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A thermodynamic investigation of some reactions
involving prephenic acid
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Calorimetric enthalpies of reaction have been measured for the following enzyme-catalysed
reactions at the temperature 298.15 K:

prephenat@g) = phenylpyruvatéaq) + carbon dioxidéag),
prephenat@q + NADox(ag + HoO(l) = 4-hydroxyphenylpyruvat@g) +
NAD eg(ag + carbon dioxidéag).

Here, NADyx and NADq are, respectively, the oxidized and reduced forms3of
nicotinamide adenine dinucleotide. The enzymes that catalyse these respective reactions,
prephenate dehydratase and prephenate dehydrogenase, were prepared by expression of the
appropriate plasmids using the techniques of molecular biology. The calorimetric measure-
ments together with the equilibrium modeling calculations lead to a standard molar enthalpy

changeArHS = —(126+ 5) kJ-mol~1 for the reference reaction:
prephenat’e’ (ag) = phenylpyruvate (ag) + HCO; (ag).

Similarly, ArtHG = —(74+ 3) kJ-mol~1 for the reference reaction:

prephenat& (ag) + NAD g (ag) + Ho0(l) =
(ag) + HCOj (ag) + H (ag).

Both results pertain t& = 29815 K and ionic strength = 0. Benson estimates for
the entropies lead to approximate values of the equilibrium conskards 1-10% and
K~1. 1012, respectively, for the above two reference reactiaqpa.999 Academic Press

4-hydroxyphenylpyruvate(ag) + NAD?&'
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FIGURE 1. Structures of the substances in reactions (1) and (2). The neutral forms of the substances
are shown.

1. Introduction

The enzymes prephenate dehydratase (EC 4.2.1.51) and prephenate dehydrogenase (EC
1.3.1.12) catalyse, respectively, the reactions:

prephenat@aq) = phenylpyruvatéag) + carbon dioxidéag), (1)
prephenat&ag) + NADox(ag) + H2O(l) = 4-hydroxyphenylpyruvat@g) +
NAD eq(ag) + carbon dioxidéag). (2)

Here, NADyx and NADg are, respectively, the oxidized and reduced formg-ofcotina-

mide adenine dinucleotide. The structures of these substances are shown in figure 1.
These two reactions, which are the first steps in two branches of the chorismate metabolic

pathwayi? are followedn vivoby transamination reactions in which the phenylpyruvate and
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4-hydroxyphenylpyruvate are converted, respectively; phenylalanine and-tyrosine. In

this same metabolic pathway, prephenate is formed from chorismate by an enzyme-catalysed
(chorismate mutase, EC 5.4.99.5) Claisen rearrangement. The transamination reactions and
the conversion of chorismate to prephenate have been the subject of recent thermodynamic
studies? 3 Accordingly, the aim in the present study was to perform calorimetric and
equilibrium measurements on reactions (1) and (2) and thus obtain a complete picture of the
thermodynamics of a major portion of the chorismate metabolic pathway. This necessitated
the preparation of prephenate dehydratase and prephenate dehydrogenase by starting with
the expression of the appropriate plasmids and by using the techniques of molecular biology.
In addition to its inherent biochemical interest, this pathway is also of importance because
of its potential use for the large-scale production of aromatic amino acids and other valuable
products® )

2. Experimental

Relevant information on the substances used in this study is given in table 1.1 In the ab-
sence of a sample of prephenic acid having sufficient purity, it was decided to prepare this
substancén situby using a well-characterized sample of chorismic &&hd the enzyme
chorismate mutase (EC 5.4.99.5). This conversion of chorismate to prephenate was found
to be essentially complete under the conditions used for the calorimetric experiments (see
below). Specifically, the mole fraction of chorismate remaining w8s10~* following a
reaction time of 1 h. Previous kinetic restfit§) showed that the half life for the decom-
position of prephenate via reaction (1) is 130 h at the temperature 298.15 K aad/gH
Thus, for the calorimetric experiments, where the prephenate was in solutieelfbr
prior to initiation of the reaction(s) of interest, the mole fraction of prephenate converted to
(phenylpyruvatet- carbon dioxidet+ H,O) was~0.0053.

Prephenate dehydrogenase was produced by expression of the plasmid pJXZbf Xia
al.®) This plasmid is a recombinant of pUC19 with a 1600 base DNA insert fEmm
winia herbicola This insert contains a defective pheA gene and a tyrA gene that is missing
the coding for 37 amino acids at its amine terminus (replaced by 18 amino acids from
the polycloning site of the lacz-peptide of pUC19). The resulting DNA encodes for a
monofunctional prephenate dehydrogenase with no chorismate mutase activity. The pro-
tein was expressed iB. coli KA12 cells that are deficient in pheA and tyrA resulting
in no endogenous chorismate mutase, or prephenate dehydratase, or prephenate dehy-
drogenase activit§) The cells were grown in a Terrific Broth medium batch culttfbe
at T = 310 K for ~15 h. The cells were harvested by centrifugation at the accelera-
tion a ~ 3000 g, (gn = 9.80665 ms~2), washed in the buffeftris (hydroxymethyl)
aminomethane (Tris) (concentration= 0.01 mol-dm~3) + ethylenediaminetetraacetic
acid (EDTA) (c = 0.0001 moldm~3) + dithiothreitol (DTT) (c = 0.001 moldm™3),
adjusted with HCI to pH= 7.4}. These cells were then re-harvested by centrifugation

tCertain commercial equipment, instruments, or materials are identified in this paper to specify the experimental
procedures adequately. Suchidentification is notintended to imply recommendation or endorsement by the National
Institute of Standards and Technology (NIST), nor is it intended to imply that the materials or equipment identified
are necessarily the best available for the purpose.
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at the same acceleration to produce a cell pellet. This was followed by re-suspension
(mass concentratiop of the cell pellet in the buffe= 0.25 kg-dm~3) in a second buffer
{3-(N-morpholino) propanesulfonic acid (Mop&) = 0.02 mol-dm~2 + sodium acetate
(c = 0.0083 moldm~3) + EDTA (c = 0.001 motdm~3) + DTT (c = 0.001 motdm~3),
adjusted with a Tris base to pH 7.4}. All of the aforementioned procedures were car-
ried out atT = 277 K. The resulting cell mass (15 g) was kept frozed at 193 K
and thawed afl ~ 296 K immediately prior to the purification step. The lysis of the
thawed cells was accomplished by adjusting the pH to 7.8 with KOH 5.0 mol-dm~3)
and then adding EDTAc = 5 mol-dm~3), DTT (c = 0.001 motdm3), and lysozyme
(y = 0.2 g-dm3). After incubation in the refrigeratoff( = 277 K) for 1 h to 2 hdeoxyri-
bonucleasé¢y = 1 g-dm=3), and MgSQ (c = 0.01 mol-dm~3) were added and incubation
was continued for one additional hour. The lysed cells were centrifugee-e2.9-10*- g,
for 1 h and the supernatant was saved for purification of prephenate dehydrogenase.

The cell lysate was loaded onto a diethylaminoethane (DEAE) Fast-Flow Sepharose col-
umn (Pharmacia Biotech, Piscataway, NJ) which was equilibrated with buffi&iHAP Oy
(c = 0.02mol-dm=3) + DTT (¢ = 0.001 moldm~3) adjusted to pk-7.5 with KOH(aq).
The column was washed with the aforementioned buffer followed by a gradient of KCI
(c = 0 toc = 0.4 mol-dm~3) in buffer A. Active fractions were pooled and concentrated
by using an Amicon cell with a YM10 membrane. The sample was diluted with buffer A
and re-concentrated to reduce the KCI concentration 13-fold. The protein was then loaded
onto a hydroxyapatite column and eluted with a gradient of buffez & 0.02 mol-dm—3
to ¢ = 0.30 mol-dm~3). Active fractions were again pooled atH4)>S0O; was added
until the concentration ofNH4)2SO; reached D mol-dm—23. The pH was then adjusted
to 7.5 with either KOH(aq) or HCl(aq). The pooled active fractions were subjected to a hy-
drophobic interaction chromatography step (Phenyl-6 Fast-Flow Sepharose column, Phar-
macia Biotech, Piscataway, NJ). The column was washed with a gradiéNtHa),SO,
(c = 0.7 mol-dm~2 to ¢ = 0) in buffer A. Prephenate dehydrogenase did not elute until
the column was washed with water. The mass fractiow 0.9 of prephenate dehydroge-
nase in the resultant protein was determined by sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) analysis. The mass concentiatdthe protein in solution
was 28 g-dm~3. The activity of the prephenate dehydrogenase w484 mol-s~1.g~1.
This activity was measured by following the reduction of Ng&Bo NADeq Via reaction (2)
in {KoHPO4 (¢ = 0.05 mol-dm=3) +NADgy (¢ = 5-10~* mol-dm~3) + prephenate
(c = 4-10*mol-dm3), pH= 7.5} at T = 296 K. This followed the procedure of Byng
etal(b exceptthat the absorbance of NApat the wavelength = 340 nm was monitored
instead of fluorescence.

Prephenate dehydratase was prepared by expression of the plasmiétp&aihgaining
the monofunctional pheC gene Bseudomonas aeruginosaE. coli KA12 cells® The
culture and harvest of the cells was as described above for the preparation of the prephenate
dehydrogenase with the exception that isopropylthiogalactaside 0.001 moldm—23)
was added to the medium once the cells had reached the logarithmic phase of growth. Cell
lysis was accomplished with the use of a bead beater. A two-step chromatographic procedure
was used for the purification of prephenate dehydratase. First, the protein was loaded onto
a Q-Sepharose anion exchange column (Pharmacia Biotech, Piscataway, NJ) equilibrated
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with buffer B {K2HPQy (¢ = 0.02 mol-dm~3) + DTT (¢ = 0.001 motdm3), pH = 8.5}

and eluted using a KCl gradient & 0 to ¢ = 0.30 mol-dm~3) in buffer B. Active frac-

tions were pooled and diluted with buffer CK,HPOy (¢ = 0.02 mol-dm=3) +DTT

(c = 0.001 moldm™3), pH = 7.2} to reduce the KCI concentration and then loaded onto

a hydroxyapatite column that had been equilibrated with buffer C. The prephenate dehy-
dratase was eluted with a gradient of buffefciG= (0.02 mol-dm~3 to 0.30 mol- dm3)}.
Prephenate dehydratase activity was assayed by carrying out reactiofirisiric =

0.025 moldm~3) + prephenic acidc = 5.10~* mol-dm™3), pH=8.2} at T = 297 K.

After incubation afT = 297 K, aliquots were removed at appropriate time intervals and
analysed by h.p.l.c. Here, a Hewlett-Packard 1050 h.p.l.c. equipped with a u.v. detector set
at) = 210 nm and a Hewlett-Packard Hypersil C-18 column (4 mm i.d., 250 mm long)
were used. The separation was isocratic (flow ggte= 0.0133 cn?-s~1) with the mobile
phasgacetonitrile (volume fractiop = 0.20)+K,HPOy (¢ = 0.01 mol-dm=3, pH = 7.5)

(¢ = 0.80)}. The retention time for phenylpyruvate was 4.2 min and the retention time of
prephenate was 2.5 min (the void volume of the column). The activity of the enzyme was
4.2.10~* mol-s~1.g~1 with y = 6 g-dm~2 and a mass fraction purity 0.8 as judged by
SDS-PAGE analysis.

A Hewlett-Packard h.p.l.c. equipped with a u.v. detector set at 215 nm and a
Hewlett-Packard Hypersil C-18 column (4 mm i.d., 250 mm long) were used for the anal-
ysis of chorismate, prephenate, phenylpyruvate, 4-hydroxyphenylpyruvategNABd
NAD/eg. The column was thermostatediat= 313 K for the study of reaction (1) and was
kept at ambient temperatures295 K) for reaction (2). The mobile phase for reaction (1)
consisted of (A){tetrabutyl ammonium hydroxide (= 0.01 mol-dm~3) + NH4H,POy
(c = 0.025 moldm~3)} adjusted to pH= 7.0 with H3PO4 and (B) acetonitrile; the flow rate
qv was 00133 cn?-s~L. The following gradient of these two mobile phases was formed:
¢(A) = 0.85andp(B) = 0.15 attimet = 0; ¢(A) = 0.80 andp(B) = 0.20 att = 10 min;
and¢(A) = 0.50 and¢(B) = 0.50 att = 20 min. With this procedure, typical retention
times were: chorismate, 8.8 min; prephenate, 9.8 min; and phenylpyruvate, 18.3 min. For
reaction (2), the mobile phase consisted¥$HPQO; (¢ = 0.03 mol-dm~3) + methanol
(¢ = 0.04)} at pH= 6.2. This was run isocraticallyy(, = 0.0133 cn¥-s~1). Under these
conditions, typical retention times were: prephenate 3.1 min; chorismate, 3.5 mirgNAD
8.6 min; 4-hydroxyphenylpyruvate, 12.1 min; and NA& 13.6 min.

Attempts were made to determine apparent equilibrium constants for reactions (1) and (2)
by approaching equilibrium from both directions of the reaction. The solution used for
the forward direction of reaction (1) contained prephenate (molality= 0.00264 mol
-kg™1) in a KoHPO, buffer (m = 0.10 mol-kg~1, pH = 7.19). The solution used for
the reverse direction of reaction contained phenylpyruvate=(0.00259 molkg—1) and
sodium carbonaten{ = 0.0106 molkg™?) in the same phosphate buffer. The enzyme
prephenate dehydratase was then added to these solutions so that the mass fraction of
the enzyme in these solutions wad.5-104. Following equilibration for 19 h, the mo-
lalities of prephenate and phenylpyruvate were measured by using the chromatographic
procedure described above. The pHs of the reaction mixtures for the forward and reverse
direction of the reaction were 7.14 and 7.47, respectively. A similar procedure was used
for reaction (2). Here the solution used for the forward direction of the reaction contained
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prephenatent = 0.00227 molkg~1) and NAD,y (m = 0.00392 molkg™—1) ina NgpHPOy

buffer (m = 0.1 mol-kg~1, pH = 7.50). The solution used for the reverse direction of the
reaction contained 4-hydroxyphenylpyruvéate = 0.00291 molkg~1), sodium carbonate

(m = 0.00974 molkg~1), and NADeq (M = 0.00286 molkg~1) in the same phosphate
buffer. The prephenate dehydrogenase was then added to these solutions so that the mass
fraction of the enzyme in these solutions wek 3-10-4. These solutions were also placed

in 20 cn? Teflon capped glass bottles and gently shaken at about 50 r.p.m. in a water-
bath thermostated at = 29815 K. Following equilibration for 21 h, the molalities of
prephenate, 4-hydroxyphenylpyruvate, NaDand NADeq were determined chromato-
graphically. The pHs of the reaction mixtures for the forward and reverse directions of
the reaction were 7.25 and 7.84, respectively. The limit of detectability of prephenate was
~4-10-% mol-kg~! under the chromatographic conditions employed in this study.

Three heat-conduction microcalorimeters were used for the enthalpy of reaction mea-
surements. They were calibrated electrically with a high stability d.c. power supply, cal-
ibrated digital voltmeter, standard resistor, and time-interval counter. Descriptions of the
microcalorimeters and their performance characteristics, the data-acquisition system, and
the computer programs used to treat the results have been given by Se¢eki&? 19 The
data-acquisition system has recently undergone significant modernization. The voltages of
the thermopiles of the microcalorimeters are now measured with Hewlett-Packard model
34420A Nanovolt Meters. These voltages are then recorded on a microcomputer with a
data-acquisition program written in Hewlett-Packard HP-VEE. The integration of the areas
of the thermograms is done by using a code written in C++.

The calorimetric sample vessels were fabricated from high density polyethylene. Each
vessel had two compartments that held, respectisehb5 cn? and~0.40 cn? of solution.

The substrate solutions were placed in the 0.58 compartment and the enzyme solutions
were placed in the 0.40 chtompartment. The substrate solutions for reactions (1) and (2)
initially contained chorismate and chorismate mutase. As pointed out above, the choris-
mate mutase-catalysed conversion of chorismate to prephenate was rapid and essentially
complete. In order to carry out reaction (2) NADwas added to the buffer used for the
preparation of the substrate and enzyme solutions. Prephenate was the limiting reactant in
reaction (2). The enzyme solutions were prepared by addition of the prephenate dehydratase
and prephenate dehydrogenase to the respective stock buffer solutions that were used for the
preparation of the substrate solutions. The aim of this procedure was to minimize the blank
enthalpies that are a consequence of the mixing of the enzyme and substrate solutions.

The vessels and their contents were allowed to equilibrate in the microcalorimeters for
~60 min before the enzyme and substrate solutions were mixed. After this mixing, approx-
imately 30 min were allowed for reactions (1) and (2). Following the reaction, the vessels
were removed from the microcalorimeters and their contents were promptly analysed to
determine the amount of prephenate in solution. The mole fraction of unreacted prephenate
was~0.001 for reaction (1) ané0.001 for reaction (2). The amount of substamcénat
had undergone reaction was based on the amount of prephenate in solution at the initiation
of the calorimetric experiment. This amount was calculated from the amount of choris-
mic acid used in thén situ preparation of the prephenate. In performing this calculation,
corrections were applied for the impurities in the chorismic acid. Thus, the correction to
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the amount of prephenate in solution due to the impurities (including water) in the cho-
rismic acid was (L51-n (see table 1). A small correction.@®53 n) was also made for

the amount of prephenate that had undergone reaction (1) spontaneously (see above) and
prior to the mixing of the enzyme and substrate solutions. Additionally, an even smaller
correction(<0.001. n) was made for the amount of unreacted prephenate. The “blank” en-
thalpy changes for mixing of the substrate solutions with the buffer ranged$@88 mJ to

1.87 mJ. For the mixing of the enzyme solutions with the respective buffers, these enthalpies
ranged from-0.72 mJ to 1.62 mJ. These “blank” enthalpies of mixing were applied as cor-
rections to the measured calorimetric enthalpies which were500 mJ for reaction (1)

and~ — 325 mJ for reaction (2).

Measurement of pH was done with an Orion Model 811 pH meter and a Radiometer
combination glass micro-electrode. The pH meter was calibrated with Radiometer standard
buffers and with a standard phosphate buffer pH.42 atT = 29815 K). This latter
buffer was prepared from Ki#POy and NaHP Oy, standard reference materials 186-1d and
186-IId, respectively, from the National Institute of Standards and Technology.

3. Results and discussion

The apparent equilibrium constafifd for reactions (1) and (2), respectively, are:

K’ = {m(phenylpyruvatg m(carbon dioxidg}/{m(prephenate m°}, (3)
K’ = {m(4-hydroxyphenylpyruvatem(NADeq) - m(carbon dioxidg} /
{m(prephenate m(NADox) - m°}. (4)

The molalitiesm in the above equation are the total molalities of the various charged
and uncharged species that are formed from the dissociation of the various substances in
solution. In particular, in reactions (1) and (2), and equations (3) and (4), “carbon diox-
ide” represents the total molalities of the various carbon dioxide related species, namely
CO%‘ (aqg), HCQ (aq), CQ (aq), and HCO;3 (aqg). To maintain this distinction throughout
this paper, “carbon dioxide” will refer to the sum of all of these species and (&g
will refer to the equilibrium mixture of the speci¢€O,(ag) + H2COz(ag)}. Specifically,
the thermodynamic properties 0Lb803(ag) are taken to be equal to the thermodynamic
properties of COz(ag) + Ho0O(1)}.18) The standard molalityng® = 1 mol-kg~1) has been
introduced in equations (2) and (3) to keep the apparent equilibrium constants dimension-
less.

In discussing the thermodynamics of these reactions, it is useful to introduce reference
reactions that pertain to specific ionic forms:

prephenat& (ag) = phenylpyruvate (ag) + HCO3 (ag), (5)
prephenate (ag) + NAD,(ag + H2O(l) = 4-hydroxyphenylpyruvate(ag) +
NADZ(ag) + HCOj; (ag) + H (ag). (6)
The equilibrium constants for reactions (5) and (6), respectively, are:

K = {m(phenylpyruvate) - m(HCOg)}/{m(prephenat%‘) -m°}, ©)
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K = {m(4-hydroxyphenylpyruvate) - m(NADf;j) -m(HCO3) - m(H™1)}/
{m(prephenate ) -m(NAD,) - (m°)?}. (8)

The standard state used in this study is the hypothetical ideal solution of unit molality
(m° = 1 mol-kg™1). It will be shown below that the species in reactions (5) and (6)
are the predominant species at the pH values at which the calorimetric and equilibrium
measurements were performed.

The result from the equilibrium measurements was that there was no measurable amount
of prephenate in any of the reaction mixtures. Thus, it was not possible to measure apparent
equilibrium constants for reactions (1) and (2). Based upon the lower limit of the amount
of prephenate detectable with our chromatographic procedures, we can stdt&That
29815 K, pH~ 7.3) > 2 for reaction (1), anK’(T = 29815 K, pH~ 7.6) > 9 for
reaction (2). Later in this paper it will be possible to estimate the order of magnitude of
these equilibrium constants.

The results of the calorimetric measurements are given in table 2. Since carbon dioxide
is a product of reactions (1) and (2), and since each microcalorimeter reaction vessel has
a vapor space above the solution in it, one must consider the following equilibrium in the
treatment of the results:

COz(ag) = CO(9). 9)
Specifically, the aim in the calorimetric experiments was to determine values of the calori-
metrically determined molar enthalpi&3 A, Hp, (cal) for reactions (1) and (2). However,
since there is an enthalpy changyél associated with the formation of G@) via reaction
(9), itis necessary to make an appropriate correction to the meaauitedr any CQ(g)
formed. The amount of C£0g) formed in each experiment is calculated by using the value
of the Henry’s law constant:

K = p{CO2(g)-m°}/[M{COz(aq)}- p°I. (10)

Here, p° = 0.1 MPa. The valueKy = 29.7 and the standard molar enthalpy change
ArHS = 19.75 kI mol~! for reaction (9) afT = 29815 K andp = 0.1 MPa were
calculated from the standard thermodynamic properties given in the CODATA taBles.
Note that the CODATA tablé¥’) refer to CQ(ag) as “COx(ag), undissoc”. However, it
is evident from the paper of Berg and Vandef#®gon which the CODATA table entries
for “CO2(ag), undissoc” are based) that “G@q), undissoc” is the mixture of the species
{COz(ag) + H2CO3(ag)}. The importance of keeping this distinction clear has been em-
phasized by Albert}? 29 who has also calculated standard molar formation properties for
the aqueous species g@nd HCOs, as well as standard molar transformed formation
properties of aqueous carbon dioxide (the mixture of all carbon dioxide related species).

By solving all of the pertinent chemical equilibrium equations (see below), it is possible
to calculate the amount of GQy) formed during an experiment. By using the known value
of ArH2 for reaction (9), one can then calculate a correction to the measured molar enthalpy
of reactionArHS, (meas) which then leads to the desired value(2)dfn, (cal). Thus, the
following average values oA;Hy, (cal) are obtained{A Hy, (cal)) = —(127.2 + 0.5)
kJ-mol~* for reaction (1), andA;Hp, (cal)) = —(79.2 4 0.7) kJ-mol~2 for reaction (2).
The uncertainties given here are equal to two estimated standard deviations of the mean.
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The uncertainties in the values @£, Hn, (cal)) represent only the random errors inherent
in the measurements and do not reflect the possible systematic errors which are now con-
sidered. We judge that reasonable estimates of the standard uncefirdiesto possible
systematic errors in the values 8fHp, (cal) are: Q018- A;Hy, (cal) due to impurities in
the chorismate (this includes the uncertainty in its moisture conte@9 10\ Hy, (cal) for
the amount of prephenate that had undergone reaction (1) spontaneously and prior to the
mixing of the enzyme and substrate solution803- A;Hp, (cal) due to uncertainties in the
calorimetric measurements; an®03- A, Hy, (cal) and Q006- A, Hp, (cal) for reactions (1)
and (2), respectively, due to uncertainties in thex€@rrection. The standard uncertainties
in the CQ corrections are based on the assumption that these corrections are uncertain by
no more thant10 per cent. These estimates of the possible systematic error are combined in
guadrature together with the statistical uncertainties in the measured valtvgld gf(cal),
expressed as one estimated standard deviation of the mean, to obtain combined standard
uncertaintie$??) These combined standard uncertainties are then multiplied by two to ar-
rive at the final set of results fok,Hm (cal): AfHm (cal) = —(127.2 + 4.7) kJ-mol~1
for reaction (1) aff = 29815 K, pH= 7.17, and ionic strengtt,, = 0.35 mol-kg~?;

ArHm (cal) = —(79.2 + 3.1) kJ-mol~1 for reaction (2) al = 29815 K, pH= 6.98, and
Im = 0.32 mol-kg~.

The pK values and standard molar enthalpies for the proton dissociation reactions of
the reactants and of the other solutes in solution are needed to relate the experimental
results for reactions (1) and (2) to thermodynamic quantities for the respective reference
reactions (5) and (6). Thes&pvalues and standard molar enthalpigdH are given in
table 3. The K andA,HS values for the ionization of phenylpyruvic acid are from Martell
and SmithZ2) Moore and Underwod&) performed a potentiometric titration of NAR
and obtained i§ = (3.88+ 0.02) for NADY, atT = 29815 K andl = 0. We estimate I§
~3.9 for NAD, 4 (aq) atT = 29815 K andl = 0 on the basis of the structural similarity
of NADyx and NADg. The value for the K of prephenate is a previous estimate from
Kastet al® In the absence of values from the literature, we estimated kheglues of
4-hydroxyphenylpyruvic acid(aq) from the kno#f pK values of phenylpyruvic acid(aq)
andL-tyrosine(aq). The thermodynamic quantities for the ionizations @ ®§, HCO;,
and HPQ, were calculated from the standard molar thermodynamic properties given in
the CODATA tables!”) We note that the values of the thermodynamic quantities for the
ionizations of BCOz and HCQ used in this study (see table 3) are essentially the same as
those that are calculated from the values of the standard molar thermodynamic properties
given in table 7 in the paper by Berg and VanderZ2&k.

It is evident from the K values given in table 3 that the species used in the reference
reactions (5) and (6) are also the predominant species within the respective pseud&isomer
groups. Additionally, the K values of all of the reactants, with the exception of0®s,
are well removedife. |pK — pH| > 2.5) from the pH values at which the measurements
were performed. Thus, the most essentkaleeded for the equilibrium calculations is that
of H>CQs. Fortunately, the value of thispis well known(1®)

The equilibrium model used for the calculation of standard molar enthalpiét
for the reference reactions from the measured values, bf,, (cal) has been described
previouslyt?#) This model has been modified recently so that it now utilizes the Mathemat-
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TABLE 3. The K values and standard molar enthalpy changes

ArHQ for the agueous proton dissociation reactions of the sub-

stances pertinent to this study®t= 29815 K andl = 0. See
Results and discussion for the basis of these values

. A HO
Reaction K o I’rT]OTi ;
4-hydroxyphenylpyruvic acie=

4-hydroxyphenylpyruvate + H+ 2,52
4-hydroxyphenylpyruvate =

4—hydroxypheny|pyruvat7e‘ +Ht 10.52
NADY, = NADgy + H™T 3.88
NAD 4 = NADZ + H* 3.92
phenylpyruvic acid = phenylpyruvate+ H* 2.54
prephenate = prephenat%* +Ht 4,52
HyCO3 = HCOZ + HT 6.353  9.16
HCO; = CO5~ +H* 10.327  14.70
HoPO, = HPG, ™ +H* 7212 36

2Estimated values.

ica@) computer code of Alberty and KrambééR to solve the simultaneous non-linear
equations that describe the various equilibria. This Mathematica code has been extended
so as to include corrections for non-ideality and so that the calculations are made self-
consisterf€® with regard to the ionic strength. The non-ideality corrections are based on
the extended Debye-tdkel equatioff¥) in which the “ion-size” parameter has been set

at 16 kgt/2-mol~1/2. As pointed out above, it is necessary to consider the formation of
COu(g) in the microcalorimeter vessel. Accordingly, reaction (9) is also incorporated into
these equilibrium calculations. Thus, by applying this model and by using both the experi-
mental values of\;H, (cal) and the thermodynamic quantities given in table 3, we obtain
ArHS = — (12564 4.7) kJ-mol~* for reaction (5) and\(HS = —(73.94 3.1) kJ-mol~*

for reaction (6). Both values pertain To= 29815 K andl = 0.

The equilibrium model is also used to calculate the change in binding of the hydrogen ion
ArN(HT). Thus,A{N(H™) = 0.0964 forreaction (1) & = 29815K,pH=7.17,and, =
0.35 mol-kg™1, andA;N(Ht) = —0.857 for reaction (2) al = 29815 K, pH= 6.98,
andlm = 0.32 mol-kg~?. These values oh,N(H") were used in the buffer protonation
correction&”) used to calculate the values &f H2 for the reference reactions (5) and (6)
from the experimentally determined values AfHn, (cal) for the overall biochemical
reactions (1) and (2).

The uncertainties in the values afiHS for the reference reactions (5) and (6) have
two components: the experimental uncertainties in the measured valtieslgf(cal) and
possible errors in the quantities used in the equilibrium model. This latter component of
uncertainty was examined by perturbing each of the pertinent quantities in the model by an
assumed possible error. Specifically, the pf HCOz was perturbed by-0.01, A HS for
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the ionization of HCOgz by £0.1 kJ-mol~2, the pK of H,PO, by £0.01, A;HS for the
ionization of PO, by £0.2 kJ- mol~1, and the “ion-size” parameter used in the activity
coefficient model by+0.3 kg'/2-mol~1/2. The combined effect of these perturbations
in the calculated values ok H? was relatively small £0.3 kJ-mol~1) in comparison
with the experimental uncertainties i Hy, (cal). Therefore, the final uncertainties in the
calculated values ok, Hg3 for reactions (5) and (6) are the same as the uncertainties in the
values of A Hn, (cal). The final set of rounded results for = 29815 K andl = 0 are:
ArHS = — (1264 5) kJ-mol~? for reaction (5), and\HS = —(74 + 3) kJ-mol~? for
reaction (6).

This study appears to be the first in which values of calorimetric enthalpies have been
determined for reactions (1) and (2). Additionally, there do not appear to be any thermody-
namic cycles that lead to values of these enthalpies, or any other thermodynamic quantities
for these reactions. Nevertheless, some insight into the thermodynamics of these reac-
tions can be obtained by calculating the difference between the standard molar enthalpies
of formation AfHS of phenylpyruvate (aq) and 4-hydroxyphenylpyruvateaq). First,
from the review of Miller and Smith-MagowdR®) we haveA, G2, = 20.2 kJ-mol~* and
ArHS = —30.7 kJ-mol~t at T = 29815 K andly, = 0.1 mol-kg~? for the reaction:

NAD,(ad) + Hz2(g) = NAD/(ag) + H' (ag). (11)

Adjustment of these quantities ko= 0 with the extended Debye-tidkel theory (see above)
yields A;Gg, = 22.65 kI mol~t andA;HS = —31.94 kJ mol~! for reaction (11). Thus,
we have the differenci\s Hn%{NADfe_d(au)} — ArHS{NAD, (ag)}] = —31.94 kI mol,
and, with the standard molar entropy of(d),(:”) we also have the difference in the standard
partial molar entropiepS?  {NADZ (a0} — S (NADg(ag)}] = —52.4 J-K~1.mol~L.
These differences will be used in the calculations that follow. From the CODATA tables

we calculateA HO = —28583 kI mol~! (T = 29815K, p°® = 0.1 MPa) for the reaction:
H2(9) + (1/2)02(9) = H20(D). (12)
The appropriate summation of reactions (5), (6), (11), and (12) gives the reaction:
phenylpyruvate (ag) + (1/2)02(g) = 4-hydroxyphenylpyruvate(ag). (13)

Then, AfHS(13) = —AH2(5) + AHO(6) — AfH2(1D) 4+ AH2(12) = —(202+ 6)
kJ-mol~l. Note, however, that ArH%(13) is also equal to AfHY,
[{4-hydroxyphenylpyruvate(ad)} —AfHS{phenylpyruvate(ag}]. This difference of
—(202+ 6) in the A¢ Hrg values of these two substances corresponds to the addition of
a hydroxyl group to position 4 of the aromatic ring. Some evidence of the reasonableness
of this difference can be obtained by a comparison with the difference inthi€ values
of the structurally similar paifphenol(CgHgO) + benzene (gHs)}.

To obtain the difference in thasH2, values of this pair of substances, we use values of
ArHp2 for the following reactions:

6C(s) + 3Hz2(g) = CgHe(l), (14)
6C(s) + 3H2(9) + (1/2)02(g) = CeHeO(s), (15)
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CeHs(l) = CsHs(ag), (16)
CsHsO(s) = CsHeO(ag). a7

For reactions (14) and (15) we have, respectivapd = —1651 kJ-mol~* andAHS =
49,0 kJ-mol~* from Pedleyet al.?) We also haver HS = 2.1 kJ-mol~ for reaction (16)
from May et al,®% and ArHS = 1293 kJ mol~1 for reaction (17) from Nichols and
Wad®'®D) All of these results pertain t6 = 29815 K andp = 0.1 MPa. Then,

AtHZ{phenolag} — AfHS{benzenéag} = —AHZ(14) +
ArHO(15) — AfHR(16) + ArHO(17) = —2032kJ-mol 2.
(18)

However, we had already calculatagH? [{4-hydroxyphenylpyruvate(ag} — AfHS
{phenylpyruvate (ag)}] = —(202+ 6) kJ-mol~1. Thus, it is seen that there is an excel-
lent correlation in the difference in thefHS, values of these structurally similar pairs of
substances.

As pointed out earlier, it was not possible to determine equilibrium constants for re-
actions (5) and (6). However, by estimating valuesA\g&’, for these reactions, and by
combining these estimates with the measured values, bf3, we can obtain values of
ArG?, and then approximate values of the equilibrium constants. First, estima®&s of
for prephenic, phenylpyruvic, and 4-hydroxyphenylpyruvic acids in both the gas and lig-
uid phases were accomplished by using the Benson méthddwith the group values
tabulated by Domalski and Hearif?f) There were too many missing group values to
allow for meaningful estimates for the solid phase. These Benson estimates were then
combined with the values o), for HCO; (aqg) and HO)A7) and with the difference

[%m{NADrZe‘d(aq)} — S {NADG, (ag)}] (see above) to obtain valuesafS) for the refer-
ence reactions (5) and (6). It is important to note that these calculations completely neglect
the hydration of the prephenic, phenylpyruvic, and 4-hydroxyphenylpyruvic acids as well
as the ionization of these species. Additionally, in the absence of Benson group values for
C—(HR(CO)(Gs), CO~(CO)(C), CO~(CO)(O), GEq)2(CO)(H), and C~(@(CO)(H),
we used the existing values for the respective groups G{)(C), CO—(C)(O), C-
(C)2(CO)(H), and C—C)(CO)(H)

Thus, based upon these Benson estimates and the aforementioned auxiliary thermo-
dynamic quantities, we hava,S), ~ 85 JK~L.mol~1 for reaction (5) andA, S, ~
—20 JK~1.mol?! for reaction (6). The value oA,SP, for reaction (5) obtained by us-
ing the gas phase Benson estimate differed by-40-3-mol~! from the value obtained
by using the Benson estimate for the liquid phase; the corresponding difference for reac-
tion (6) was 16 JK~1.mol~1. Thus, these quantities, which pertainto= 29815 and
p = 0.1 MPa, must be considered very approximate. In any case, we use these estimated
values ofA; 2, together with our experimentally determined valuex\eHS, (see above)
to calculateA,;G9, ~ —151 kJmol~? for reaction (5) and\;GS, ~ —68 kJ mol~* for
reaction (6).

Thus,K =~ 1108 for reaction (5) anK ~ 1-10'2 for reaction (6). These values are
consistent with our experimental findings and show that, at equilibrium, both reactions are
expected to proceed to completion.
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Using the analogous procedure to that just used to obtain the estimated valy&3 ofre
calculateAH9 ~ —134 kI mol~? for reaction (5) and\HS ~ —73 kJ mol~ for reac-
tion (6). However, unlike the situation for the entropies, it was not necessary to estimate any
group values. The value af, H3 for reaction (5) obtained by using the gas phase Benson es-
timate differed by 38 kdnol~ from the value obtained by using the Benson estimate for the
liquid phase; the corresponding difference for reaction (6) was 501&lJ 1. Interestingly,
these estimated average valueagH_, albeit very uncertain, are close to the experimental
resultsA;HQ = —(126+ 5) kJ-mol~ for reaction (5) and\;HS = — (744 3) kJ-mol~*
for reaction (6). This suggests a need and an opportunity to further develop the Benson
method to include reactions in solution.
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