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Abstract

Water plays a role in the thermodynamics of dilute aqueous solutions that is unusual in two ways. First, knowledge
of hydration equilibrium constants of species is not required in calculations of thermodynamic properties of
biochemical reactants and reactions at specified pH. Second, since solvent provides an essentially infinite source of
oxygen atoms in a reaction system where water is a reactant, oxygen atoms are not conserved in the reaction system
in dilute aqueous solutions. This is related to the fact that H O is omitted in equilibrium expressions for dilute
aqueous solutions. Calculations of the standard transformed Gibbs energies of formation of total carbon dioxide and
total ammonia at specified pH are discussed, and the average bindings of hydrogen ions by these reactants are
calculated by differentiation. Since both of these reactants are involved in the urease reaction, the apparent equilibrium
constants and changes in the numbers of hydrogen ions bound are calculated for this reaction as functions of pH.
© 2002 Elsevier Science B.V. All rights reserved.

Keywords: Water, Thermodynamics; Standard transformed Gibbs energy of formation; Binding of hydrogen ions; Legendre
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1. Introduction and Jeffries Wyman were both students of Hen-
derson. This remarkable book describes many
| first met John T. Edsall in 1945 at Harvard aspects that make the earth fit for life and includes
Medical School because E.J. Cohn, J.T. Edsall, a chapter on water, which | want to discuss here
and others were responsible for a wartime project from the viewpoint of thermodynamics of systems
on plasma proteins, and | was employed by the of biochemical reactions in dilute aqueous solu-
part of the project at the University of Wisconsin tions. As a young faculty member, | worked on
under the direction of J.W. Williams. When | met  g|actrophoresis, protein fractionation, and enzyme
John at that time, | remember hearing from him \;natics which led to many contacts with John
about Henderson's 1913 booklie Fitness of the  — gyeay | ater | served as an Associate Editor of
Environment' [1]. | later learned that John Edsall T .
the Journal of Biological Chemistry when he was
" *Tel: +1-617-253-2456: fax: 1-617-253-7030. Editor. After | moved to Cambridge, MA, in 1967
E-mail address: alberty@mit.eduR.A. Alberty). | saw more of John and in particular had many
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discussions with him about the thermodynamics of species/ is the ionic strength and pH —log[H*].
biochemical reactions. The work of our group and The extended Debye—Huckel equation is used to
that of others in the 1960s and 1970s lead IUPAC, adjust the standard transformed Gibbs energy of
IUB, and IUPAB to form a committee involving formation of a species to the desired ionic strength.
John to make recommendations on biochemical Note that whenv,,(i)=0, there is no dependence
thermodynamics[2]. | was invited to join the ~on pH, and whenz?—Ny(i)=0, there is no
committee, but | felt that | was too busy as a dependence on ionic strength. When the pH is
Dean. However, | did follow the discussions of held constant, species that differ only with respect
the committee and made suggestions. Later, | t0 the number of hydrogen ions bound become
became chairman of a successor committee spon-Pseudoisomers. When the pseudoisomers in a
sored by IUPAC and IUBMB that wrote a report 9roup are at equilibrium with each other, the
entitled ‘Recommendations for Nomenclature and Standard transformed Gibbs energy of formation
Tables in Biochemical Thermodynamids]. of thef pseudmsomer groufi.e. a reactant like

The origin of this second report was unusual ATP) is given by
because it really grew out of my research on the
thermodynamics of petroleum processing in the
period 1980-1990. In working on the thermody-
namics of chemical reactions in ideal gases with whereN',,, is the number of species in the pseu-
Oppenheim[4], | had learned about the use of doisomer group. SincA;G’? contains information
Legendre transforms to define new thermodynamic on the numbers of hydrogen atoms in the species,
potentials that provide the criterion for spontane- the average number of hydrogen atoMs in a
ous change and equilibrium when the partial pres- reactant can be calculated using
sure or concentration of a species is held constant o
in addition to7 and P. In 1991 | recognized for 1 (aAfGiJ (4)

TP

the first time that when the pH is specified, the = RT In(10) opH

Gibbs energyG does not provide the criterion for Calculating the average number of hydrogen

spontaneous change and equilibrium in biochemi- 4155 hound by using a derivative with respect to
cal reactions described in terms of reactants like pH traces back to Wymaii7], but Eq. (4) can
ATP, which is a sum of species. The transformed 3150 pe derived from the fundamental equation for

N’iso
A¢G'°=—RT In Zexp(—AfG’?/RT) 3
i=1

Gibbs energyG’ that does is defined bjp,6] the transformed Gibbs energy.

r_ + The apparent equilibrium constark’ for a
G'=G=n(HuH") @ biochemical reaction can be calculated using
wheren (H) is the amount of the hydrogen com- AG°=Y v AG® =—RTInK’ (5)

ponent in the systenii.e. the total amount of

hydrogen atoms and w(H*) is the specified where thev’, are the stoichiometric numbers of
chemical potential of hydrogen ions. These are the reactants and tha;G’? are calculated using
conjugate variables. This Legendre transform can EQ. (3) if the reactant consists of more than one
be used to show that the standard transformedspecies. The change in binding of hydrogen ions
Gibbs energy of formatiom\.G® of a species at in @ biochemical reaction can be calculated using

298.15 K can be calculated using 0
AN — 1 (aA,GiJ
AG°=AGO+ N ())RT In(10)pH T RT IN(AO\ apH )pp
—2.91482z2— Ny(D)[M?/(1+1.61%3) ) -1

where A,G? is the standard Gibbs energy of for- In (10) , ’
mation of the speciess; is its electric charge, x[aan) =_[a|ogKJ ©
Nu(i) is the number of hydrogen ions in the apH Jrp apH Jrp
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My initial interests in the thermodynamics of as unity in dilute aqueous solutions. This creates
biochemical reactions were on the hydrolysis of a problem because conservation matrices and stoi-
ATP and related reactionk8], but when | got to chiometric number matrices for systems of bio-
reactions involving carbon dioxide, | ran into chemical reactions are inconsistent when water is
problems that caused me to seek out John Edsall.a reactan{14].
Enzyme-catalyzed reactions involving carbon  When the activity of water is constant and water
dioxide are often written in terms of GAg), but is a reactant at a specified pH, the criterion for
it is more interesting to calculate the total concen- spontaneity and equilibrium is provided by the
tration of carbon dioxide in the aqueous phase. In further transformed Gibbs energy that is defined
thinking about carbon dioxide in dilute aqueous by [14]
solutions, | remembered John's research on the , ,
thermodynamics and kinetics of GO ,,H GO, G"=G'—n(O)n"(H:0) (8)
HCO; , and C@ that are so interesting from the wheren(O) is the amount of the oxygen compo-
standpoint of our exhalation of gaseous carbon nent in the systeni.e. the total amount of oxygen
dioxide, and so | went to see him. He found a atoms and u'°(H,0) is the standard transformed
copy of the NASA report9] that he had written  chemical potential of water at the specified pH.
in 1969 and gave it to me. This report contains These are conjugate properties. The further trans-
the value ofK,, for the hydration reaction formed Gibbs energg” is used when it is neces-
COL(sp) +H,0() =H.,COLsp (7) sary to recc_)gnize that when,H O is prod.uced_ or

consumed in an enzyme-catalyzed reaction, it is

at 298.15 K:K,=2.584x10"°. The sp refers to  not conserved in the reaction system because it
species. It should be noted that this equilibrium comes or goes from an essentially infinite reservoir
constant was obtained from kinetic measurements, in dilute aqueous solutions. The Legendre trans-
not thermodynamic measurements. | had first form in Eq.(8) indicates that the standard further

learned about this slow reaction in titrating carbon transformed Gibbs energy of formation of a species
dioxide solutions with dilute sodium hydroxide as s given by

an undergraduate because of the slow fading of

the endpoint using methyl orange as an indicator. A(G"? =A«G"?—No()AG"H,0) (9)

At pH 7 the relaxation time is approximately 15\ here No(i) is the number of oxygen atoms in
s. Although the NBS tableflQ] have entries that speciesi and AG'°(H,0) is the standard trans-
might appear to be CO(sp), HxCOs (S, formed Gibbs energy of formation of,H O at the
HCO; (sp), and CG~ (sp), s Introduction  gacified pH and ionic strength. Note that E8)
contoalns a warn!)ng that A,G(H,CO;,a0 = shows that the further transformed Gibbs energy
AG%(CO;,20 +AG (HZO,ao)f Whgre a0 _indi- . of formation of H O is 0. In dilute agueous
cates the property of_an gndlssouated_molecule N solutions at specified pH, reactants that differ from
water. T.h's convention Is a_lccompanled by the other reactants only with respect to the number of
explanatlpn that the e.qu'l.'b”um constat, for. oxygen atoms and hydrogen atoms they contain
Eq. (7) is taken arbitrarily to be unity. This become pseudoisomers. The standard further trans-

difference in equilibrium constants by a factor of f : : '
! ) : ormed Gibbs energy of formation of a pseudoiso-
400 was the first problem | had with water in mer group is given by

thermodynamic calculations. The calculation of
A¢G'° and A.H'° for the sum of species, referred
to as CQ tot, led me to consider this problem in
three paper$l1-13.

N”iso
AG"™=—RTInY}’ exp(— AfG”?/RT)

i=1

(10

The second problem that | ran into with water
was caused by the convention used in writing
expressions for equilibrium constants of reactions
involving water; i.e., the activity of water is taken

where N"is, the number of pseudoisomer groups
when the activity of water is constant.

The apparent equilibrium consta” for a
biochemical reaction involving water can be cal-
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culated using Table 1
Standard Gibbs energies of formation in aqueous solution at
AG"O= Zv"iAfG”,@): —RT InK” (11 298.15 K, 1 bar, and=0 from the NBS table§10] and for
specieg[1]]
where thev”; are the stoichiometric numbers of
the reactants and th&,G"® are calculated using AG*@0) AGsp
Eq. (10) if the reactant consists of more than one (kJ mal™) (kJ mol™®)
species. Since\;G™ contains information about CO, —385.98 —385.97
the number of hydrogen atoms in a pseudoisomer HzC0Os —623.08 —608.33
group, the change in the number of hydrogen ions coR :gg%z :22%1

bound in a biochemical reaction involving,H O
can be calculated using

as a convention of the table. At first sight it

AN, = 1 (aArG Oj appears strange to take the equilibrium constants
RT In(10\ opH )7 p a0 for all these hydration reactions to be equal to
—1 (olnK" unity. In my first calculations [11] of
= In(lO)(ap—H] AG'(CO toh) and AH'(CO,tob) | used Edsall’s
T.P.a(H20) recommendedk,,=2.584x 102 to calculate the
_ _(alog K’j (12) standard formation properties of speciedicated
PH )1 p a0 by sp that are given the second column of Table
o 1.
wherea(H0) is the activity of H, O. Table 1 indicates that thekpfor H,COx(sp) is

The solutions to these two problems are illus- 378 4t 298.15 K and O ionic strength. This is
trated here by calculation of the thermodynamic quite different from the value calculated frok,
properties of carbon dioxide and ammonia in dilute \,nich corresponds with Ky, =6.37 at O ionic
agueous solutions and the application of these strength.
properties to the urease reaction. The calculations
have been carried out USiNMATHEMATICA ® [15] K. = Kico,  1.668x10°*
and thermodynamic data on the wgkf] for 119 YU1+41/K, 1+1/2.584x10°3

biochemical reactants. —4.299x 10~ 7 (15)
2. Standard thermodynamic properties of car- Note  that AfGO(HzC03,810= —385.98-
bon dioxide in dilute aqueous solutions as a ~ 237.13=—-623.11 kJmot* , where
function of pH A;G°(H,0,a0 = —237.13 kI mot* (There is an

error of 0.03 kJmol! in the NBS tables for

In the NBS tableg10] some species in aqueous H2C0x(a0).)

solution are listed with two or more formulas that !N 1995 [11] | calculated the standard trans-
differ only in the number of molecules of water formed properties of CO tot as a function of pH
they contain. Examples of interest to biochemists @nd ionic strength by using the species values in
are CQ —H CQ and NK —NK OH, but there are Table 1. In 1997[12] | calculated the standgrd
a dozen more examples in the NBS tables. The fransformed properties of GO tot by an entirely
introduction to the NBS tables explains that the different route using equilibrium constants for
thermodynamic properties of each pair are con- feactions of species in Table 1. In 19983 |

directly from the NBS tables by using values for
A+nH0()=A-nH0 (13 H,CO4(a0), HCO;(a0), and CG (ao). This

The standard reaction properties are taken to beShows that K, is not needed to calculate
AG°(CO,tof). Table 2 gives values of

AG°=AH=A5°=0 (14) A«G’°(CO, o) calculated using data and programs
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Table 2

187

Standard transformed Gibbs energies of formationkJ mol~!) and average numbers of hydrogen ions bound by, CO tot and

ammonia at 298.15 K and 0 ionic strength

pH 4 pH 5 pH 6 pH 7 pH 8 pH 9 pH 10
AG"(CO, tob) —577.46 —566.13 —555.50 —547.33 —541.17 —535.52 —530.64
N(COstod) 2.00 1.96 1.70 1.19 1.02 0.96 0.68
AG'°(ammonia 12.02 34.86 57.68 80.50 103.21 125.08 144.33
Ny(ammonia 4.00 4.00 4.00 3.99 3.95 3.64 3.15
in Ref. [16] at 298.15 K and 0 ionic strength from K;. In other words, the same value of

pH 4 to 10. Values oV ,(CO,tot) were calculated
using Eq.(4).

Values of A{G'°(CO,tof) and N,(CO,tod) at
298.15 K and 0 ionic strength from pH 4 to 10
are plotted in Fig. 1. It is of interest to note that
the inflection in the binding plot is centered at pH
6.5, rather than at pH 3.78 that corresponds to the
pK for H,CO4(sp).

A¢G'°(CO,tob) is obtained by assuming tha, is
2.584x 1072 or unity.

3. Calculation of the standard transformed ther-
modynamic properties of ammonia as a function
of pH

The thermodynamic treatment of ammonia in

A general way to summarize the complication dilute agueous solutions involves consideration of
of water of hydration in thermodynamics is to say the species N , Nk , and NH OH, but in con-
that if only dilute aqueous solutions are considered, trast with CQ tot, the hydration constant for

and this is the case here, it is impossible to
determinen in Eq. (13) or K,, by thermodynamic

NHs(sp) +H,O(1) = NH ,OH(sp) (16)

measurements because the activity of water is notiS not known. The NBS tables give values for

variable. When more concentrated agueous solu-

NH;(a0), NHj(ao), and NH,OHao), where

tions are considered, the thermodynamic treatmentA:G°(NH,0H,a0 = A;G%(NH;,a0 + A:G%(H,0,1)

becomes much more complicated and is not dis-
cussed here. The NBS tables provide a service in
giving A;G°(H,CO;,a0, even though it is equal
to A(G%(CGO,,a0 + A;G°(H,0,]), because it is con-
venient to consider that H C{ro)=H"(ao0)+
HCO; (ao), after all it gives the correct value of

AG'®
=330

=540
=550
-3&0
=370

5 5 PH

e 7

(a)

8 9 1

Fig. 1. (@) A{G'°(CO,tod) in kI mol~! at 298.15 K and 0 ionic
A:G'°(CO,tob) with respect to pH as indicated by EG®).

based on the convention th&t=1 for Eq. (16).

The standard transformed Gibbs energy of for-
mation of ammonia can be calculated from
A:G°(NHz,a0 and A;G°%(NH, ,a0) because they
are pseudoisomers at a specified pH. The values
of A{G'°(ammonia and N,(ammonia can be

=

o bk ek ek
00 = b3 o O 00 BD

[

strengtth) I\7H(C02tot) obtained by taking the derivative of
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4B e N,
140 4
120 2.8
1o 2.6
&0 3.4
gg 3.2
R TR S e e e
(a) (b)

Fig. 2. (a) A;G’°(ammonia in kJ mol~* at 298.15 K and 0 ionic strengtth) Ny (ammonia obtained by taking the derivative of
A;G'°(ammonia with respect to pH, as indicated by E®).

calculated using data and programs in R&f] as (AT is the null space of(v')", and so these
functions of pH at 298.15 K and the desired ionic matrices are interconvertible, and that is useful
strength. Values are given in Table 2 and are when computers are used to calculate equilibrium
plotted in Fig. 2. compositions.
Matrices provide a convenient way to input and
4. Use of standard further transformed Gibbs output data in using computers, and Krambeck
energies of formation for systems of reactions  [17] has written convenient programs for calculat-
involving water as a reactant ing equilibrium compositions by use of the New-
ton—Raphson method. The prograeQucaLcc
The second problem referred to above occurs rgquires a matrix of the coefficients in the conser-
when water is a reactant in a series or cycle of yaion equations, a vector of the standard Gibbs
biochemical reactionfl4]. For a single reaction it energies of formation(or standard transformed

is easy enough for an investigator t(g remember 10 Gjnhs energies of formatiorof the reactants, and
include H O in the calculation of,G™ and leave 5 yector of the initial amounts of the reactants.

HZO out of the expression for_the apparent equilib- 14 ProgrameQUCALCRx requires the stoichio-
rium constant. .BUt when series or cycle's of reac- metric number matrix, a vector of the equilibrium
tions are con&dgr_ed_ and a computer is used toconstants(or apparent equilibrium constantsf a
calculate the eqwhbru_Jm composition, It IS NeCes- o ¢ independent reactions, and a vector of the
rsnaer%/rifzontﬁb%?nnsw;\r/i?:g?v%i}rr(lecesand stoichio- initial amounts of reactants. These programs are
available in digital form in BasicBiochemData2
Av'=0 an [16].
When H,O is a reactant, it is necessary to

and . L o ; .
include it in the stoichiometric number matrix so

(»)T(A)T=0 (18 that apparent equilibrium constants for the reaction
The apparent conservation mat is C' XN/, system can be calculated using

where C_/ is the number of apparent components AG =AG= —RT InK’ (19)

and N' is the number of reactants. The apparent

stoichiometric number matrix i8 XR', whereR’ where matrices are indicated by the use of bold

is the number of independent reactions. Ebjy7) face type. The matrix of standard transformed

shows thatv’ is the null space of\’, and it can Gibbs energies of formation isXIN'. The matrix

be calculated by hand for small matrices or by for the standard transformed Gibbs energies of
using a computer for large matrices. Note that reaction is IXR’, and the matrix of apparent
neither matrix is unique. Eq(18) shows that  equilibrium constants is alsoXR'. But when H, O
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is a reactant, oxygen atoms are not conserved in a(v»")"(A")T=0 (2D
system of reactions because they can be obtained

from an essentially infinite reservoir of oxygen

atoms in dilute aqueous solutions. This means that®. Calculation of the standard transformed
Egs. (17) and (18) do not apply. This problem  Gibbs energy of the urease reaction

can be solved by using the further transformed
Gibbs energyG” defined in Eq.(6). When this is
done, the column and row for H O are deleted in
the conservation matrid’ to obtainA”. When the
constancy of the activity of water is taken into
account by the definition o&5”, the conservation

The urease reactio(EC 3.5.1.53 involves both
carbon dioxide and ammonia, and, since the ther-
modynamic properties of urea are knod0], its
apparent equilibrium constant can be calculated at

and stoichiometric matrices may be changed by 298-15 K for a range of pH values. In Enzyme
more than the deletion of the row and columns for Nomenclature[18] the urease reaction is written
H,0. When the pH and(H,0) are specified some 2

of the reactants become psgudmso_mers. Forexam-; .o, H,0=CO,+2NH, (22)
ple, citrate, isocitrate, andis-aconitate become

pseudoisomers under these conditions, and so the However, to calculate the apparent equilibrium
number of columns in the conservation matrix is constantk’ in the aqueous phase over a range of

also reduced. Then prograepucALccyields the i it is necessary to write the urease reaction as
equilibrium composition when a vector of further

transformed Gibbs energies of formation and a Urea+ 2H,O=CO,tot+2ammonia (23
vector of amounts of pseudoisomer groups exclud- o ) )
ing water are used. Note that when a reaction involving GO gas is

There is another way to calculate the equilibrium rewritten in terms of the total concentration of
composition when water is a reactant that is more carbon dioxide in the aqueous phase, it is necessary
convenient. That method involves the use of toaddan H O on the other side of the biochemical
EQUCALCRX Wwith a stoichiometric number matrix equation. There are two ways to calculate the
omitting water and a vector of apparent equilibri- apparent equilibrium constant for the urease reac-
um constantX™” for the set of independent reac- tion as a function of pH. The first is the usual
tions. When EQUCALCRX is used, the method using the standard transformed Gibbs ener-
stoichiometric number matrix is utilized by the gies of formation of the four reactants. Using the
program to construct a corresponding conservation database and programs WATHSOURCE [16], the
matrix. This avoids using standard transformed standard transformed Gibbs energy at 298.15 K
Gibbs energies of formation directly. In both cases for £q. (23) can be calculated by simply typing
the program uses a conservation matrix, but in i, the reaction. Fig. 3 gives a plot of the standard
EQUCALCRX this matrix is calculated by the com-  yansformed Gibbs energy of reaction at 298.15 K

puter program from the stoichiometric number 504 25 M jonic strength and the change in the
matrix where water is not included as a reactant. binding of hydrogen ions in the reaction

This has t_he advantgge that stan(_jard further trans- The extreme values of this plot are readily
formed Gibbs energies of formation do not have .
understood. At very low pH the predominant

to be calculated. chemical reaction is
When oxygen atoms are not conserved, their

conservation equation is omitted in the new con- CON,H,+2H,0+2H" =H L£O4+ 2NH*% (24)
servation matrixA” and stoichiometric numbers 4 4

for H,O are omitted in the correspondimg, where At very high pH the predominant chemical
Ay =0 (20) reaction is

and CON,H,+2H,0=CO0% +2NH s+ 2H* (25
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AG'° AN,
-20 2
-30 1
—40
H
=30 4 6 8 T
—60 -1
H
4 6 8 10 P -2
(a) (b)

Fig. 3. (a) Plot of the standard transformed Gibbs energy of the urease red&iipi623)) at 298.15 K and ionic strength 0.25 M.
(b) Change in the binding of hydrogen ions in the reaction.

The second way to calculate the standard trans-concentration of H O changes during the reaction.
formed Gibbs energy of reaction is needed when The conservation matrix for E426) is obtained
a computer program using the conservation matrix by deleting the row and column for oxygen in
is used to calculate the equilibrium composition of matrix Eq.(27):
a system containing this reaction alone or as part

. . . h urea CQ tot ammonia
of a system of reactions. This calculation requires C 1 1 0
the further transformed Gibbs energies of forma- A= (29
tion A;G"° of urea, CQ tot, and ammonia because N 2 0 1

the activity of water does not change in the
reaction. When this method is used, the reaction .
is written as '

The stoichiometric number matrix for E€26)

urea CQ tot ammonia

Urea= CO,tot+ 2ammonia (26) (»)T= -1 1 2 (30)

The stoichiometric number for H O is taken as
0 because oxygen atoms are not conserved, and SO The dot productA’v’ gives a zero matrix, as

the standard further transformed Gibbs energy expected. These matrices treat the system as if the

A.G™ is used. concentration of B O does not change during the
The difference between the uses of E(23) reaction.
and (26) is clarified by the use of matrices. The  The standard further transformed Gibbs energies
conservation matrix for E(23) is of the reactants are calculated using the following
urea H O CQ tot ammonia equations:
C 1 0 1 0

AG"(ured = A;G'°(ured — AG'(H,0)  (31)

A= O 1 1 3 0
AG"(CO,toh) =
N 2 0 0 1 - AG(COyto) —3AGAH,0)  (32)
The stoichiometric matrix for E(23) is A:G"°(ammonia = A;G’°(ammonia (33
()= "7 :’220 qu“’t am;c’”ia 29) where Eq.(9) has been used. These properties

incorporate 2 mol of B O intaA,G" when Eq.

(26) is used, so that the standard further trans-
The dot productA’v’ gives a zero matrix, as formed Gibbs energy of reaction is equal to the

expected. These matrices treat the system as if thestandard transformed Gibbs energy of reaction at
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each pH. Eq(26) leads to

AG"(Eq. 20 =A;G"(CO,tod) + 2A:G" (ammonia — A;G" (ured
=AG"(Eq. 23 (39

Thus K"=K'. Eq. (34) leads to the same plots
of A;G'° and A,N,, as functions of pH as in Fig.
3.

6. Discussion

The two problems with K O in the thermody-
namics of biochemical reactions in dilute aqueous
solutions are(1) the fact that the hydration equi-
librium constantk, does not have to be known
when hydrated forms exist an@®) there is an

191

A;G°(adenosing= A;H°(adenosing=0. More
recently, Boerio-Goates et al19] have obtained
these properties of adenosine calorimetrically. This
makes it possible to drop the convention used
earlier for the whole ATP series and changes the
standard thermodynamic properties, but this does
not change the values of apparent equilibrium
constants and heats of reaction calculated using
the earlier table.

The thermodynamics of liquid water itself is an
extreme example of not having to deal with hydra-
tion because the structure of water does not have
to be analyzed in terms of H @QH,0),, (HL0),...

As Edsall and Wymari20] wrote ‘the structure of

inconsistency between the conservation matrix and Water is truly unique.” The remarkable thing about
the stoichiometric number matrix when,H O is a theérmodynamics is that measurement of the heat

reactant. The examples of carbon dioxide and Of combustion of molecular hydrogen and heat
ammonia show that it is not necessary to have capacity measurements obH ,O , and H O down

values of hydration constant§, to make thermo-
dynamic calculations on dilute aqueous solutions
on species that are in equilibrium with their
hydrates.

to nearly absolute zero yields a value of
A(G°(H,0,) that can be used to calculate the
contribution of water to the apparent equilibrium
constant at a specified pH for any reaction in dilute

Other species in enzyme-catalyzed reactions aqueous solutions. This neglect of hydrated forms
may be hydrated, but this hydration can also be may not be appropriate in kinetics because alter-
ignored. A prime example of this is the hydrogen nate pathways can contribute, as in the hydration
ion. Although the species is represented as H , it of CO,(sp) to form H,COysp) that is catalyzed
is certainly not a bare proton in agueous solutions. py carhonic anhydrase.

Hydr+ogen ions in water are often indicated by “the gecond problem encountered when H O is
H0™, but tr}a':_undez)t[ipre?ents t?i col_n;glexny of a reactant has been illustrated by the urease reac-
aqueous solutions. er torms ik MaY tion. This problem is not serious when a single

exist, but the point is that thermodynamic calcu- .. . o

lations. can bepmade without knowI){edge of these enzyme-catalyzed reaction is considered, but it is

hydration constants or others. The use af H O serious when conservation matrices are used in
' calculating equilibrium compositions for series or

balancing chemical reactions is not satisfactory .
because it does not adequately represent the actuafYcles of enzyme-catalyzed reactions. When H O

situation and is unnecessary in thermodynamic i & reactant in dilute aqueous solutions, oxygen
calculations on dilute aqueous solutions. atoms are not conserved in the reaction system
In fact thermodynamics works even though it is because they can be withdrawn from or moved to
not possible to measur&G°(H*) directly. This  an essentially infinite reservoir of water molecules.
value is taken as 0 at each temperature as aThe calculations with urease show how H O can
convention in making thermodynamic tables. The be omitted in the biochemical reaction used for
same type of convention has been useful more quantitative thermodynamic calculations.
recently in calculations on biochemical reactions.  There are many more important aspects of water
When Alberty and Goldberf8] made calculations in connection with thermodynamic calculations
on the ATP series, it was not possible to connect that are not discussed here, but this article has
any of the reactants containing adenosine with the been concerned with two aspects of quantitative
elements, and so the convention was adopted thatcalculations on systems of biochemical reactions.
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