the ionic strength used.
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MATERIALS AND METHODS

Thestandard transformed reaction quantities can be written
in terms of standard transformed formation properties of the
reactants.

AG”® =D rAG™ (D) (6)
AH® =Y yAH®() 0
AS® =Y yAS®() 8)

The summations are carried out over reactants 7, including
H,0 if it is a reactant. When a reactant is made up of a
number of species, the formation properties apply to the
equilibrium mixture of the species at the specified T, P, pH,
pMg, and I. The stoichiometric numbers »; are taken as
positive for products and negative for reactants. Thermo-
dynamic information on biochemical reactions is currently
stored as A;G” and A.H” values at specified T, P, pH, pMg,
and I. However, there are advantages in tabulating the
formation properties A;G”™(i) and AH” (i) for individual
reactants at specified T, P, pH, pMg, and 7 so that A,G” and
A.H"™ for a reaction can be calculated using eqs 6 and 7 by
looking up reactants in a table, as in the rest of chemistry. The
standard transformed formation properties have already been
calculated for inorganic phosphate and glucose 6-phosphate
at 298.15 K, 1 bar, pH = 7, pMg = 3, and 0.25 M ionic
strength (Alberty, 1992b). These conditions are in line with
those suggested by the Interunion Commission (Wadsé et al.,
1976) with the exception of the ionic strength and pMg which
are consistent with those described as “near-physiological
conditions” in equilibrium investigations of metabolic reactions
(Guynn & Veech, 1973; Lawson & Veech, 1979).

Sufficient data are available to calculate the standard
transformed formation properties of ATP, ADP, AMP, and
adenosine relative to each other (Goldberg & Tewari, 1989,
1991; Larson et al., 1992). It has not yet been possible to
connect the standard thermodynamic properties (A¢G° and
A¢HP) of a species of any of these biochemical reactants with
the elements in their standard states, but it has been shown
that a consistent set of standard formation properties of ionic
species can be developed by assigning some zeros, as necessary
(Alberty, 1991), just as chemists had to assign A¢G® = AH®
= 0 to the hydrogen ion in aqueous solution. Therefore, in
this paper adenosine in dilute aqueous solutions of zero ionic
strength is assigned AyG® = AfH° = AsS° = 0 in order to
make thermodynamic tables. Since this is an arbitrary
convention, it is desirable that it be generally accepted until
the properties of adenosine relative to the elements can be
determined. When A{G°® and A¢H°® are determined for
adenosine in a dilute aqueous solution of zero ionic strength,
the values of A:G° and A¢H° for the other species in the ATP
series can be recalculated. However, this will not alter the
equilibrium constants or enthalpies of reaction calculated using
the tables in this paper. Better determinations of equilibrium
constants and enthalpies of reaction used in calculating the
current tables will lead to changes in the tables that will alter
equilibrium constants and enthalpies of reaction calculated
using tables in this paper.

In order to interpret the effect of T, pH, pMg, and I on the
thermodynamics of a biochemical reaction, it is necessary to
deal with species rather than reactants. The standard
formation properties of species AG° (i), A¢H® (i), and ApS®° (i)
and the reaction properties A,G®, A H®, and A.S° that can
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be calculated from them are functions of T, P, and I but not
of pH and pMg. The standard Gibbs energy of reaction can
be used to calculate the equilibrium constant K written in
terms of species at specified T, P,and I: A,G° =-RTInK.
The standard enthalpy of reaction can be calculated from the
effect of T on K. These properties obey the familiar egs 4,
5, 6, 7, and 8 without the primes.

Goldberg and Tewari (1991) and Larson, Tewari, and
Goldberg (1992) have summarized their calorimetric and
equilibrium measurements and those of others on the ATP
series in terms of the reference reactions

ATP* + H,0(l) = ADP*" + HPO,* + H*
K = [ADP*][HPO,][H"]/[ATP*] (9)

2ADP* = ATP* + AMP*
K = [ATP*][AMP*]/[ADP*)? (10)

AMP* + H,0(l) = aden + HPO,*
K = [aden][HPO,*]/[AMP] (11)

and the 13 acid dissociations and magnesium complex
dissociations in the ATP series that are important in the range
pH 3-10,pMg>2at298.15K. For the purpose of the present
calculations, it is convenient to replace reaction 10 with

ADP* + H,0(l) = AMP* + HPO,” + H*  (12)

which is the sum of reactions 9 and 10.

Sincedata on the 16 reactions have been obtained at various
ionicstrengths and since chemical thermodynamic tables give
standard formation properties at I = 0, Goldberg and Tewari
(1989) and Larson, Tewari, and Goldberg (1992) have used
the extended Debye—Hiickel theory to adjust A¢G° and A¢H®
at 298.15 K from one ionic strength to another (Goldberg &
Tewari, 1991; Clarke & Glew, 1980):

AGP(D) = AGS(I =0) — aRTzM?/(1 + BI'/?) (13)

AHP(D = AHP (I = 0) + (8a/dT)pRT?*221M?/(1 + BI'/?)
(14)

where a is the Debye—Hiickel constant, R is the gas constant,
Tis the temperature, Bis the constant in the extended Debye—
Hiickel theory that we have taken to be 1.6 L!/2 mol-1/2, and
z; is the charge on ion i. At T = 298.15 K and with the
Debye—Hiickel constants of Clarke and Glew (1980), aRT is
equal to 2.91482 kJ L'/2 mol-3/2 and (det/dT)pRT? is equal
to 1.4775kJ LY/2mol-3/2, Goldberg and Tewari (1991) have
also given equations for the calculation of the activity of the
water and for the excess Gibbs energy and enthalpy of the
water. These additional corrections are negligible (<0.01 kJ
mol~!) at the ionic strengths of concern in this paper.

In the tables presented here, the values of AsS® = (AH®
—AfG®)/T and AS™ = (AtH”® — AsG™)/ T are not tabulated,
but they are readily calculated. Values of A¢C,° and A¢C,"°
could have been calculated in some cases, but they are not
known very accurately.

The input data for the calculation of standard formation
properties of species in the ATP series are the values of A H®
and A,G° for the three reference reactions (9, 12,and 11), the
13 acid dissociations and magnesium complex dissociations
for adenosine, AMP, ADP, and ATP adjusted to 298.15 K
and I = 0 by Goldberg and Tewari (1991) and Larson,
Tewari, and Goldberg (1992), and the acid dissociation and



10612 Biochemistry, Vol. 31, No. 43, 1992

Alberty and Goldberg

Table I: Standard Reaction Quantities at 7 = 298.15K and I = 0

reaction AH® (k] mol ) AG® (kJ mol™!) pK K K(I=0.25 M)

HAMP- = H* + AMP?*- -5.4 38.42 6.73 1.862 x 107 6.877 X 1077
H,AMP = H* + HAMP- 18.1 22.78 3.99 1.023 x 10~ 1.966 X 10~
MgAMP = Mg?* + AMP?- -11.3 15.93 2.79 1.622 X 1073 2212 % 102
HADP? = H* + ADP* -5.6 40.98 7.18 6.607 X 1078 4.689 X 1077
H,ADP- = H* + HADP?- 17.6 24.89 4.36 4.365 x 1075 1.612 X 10~
MgADP- = Mg+ + ADP*- -19.0 26.54 4.65 2.239 X 1075 1.128 X 1072
MgHADP = Mg2* + HADP*- -12.5 14.27 2.50 3.162 X 1073 4,313 X102
HATP?* = H* + ATP+ -6.3 43.38 7.60 2.512x 108 3.426 X 1077
H,ATP? = H+* + HATP?*- 15.0 26.71 4.68 2.089 x 10-5 1.483 X 104
MgATP? = Mg?* + ATP+ =229 35.28 6.18 6.607 X 1077 1.229 X 10~
MgHATP- = Mg+ + HATP?*- -16.9 20.72 3.63 2.344 X 107 1.181 X 102
Mg, ATP = Mg+ + MgATP?> -10.8 15.35 2.69 2.042 X 1073 2.785 X 102
H,PO, = H* + HPO- 36 41.20 722 602610 2.225 X 10°7
MgHPO, = Mg?* + HPO, > -12.2 15.47 2.71 1.950 X 107 2.660 X 102
HG6P- = H* + G6P*- -1.8 36.65 6.42 3.802 x 1077 1.404 X 106
MgG6P = Mg?* + G6P2- -11.4 14.84 2.60 2.512 %1073 3.462 X 102
Haden* = H* + aden 16.4 19.98 3.50 3.162 X 10~ 3.162 X 10~
ATP+ + H;0(l) = ADP*- + HPO,> + H* -20.5 3.03 - 2.946 X 101

ADP?*- + H,0(l) = AMP?* + HPO,> + H* -22.0 6.73 - 6.622 X 1072

AMP? + H,0(1) = aden + HPO, >~ 0.9 -13.00 - 1.894 x 102

G6P2 + H,0(l) = glucose + HPO,>~ 1.1 -10.87 - 8.023 x 10!

ATP+ + glucose = ADP>- + G6P% + H* -21.6 13.90 - 3.671 X 1073

2 ADP3- = ATP+ + AMP> -1.5 3.70 - 2.248 X 107!

4 Equilibrium constants at 7 = 0.25 M,

magnesium complex dissociation constants already known for
inorganic phosphate. These values are given in Table I. The
standard reaction quantities for the hydrogen and magnesium
dissociation reactions given by Goldberg and Tewari (1991)
were based on a value of B = 1.5 L'/2 mol"'/2, We have
recalculated these quantities with a value of B = 1.6 L1/2
mol~1/2 for consistency with the formation properties given by
Goldberg and Tewari (1989). Thereis nofundamental reason
for preferring either of these values of B. The number of
known equilibrium relationships is 3 + 13 + 2 = 18, These
18 equilibria involve 23 species, but the standard thermody-
namic properties are known for four species (H*, Mg?*,
HPO,>, and H,0(1)) (Cox et al., 1989), and so there are 19
species for which we do not know the standard formation
properties. Since it has not yet been possible to connect the
standard thermodynamic properties of any species involving
adenosine with the elements in their standard states, it is
necessary to assign AtH° = A;G° = 0 to one of these species,
and adenosine has been chosen. The standard formation
properties of the remaining species can then be calculated.
This can be done by hand; for example, knowledge of the acid
dissociation constant of Haden* makes it possible to calculate
AiG°(I = 0) of Haden*. However, it is easier to make these
calculations using a computer, as has been described earlier
(Alberty, 1991). The standard formation properties of H*,
Mg?*t, HPO,2, and H,0O(l) that have been used in these
calculations are given in Table II (Alberty, 1992b; Cox et al.,
1989; Clarke et al,, 1954). The properties of H,PO4~ and
MgHPO, are not used in these calculations, but they are
included for completeness. On a similar basis, the properties
of glucose, G6P?-, and HG6P- are also included (Goldberg
& Tewari, 1989; Alberty, 1992b). The transformed ther-
modynamic properties of these substances will also beincluded
in the subsequent tables.

The Table Il data of standard formation properties at 298.15
K and I = 0 have been calculated using a computer with
RowReduce in Mathematica (Wolfram Research, Inc.,
Champaign, IL 61820-7237).2 The values in this table can
be verified by using them to calculate the input data. H,O(1)

Table II: Standard Formation Properties? at T = 298.15 K and I =
0

substance AeH® (k] mol™!) ArG® (kJ mol™!)
ATP+ -2997.91 -2573.49
HATP3- -2991.61 -2616.87
H,ATP?- ~-3006.61 -2643.58
MgATP?- -3442.01 -3064.07
MgHATP- —3441.71 -3092.89
Mg,ATP -3898.21 -3534.72
ADP3- -2005.24 -1711.55
HADP?- -1999.64 -1752.53
H,ADP- -2017.24 -1777.42
MgADP- —2453.24 -2193.39
MgHADP -2454.14 -2222.10
AMP2 -1014.07 -845.91
HAMP- -1008.67 -884.33
H,AMP -1026.77 -907.11
MgAMP ~1469.77 -1317.14
Haden* -16.40 -19.98
aden 0.00 0.00
H,0() -285.83 -237.19
H* 0.00 0.00
Mgt -467.00 —455.30
HPO,* -1299.00 -1096.10
H,PO, -1302.60 -1137.30
MgHPO, -1753.80 -1566.87
glucose -1262.19 -915.90
G6P* -2276.44 -1763.94
HG6P- -2274.64 -1800.59
MgG6P -2732.04 -2234.08

4 The formation properties of adenosine and H* have been set equal
to zero.

is included in Table II because its standard Gibbs energy of
formation must be used in calculating an apparent equilibrium
constant K’and the standard enthalpy of reaction of a reaction

2 Certain commercial materials and products are identified in this
paper to specify adequately the experimental procedure. Such identi-
fication does not imply recommendation or endorsement by the National
Institute of Standards and Technology.
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Table III: Standard Formation Properties at T = 298.15K and I =
025 M

Table IV: Standard Transformed Formation Properties at T =
298.15K,pH=7,pMg=3,and I = 0.25 M

substance  AfH°® (kJmol™!)  AG® (kJmol!) n(H)* n(Mg)® substance  AfH” (kJmol!)  AG® (kJ mol!) a8
ATP+ -2991.34 —2586.44 12 0 ATP+ -2996.26 -2097.24 0.102610
HATP?*- -2987.92 —2624.16 13 0 HATP?* -2993.25 -2094.20 2.99503 x 1072
H,ATP? -3004.97 —2646.82 14 0 H,ATP?- -3010.71 -2076.09 2.01958 x 103
MgATP?- -3440.37 ~3067.31 12 1 MgATP?- -2979.93 -2102.45 0.834905
MgHATP- —3441.30 -3093.70 13 1 MgHATP- —2981.27 —-2088.07 2.53601 X 1073
Mg ATP -3898.21 -3534.72 12 2 Mg,ATP -2972.41 -2094.20 2.99786 X 102
ADP?*- -2001.55 -1718.84 12 0 ADP* -2006.47 ~1229.64 0.475089
HADP?- -1998.00 -1755.77 13 0 HADPZ -2003.33 -1225.81 0.101320
H,ADP- -2016.83 -1778.23 14 0 H,;ADP- -2022.57 -1207.50 6.28536 X 1073
MgADP- —2452.83 -2194.20 12 1 MgADP- -1992.39 -1229.34 0.421179
MgHADP —2454.14 -2222.10 13 1 MgHADP -1994.11 -1216.47 2.34918 X 1073
AMPZ -1012.43 -849.15 12 0 AMPZ* -1017.35 -359.95 0.839846
HAMP- -1008.26 -885.14 13 0 HAMP- -1013.59 -355.18 0.122124
H:AMP -1026.77 -907.11 14 0 H,AMP -1032.51 -336.38 6.21180 X 1073
MgAMP -1469.77 -1317.14 12 1 MgAMP -1009.33 -352.28 3.79677 % 1072
Haden* -15.99 -20.79 14 0 Haden* -21.73 549.94 3.16155 x 10
aden 0.00 0.00 13 0 aden -5.33 529.96 0.999684
H:0(1) -285.83 -237.19 2 0 H,O() -286.65 —-155.66

H* 0.41 -0.81 1 0 H* 0.41 -0.81

Mgt —465.36 —458.54 0 1 Mgt —465.36 -458.54

HPO> -1297.36 -1099.34 1 0 HPO4* -1297.77 -1058.57 0.672508
H;PO, -1302.19 -1138.11 2 0 H,PO,” -1303.01 -1056.58 0.302110
MgHPO, -1753.80 -1566.87 1 1 MgHPO, -1288.85 -1050.44 2.52822 x 1072
glucose -1262.19 -915.90 12 0 glucose -1267.11 -426.70

G6P* -2274.80 -1767.18 11 0 G6P* -2279.31 -1318.75 0.909002
HG6P- -2274.23 -1801.40 12 0 HG6P- —-2279.15 -1312.20 6.47437 X 1072
MgG6P -2732.04 -2234.08 11 1 MgG6P -2271.19 -1309.99 2.62543 X 1072

@ The total numbers of hydrogens and magnesiums in each species are
given in columns 4 and §, respectively.

@ Fractions of the substances under the conditions stated are given in
column 4.

involving H,O(1). However, the concentration of H,O(l) is
not included in the equilibrium constant expression because
it is the solvent.

The standard formation properties of the species in the
ATP series at I = 0.25 M were calculated using eqs 13 and
14, and the results are given in Table III. A Mathematica
program was written to make these adjustments. Thereisa
theoretical basis for ionic strength corrections (Kirkwood,
1934) for the uncharged species, but these corrections are so
small that they are ignored. The values in this table can be
used to calculate X, A,G°, and A H® for various reactions in
terms of species at 298.15 K and 7 = 0.25 M.

The calculation of the standard transformed formation
properties of HPO~, H,PO4~, and MgHPO, has been
discussed earlier (Alberty, 1992a,b). It is done by writing
formation reactions with H* at a specified concentration and
Mg2?* at a specified concentration on the left side of the
formation reaction. Various conventions could be adopted
for deciding how many hydrogen adjustments should be made
for a givenspecies. For example, the hydrogenatomin HPO,>
is only dissociated in the neighborhood of pH 12 and could
beignored. However, all of the hydrogen atoms in an organic
ion can be removed in metabolism. Therefore, the convention
of correcting for all hydrogen atoms in organic and inorganic
species is adopted. This device also serves to avoid compu-
tational problems that can arise when all the hydrogens and
magnesiums are notremoved. This includes the two hydrogens
of H,O. This should be an international convention if it is to
be possible to take standard formation properties from tables
prepared by different investigators. Adjustments for hydrogen
atoms that are not affected in a particular reaction cancel.

The numbers of hydrogens in various species are given in
TableIII. The standard transformed formation properties of
species at 298.15 K, pH = 7, pMg = 3, and ] = 0.25 M are

given in Table IV. The last column gives the equilibrium
mole fractions r; of species or a reactant like ATP.

The Legendre transform (eq 2) shows that A¢G (¥) for ion
i is calculated from A¢G° (i) by subtracting n(H)AG°(H*) +
n(Mg2*)A¢G°®(Mg?*) where n(H) and n(Mg) are the numbers
of H and Mg in the species.

The standard transformed formation properties of species
containing H* and Mg2* were calculated using a computer
program written in Mathematica. The input to the program
is a matrix giving A¢H® (I = 0), A;G°(I = 0), electric charge,
number of hydrogens, and number of magnesium ions for the
species. This program handles any number of species.

The calculation of standard transformed formation prop-
erties has been discussed in connection with the calculation
of these properties for glucose 6-phosphate (Alberty, 1992b).
The principles in this calculation are the same for any
substance, including a complex one suchas ATP. Thus, when
pH and pMg are specified, the various species of a reactant
like ATP become pseudoisomers. Therefore, the thermody-
namicequations for isomer groups have to be used to calculate
the A¢G* and AgH” for the pseudoisomer groupat the specified
pH and pMg (Smith & Missen, 1982; Alberty, 1983). The
following example utilizes inorganic phosphate.

AG®(P) = AG°(HPO,2) -RT In {1 +
107H/K(H,PO,") + 10°M8/K(MgHPO,)} (15)
where
K(H,PO,") = [H*][HPO,”]/[H,PO,]
= exp{-[AG° (H") + AG°(HPO,») -
4;G°(H,PO,)]/RT} (16)
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Table V: Standard Transformed Formation Properties at T =
298.15K,pH =7, pMg = 3,and I = 0.25 M

Table VII: Results Calculated Directly from Table I for T =
298.15K,pH = 7, pMg = 3, and I = 0.25 M*

substance AH” (kJ mol™!) AfG’® (k] mol1)
adenosine -5.34 529.96
AMP -1016.59 —360.38
ADP -2000.19 -1231.48
ATP -2981.79 -2102.88
glucose -1267.11 —426.70
G6P —-2279.09 -1318.99
P; -1299.13 -1059.55
H,0(1) -286.65 -155.66

Table VI: Results Calculated with Standard Transformed
Formation Properties Given in Table V (T = 298.15 K, pH = 7,
pMg = 3, and I = 0.25 M)

AHP AG®
reaction (kJ mol-') (kJ mol™) K’
ATP + H,0(l) = ADP + P, (A) -30.88 -32.49 4,920 X 108
ADP + H,0(1) = AMP + P, (B) -28.88 -32.79 5.553 X 108

AMP + H,0O(l) = adenosine + P; (C) -1.23 ~13.55 236.5
G6P + H,0(]) = glucose + P; (D) -0.50 -11.60 107.7
glucose + ATP = ADP + G6P (E) -30.38 -20.89 4568

2 ADP = AMP + ATP (F) 2.00 ~0.30 1.129

4 Thermodynamics imposes the following constraints: A H®(B) =
AH”(A) + A/ H®(F)and A H”(E) = AH”(A) — A H”(D) as well as
two similar ones for A;G”. These cycles close exactly.
K(MgHPO,) = [Mg"*][HPO,”"]/[MgHPO,]

= exp{-[A,G° (Mg**) + AG°(HPO, ) -
AG°(MgHPO,)1/RT} (17)
The standard formation properties and equilibrium constants
are for the desired ionic strength.

The standard transformed enthalpy of formation AfH” (i)
of a reactant at a specified pH and pMg can be calculated as
amole fraction weighted average of the standard transformed
enthalpies of formation of the species in a reaction. For P;
AHP(P) = r(HPO, M) [AH® (HPO,) - AH°(HY)] +

r(H,PO, WAHC (H,PO,") - 2AH° (H )} +

r(MgHPO ){AH°(MgHPO,”) - A;HO(HT) - A;H® X

(Mg} (18)

where

r(HPO,») = exp{[A,G"(P) - {A,G°(HPO,*) -
(&G°(HY) + RT In [H'D}I/RT} (19)

The standard transformed properties at 298.15 K, pH = 7
pMg = 3, and I = 0.25 M for the ATP series are given in
Table V. Table VI gives the values of A, H”, A,G”, and K’
for the six reactions calculated from Table V.

A useful check on the validity of this calculation is to
calculate A H”, A{H”, and K’for the six reactions in Table
VI with a chemical equilibrium model (Goldberg & Tewari,
1989). This was done with the same set of input data (Table
I) as that used in the calculation involving transformed
thermodynamic properties and described in this paper. The
results obtained with the equilibrium model are given in Table
VII. The greatest difference between the results in Table VI
and Table VII is 0.02 kJ mol~!. This difference is judged to
be within rounding errors made at several points in each of
these calculations. Thus, these two independent sets of
calculations are in agreement.

DISCUSSION

Although the equations and nomenclature used here are
rather different from those used over the past 25 years, the

AH”
reaction (kJ mol") (kJ mol-) K’

ATP + H,0(1) = ADP + P, (A) -30.88 -32.49 4.927 X 108
ADP + H,0(1) = AMP + P; (B) -28.87 -32.80 5.574 x 10
AMP + H,0(l) = adenosine + P; (C) -1.22 -13.55 236.7

G6P + H,0(1) = glucose + P, D) -0.48 -11.62 108.5

glucose + ATP=ADP+G6P (E) -30.40 -20.88 4541

2 ADP = AMP + ATP (F) 2.01 ~0.31 1.131

4 Thermodynamics imposes the following constraints: AH®(B) =
AH”(A) + AH”(F)and AlH®(E) = Al H®(A) - A H®(D) as well as
two similar ones for A;G”™. The results below are consistent to within
0.01 kJ mol™! with these constraints. The greatest difference between
the results in Table VI and this table is 0.02 kJ mol™!,

two approaches are actually equivalent. The advantage of
the approach described here is that it deals with the
thermodynamic properties of reactants, and the thermody-
namic properties of reactions are calculated using tables of
standard transformed formation properties. This has the
advantage that calculations of Gibbs energies and enthalpies
of reaction are linear. This makes it much simpler to treat
new systems and larger systems.

Thestandard transformed formation properties of reactants
at pH =7 and pMg = 3 can be added to Table VI in the three
following ways.

(1) If data are available on all species of a reactant (for
example, P;) or the properties of all species can be calculated
since the reactant is formed from reactants with known
properties (for example, glucose 6-phosphate and a number
of other organic phosphate compounds where thermodynamic
studies have been made on the organic precursor), A¢H” and
A¢G”™ can be calculated directly. Further examples of the
first type are pyrophosphate, carbon dioxide, and ammonia.

(2) If areactant is a derivative of a substance like adenosine
for which A¢H° and AsS® are not known in dilute aqueous
solution, the device of assigning zero to one species as described
here can be used.

(3) If the apparent equilibrium constant of a biochemical
reaction can be determined at pH =7, pMg = 3,and 1 = 0.25
M, the transformed formation properties of a reactant can be
entered directly into Table V without information on its species.
The problem here is in calculating pMg at chemical equi-
librium. However, if the concentration of free magnesium
ions is highly buffered, pMg can be closely estimated without
knowing the magnesium dissociation constants for all of the
biochemical reactants, provided the thermodynamic properties
of the buffer are well-known.

The principle advantage of this approach is that it is easier
to look up properties of reactants than to look up reactions.
These properties can then be added and subtracted to calculate
A.H” and A,G” for an unknown reaction like the net reaction
for glycolysis.

NOMENCLATURE

A extensive Helmholtz energy of a system (kJ)

B constant in the extended Debye—Hiickel theory (L!/2
mol-1/2)

c® standard state concentration (1 M =1 mol L)

A¢C,° standard heat capacity of formation at constant

pressure (J K-! mol-1)

AC® standard transformed heat capacity of formation at
constant pressure (J K-! mol™!)

G extensive Gibbs energy of a system (kJ)

AG° standard Gibbs energy of a specified reaction in terms

of species at specified T, P, and I (kJ mol!)
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AG°()
Gl
A.G”®
AGR(D)

AH®
AH® (i)
AH”

AH (i)

I

K

K/

n'(i)
r;or r(i)
pH
pMg

P
R

AS°
AsS° ()
AS”
ApS™ (1)

T

standard Gibbs energy of formation of species i at
specified T, P, and 7 (kJ mol™!)

extensive transformed Gibbs energy of a system (kJ)

standard transformed Gibbs energy of a specified
reaction in terms of reactants (sums of species) at
specified T, P, pH, pMg, and 7 (kJ mol!)

standard transformed Gibbs energy of formation of
species 7 or reactant i (sum of species) at specified
T, P, pH, pMg, and I (kJ mol!)

standard enthalpy of reaction of a specified reaction
interms of species at specified 7, P, and I (kJ mol-!)

standard enthalpy of formation of species i at specified
T, P, and I (kJ mol™!)

standard transformed enthalpy of a specified reaction
in terms of reactants (sums of species) at specified
T, P, pH, pMg, and 7 (kJ mol™!)

standard transformed enthalpy of formation of species
i or reactant i (sum of species) at specified T, P,
pH, pMg, and I (kJ moi!)

ionic strength calculated with ionic concentrations in
moles per liter (M)

equilibrium constant for a specified reaction written
in terms of concentrations of species, omitting H,O
(dimensionless)

apparent equilibrium constant for a specified reaction
written in terms of concentrations of reactants (sums
of species), omitting H,O (dimensionless)

amount of reactant i (that is, sum of species) (mol)

equilibrium mole fraction of i within a specified class
of molecules (dimensionless)

-log ([H*]/c®) (dimensionless)

-log ([Mg?*]/c®) (dimensionless)

pressure (bar)

gas constant (8.31451 J K-! mol-1)

standard entropy of reaction of a specified reaction in
terms of species at specified T, P,and I (J K~ mol-!)

standard entropy of formation of species / at specified
T, P, and I (J K! mol!)

standard transformed entropy of a specified reaction
in terms of reactants (sums of species) at specified
T, P, pH, pMg, and 7 (J K-! mol™!)

standard transformed entropy of formation of species
i or reactant i (sum of species) at specified T, P,
pH, pMg, and I (J K! mol!)

temperature (K)
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2 charge of ion / (dimensionless)
o Debye—Hiickel constant (L1/2 mol-1/2)
v; stoichiometric number of reactant i in a specified

chemical reaction (dimensionless)

I ()] standard chemical potential of species i at specified
T, P, and I (kJ mol-1)
REFERENCES

Alberty, R. A. (1983) Ind. Eng. Chem. Fundam. 22, 318-321.

Alberty, R. A. (1991) Proc. Natl. Acad. Sci. U.S.A. 88, 3268-
3271.

Alberty, R. A. (1992a) Biophys. Chem. 42, 117-131.

Alberty, R. A. (1992b) Biophys. Chem. 43, 239-254,

Clarke, E. C. W., & Glew, D. N. (1980) J. Chem. Soc. 176,
1911-1916.

Clarke, H. B., Cusworth, D. C., & Datta, S. P. (1954) Biochem.
J. 58, 146-154.

Cox,J.D.,Wagman, D.D., & Medvedev, V. A. (1989) CODAT A
Key Values for Thermodynamics, Hemisphere, Washington,
D.C.

Goldberg, R. N., & Tewari, Y. B. (1989) J. Phys. Chem. Ref.
Data 18, 809-880.

Goldberg, R. N., & Tewari, Y. B. (1991) Biophys. Chem. 40,
241-261,

Guynn, R. W., & Veech, R. L. (1973) J. Biol. Chem. 248, 6966—
6972.

Kirkwood, J. G. (1934) J. Chem. Phys. 2, 351-361.

Larson,J. W., Tewari, Y. B., & Goldberg, R. N. (1992) J. Chem.
Thermodyn. (in press).

Lawson, J. W. R., & Veech, R. L. (1979) J. Biol. Chem. 254,
6528-6537.

Smith, W. R., & Missen, R. W. (1982) Chemical Reaction
Equilibrium Analysis: Theory and Algorithms, Wiley, New
York.

Wadsé, 1., Gutfreund, H., Privalov, P., Edsall, J. T., Jencks, W.
P., Armstrong, G. T., & Biltonen, R. L. (1976) J. Biol. Chem.
251, 6879-6885.

Registry No. ATP*,13265-06-0; HATP?*-, 64344-01-0; H,ATP?*,
64363-04-8; MgATP, 1476-84-2; Mg,ATP, 74804-12-9; ADP*,
52322-03-9; HADP?*-, 73679-94-4; H,ADP-, 89595-39-1; MgADP,
7384-99-8; AMP?, 6042-43-9; HAMP-, 47287-36-5; H,AMP, 61-
19-8; MgAMP, 73077-74-4; Haden*, 18475-49-5; aden, 58-61-7;
G6P%, 76939-52-1; HG6P-, 79101-58-9; MgG6P, 6810-04-4; H,0,
7732-18-5; H*, 12408-02-5; Mg, 7439-95-4; HPO,*-, 14066-19-4;
H,PO,4, 14066-20-7; MgHPO,, 7757-86-0; glucose, 50-99-7.



