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Thermodynamics of reactions catalysed by
branched-chain-amino-acid transaminase
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Apparent equilibrium constants and calorimetric enthalpies of reaction have been measured
for reactions catalysed by branched-chain-amino-acid transaminase. The following bio-
chemical reactions have been studied at the temperature 298.15 K and in the pH range (7.15
to 7.24):1-valine(ag)+ 2-oxoglutarate(agy= 2-oxoisovalerate(ag}- I-glutamate(aq)l-
leucine(aq)+ 2-oxoglutarate(aqy= 2-oxoisocaproate(aq) I-glutamate(aq); antttert-
leucine(agH 2-oxoglutarate(ag) 3,3-dimethyl-2-oxobutanoate(aq) I-glutamate(aq).

The results have been used to calculate equilibrium constants and standard molar enthalpy
ArHY, entropyAr S5, and Gibbs free energi G, changes for reference reactions in-
volving specific species. Apparent equilibrium constants and standard transformed Gibbs
free energy changes for these reactions under physiological conditions have also been cal-
culated. The use of these results for optimization of product yields of the branched-chain
amino acids is discussedg 2000 Academic Press

KEYWORDS: apparent equilibrium constant; branched-chain-amino-acid transaminase;
3,3-dimethyl-2-oxobutanoate; enthalpy; entropy; Gibbs free enbegytamatel-leucine;
2-oxoglutarate; 2-oxoisocaproate; 2-oxoisovaleratert-leucine;l-valine

1. Introduction

The enzyme branched-chain-amino-acid transaminase (EC 2.6.1.42) catalyses the first step

in the catabolism of branched-chain amino aéliThis catabolism leads to the synthesis

of the important biological molecules acetylcoenzyme A and succinylcoenzyme A. Two of
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FIGURE 1. Structures of the compounds in reactidns(@), and @). The predominant ionic forms

at pH= 7.0 are shown.

the principal amino acids that are a substrate for this enzymewatane and-leucine; the

reactions catalysed are:

I-valine(ag) + 2-oxoglutaratéaq) = 2-oxoisovalerat@g) + I-glutamatéag), (1)
I-leucingag) + 2-oxoglutaratéaq) = 2-oxoisocaproai@q) + I-glutamatéac). (2)

The branched-chain amino acieert-leucine is also a substrate for this enzyme and

undergoes the reaction

I-tert-leucine(agyi 2-oxoglutarate(ag:= 3, 3-dimethyl-2-oxobutanoate(ag)
|-glutamate(aq) 3)

These three reactions involve essentially the same structural change, namely the transfer of

an amino group from an amino acid to a 2-keto acid (see figureyridoxal 5-phosphate

is a required cofactor in these reactions.
These reactions are highly stereospecific and can be used to predonieo acids of

high enantiomeric purit{#9 This characteristic together with high catalytic rates, the
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low cost of the 2-ketoacids, and lower capital costs than fermentation plants makes these
reactions of considerable industrial inter@siCurrently,l-valine, an intermediate that is
used in drug synthesis and for the preparation of intravenous feeding solutions, is made
in large quantities#1 - 10° kg - a~1) by using branched-chain-amino-acid transaminase.
There is also interest in the manufacturd-tért-leucine, a non-proteinogenic amino acid,

for use as a pharmaceutical intermediate. Current production of this substance is 3000 to
5000 kg- a1, but demand is projected to increase by ten-fold or more within the next 3
to 5 years. However, the apparent equilibrium constants for transamination reactions have
been found to fall within a very limited range:016 < K’ < 1009 Thus, there is
generally an incomplete conversion to the desired product, namely the branched-chain
amino acid. Since knowledge of the position of equilibrium of these reactions can be
extremely useful both for process optimization and for understanding the role of these
reactions in metabolisi®) we have undertaken this study that is aimed at improving
knowledge of the thermodynamics of reactiofil (2), and @). Earlier studie§ ? from

this laboratory have dealt with transamination reactions of amino acids that were not
branched, namellyalanine |-tyrosine |-phenylalanine, anttaspartate.

2. Experimental

Pertinent information on the substances used in this study is given in iabl€he
sample of 3,3-dimethyl-2-oxobutanoic acid was a gift from Dr Andreas Bommarius of
Degussa-ils A.G. (Hannau, F.R.G.). The purities of the biochemical substances were
also examined by using the chromatographic procedures described below and found to be
consistent with the values given in taldleThe mass fractions of water in these substances
(see tabldl) were measured either by Karl-Fischer titration or by drying over phosphorous
pentoxide. The Karl-Fischer titrations were done with a Metrohm Model 633 automatic
titrator which was calibrated with a water-saturated octanol soli#éfhe mass fractions
of water as determined by these two methods were used in all subsequent calculations that
involved the amounts of these substances. The branched-chain-amino-acid transaminase
was isolated and partially purified froBscherichia colibased on the protocol published
by Monnieret al.® The enzyme used in the study of reactiohsand @) was in the form
of lyophilized powder. However, this preparation lacked sufficient activity for the study of
reaction B). Therefore, a second preparation of this enzyme was obtainedEramli in
which theilvE gene was cloned? In this second, more active preparation, the branched-
chain-amino-acid transaminase was present in the sol{iigHP O, (concentratiorc =
0.025 mol- dm™3) + KH,PO; (¢ = 0.025 mol- dm~3) + pyridoxal 5-phosphatec(=
0.0002 mol- dm=3), pH = 7.0} and was stored a ~ 278 K until ready for use. The
mass fraction of the enzyme in this solution was 0.010.

The substances pertinent to the study of reactiahs(2), and @) were separated by
using a Hewlett-Packard 1100 h.p.l.c. equipped with a u.v. detector set at the wavelength

tCertain commercial equipment, instruments, or materials are identified in this paper to specify the experimen-
tal procedures adequately. Such identification is not intended to imply recommendation or endorsement by the
National Institute of Standards and Technology (NIST), nor is itintended to imply that the materials or equipment
identified are necessarily the best available for the purpose.
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A = 215 nm and a HP Hypersil BDS C-18 column (4 mmi.d., 250 mm long) thermostatted
at T = 313 K. The mobile phase consisted of (ftetrabutylammonium hydroxide

(c = 0.01 mol-dm~3) + ammonium phosphatee = 0.025 mol- dm=3) adjusted to

pH 7.0 with NaOH + acetonitrile (volume fractiogp = 0.01)]; and (ll) acetonitrile. The
following gradient of these two mobile phases was fornged) = 0.90 andg(l1) = 0.10

at timet = 0; ¢(I) = 0.85 and¢(ll) = 0.15 att = 10 min; ¢(I) = 0.50 and
#(I) = 050 att = 20 min. The flow rate was 0.0133 éms 1. Typical retention
times for the substances wetegglutamate, 3.7 mint-valine, 3.9 min;l-leucine, 3.9 min;
I-tert-leucine, 4.3 min; 2-oxoglutarate, 8.7 min; 2-oxoisovalerate, 11.3 min; pyridoxal-
5-phosphate, 12.8 min; 3,3-dimethyl-2-oxobutanoate, 17.6 min; and 2-oxoisocaproate,
18.6 min.

The absorbances of 3,3-dimethyl-2-oxobutanoate, 2-oxoglutarate, 2-oxoisocaproate, and
2-oxoisovalerate (the compounds containing keto groups) are much larger than those of
I-glutamate and of the amino acids. I-valine, I-leucine, and-tert-leucine. Therefore,
in performing the h.p.l.c. analyses, it was most advantageous to rely upon the areas
of the chromatographic peaks of the compounds containing keto groups. Accordingly,
the chromatographic response factors of 3,3-dimethyl-2-oxobutanoate, 2-oxoglutarate, 2-
oxoisocaproate, and 2-oxoisovalerate were carefully determined by using solutions having
known molalities of these substances. The molalitie$-giutamate and of the amino
acids were then determined by using a mass balance calculation which was based upon
their known initial molalities and the chromatographically determined molalities of the
compounds containing keto groups.

The procedure used for the determination of the apparent equilibrium conktanfs
reactions {), (2), and @) is now described. For each reaction, the position of equilibrium
was approached from opposite directions. Thus, the solution used for the forward direction
of reaction () contained Itvaline + 2-oxoglutarate) in a phosphate buffer containing
pyridoxal 5-phosphate. The solution used for the reverse direction of reaction contained
(2-oxoisovalerate- |-glutamate) in the same phosphate buffer with pyridoxal 5-phosphate.
Branched-chain-amino-acid transaminase was then added to these two solutions which
were contained in 4 ciTeflon-capped glass bottles. These solutions were shaken gently
at~50 r.p.m. in a water bath thermostatted’at: 29815 K and allowed to equilibrate for
~4 h. For reactiond), the respective reaction mixtures werdgucine+ 2-oxoglutarate)
and (2-oxoisocaproate I-glutamate); and for reactioB)the respective reaction mixtures
were (-tert-leucine+ 2-oxoglutarate) and (3,3-dimethyl-2-oxobutanogté-glutamate).

The protocol used for reaction®)@nd @) was essentially the same as used for reacfipn (
The times allowed for the equilibration of reactio?) @nd @) were ~24 h and~4 h,
respectively.

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 Segcilés 12
At present, the voltages of the thermopiles of the microcalorimeters are measured with
Hewlett-Packard 34420A Nanovolt Meters. These voltages are then recorded on a micro-
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computer and the areas of the thermograms are calculated by means of a humerical inte-
gration.

The calorimetric sample vessels are fabricated from high-density polyethene. Each ves-
sel has two compartments that hold, respectively,55 cnt and~0.40 cnt of solution.

In the experiments, the substrate solutions were placed in the 0 36ampartment and

the enzyme solutions were placed in the 0.4 cmmpartment. The substrate solutions

for reactions 1), (2), and @) initially contained, respectively]{aline + 2-oxoglutarate),
(I-leucine+ 2-oxoglutarate), and-tert-leucine+ 2-oxoglutarate) dissolved in phosphate
buffer containing pyridoxal 5-triphosphate. The 2-oxoglutarate was the limiting reactant
for all three reactions. The enzyme solutions were prepared by the addition of branched-
chain-amino-acid transaminase to the respective stock buffer solutions that were used for
the preparation of the substrate solutions. The purpose of this procedure was to minimize
the “blank” enthalpies (see below).

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,
approximately 67 min, 60 min, and 38 min were allowed for reactidhs (2), and @),
respectively. Following reaction, the vessels were removed from the microcalorimeters
and the h.p.l.c. was promptly used to determine the amounts of 2-oxoglutarate remaining
in solution. Thus, the mole fractions of unreacted 2-oxoglutarate were in the ranges
0.421 to 0.427, 0.401 to 0.410, and 0.230 to 0.253 for reactidhs(2), and @),
respectively. The “blank” enthalpy changes for mixing of the substrate solutions with the
buffer were in statistical agreement with each other and were pooled to obtain the value
AmixH = 0.29 mJ. The “blank” enthalpy change for the mixing of the branched-chain-
transaminase solution with the buffer wa®.24 mJ. These “blank” enthalpies of mixing
were applied as corrections to the measured calorimetric enthalpies whichwe8emJ
for reactions 0), (2), and Q).

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 that bracketed the pHs of the reaction mixtures.

3. Results and discussion
The apparent equilibrium const&# for reactions {), (2), and @), respectively, are
K’ = m(2-oxoisovalerate- m(l-glutamatg/{m(l-valine) - m(2-oxoglutaratg, (4)
K’ = m(2-oxoisocaproate m(l-glutamate/{m(l-leucine - m(2-oxoglutaratg, (5)
K’ = m(3, 3-dimethyl-2-oxobutanoate m(l-glutamate,/
{m(I-tert-leucine - m(2-oxoglutaratg. (6)
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 discussing the thermodynamics of overall biochemical reactions, it is useful
to introduce a reference reaction that pertains to specific ionic forms. Here we shall use:

I-valine®(aq)+ 2-oxoglutaraté (aq) = 2-oxoisovalerate(aq)+ I-glutamate (aq),  (7)
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I-leucine®(aq)+ 2-oxoglutaraté (aq) = 2-oxoisocaproate(aq)+ I-glutamate (aq),

(8)
I-tert-leucine®(aq)+ 2-oxoglutaraté (aq) = 3, 3-dimethyl-2-oxobutanoatéac) +
[-glutamate (aq). (9)

The species selected are the predominant ionic forms atpHO. Since the choice of
the reference reaction is arbitrary, other ionic forms could also have been chosen. The
equilibrium constants for reactiong)( (8), and @), respectively, are

K = m(2-oxoisovalerate) - m(l-glutamate ) /{m(l-valine*) - m(2-oxoglutaraté )},
(10)
K = m(2-oxoisocaproate) - m(l-glutamate ) /{m(l-leucine®) - m(2-oxoglutaraté )},
(11)
K = m(3, 3-dimethyl-2-oxobutanoate - m(l-glutamate)/
{m(I-tert-leucine®) - m(2-oxoglutaraté)}. (12)

The standard state used in this study is the hypothetical ideal solution of unit molality
(m° = 1 mol- kg™1). Since all of the above reactions are symmetrical, the valués' of
and K are independent of the choice of the scale. fnolality, concentration, and mole
fraction) used to express the composition of the solution.

The results of the equilibrium measurements are given in tabEquilibrium was
approached from opposite directions for all three reactions leading to the values of
the apparent reaction quotien®¥ given in column 11 in this table. The uncertainties
immediately following the values o)’ represent only the random errors inherent in the
measurements and do not reflect possible systematic errors which are now considered.
First, we judge that a reasonable estimate of the standard uncéefidtye to possible
systematic errors in the chromatographic analyses02 0Q’ for all three reactions.
Estimates of the standard uncertainties attributable to possible sample impurity are
obtained by assuming that all of the samples had mole fraction impurities of 0.01 with
the exception of the sample of 2-oxoisovaleric acid which was assumed to have a mole
fraction impurity of 0.03. Propagation of error then leads to the following estimates of
the standard uncertainties attributable to possible sample impurit@31-0Q’ (forward)
and 0046- Q’ (reverse) for reactionlf; 0.093- Q' (forward) and (043- Q' (reverse) for
reaction @); and Q053. Q' (forward) and 0030- Q' (reverse) for reactiorBj. The standard
uncertainties attributable to possible errors in the chromatography and to sample impurities
are combined in quadrature together with the statistical uncertainty in the measured values
of Q/, expressed as one estimated standard deviation of the mean, to obtain combined
standard uncertaintié¥) These combined standard uncertainties are then multiplied by
two to arrive at the uncertainties given in parentheses given below the valu@siof
table 2. It is seen that these final error estimates are two to three times larger than the
estimates of random error (two estimated standard deviations of the mean). Also, after
consideration of possible systematic errors in the measurements, the v&uelathined
from both directions of reaction are seen to be in agreement. On this basis, these quantities
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are now considered to be apparent equilibrium constants. For each reaction, the values
of the apparent equilibrium constants from both directions of reaction are combined as a
weighted average to obtain the valuedffor reactions 1), (2), and @) given in table2.

The results of the calorimetric experiments are given in taéhléMe judge that
reasonable estimates of error in the valuesAeHn(cal) for reactions 1), (2), and @)
are: Q01 - AyHm(cal) due to impurities in the 2-oxoglutarate (the limiting reactant);
0.01 - ArHp(cal) due to a possible error in the chromatographic determination of the extent
of reaction; 103 - ArHm(cal) due to possible errors in the calorimetric calibrations; and
0.04- ArHp(cal) due to uncertainties in the “blank” enthalpies. Combining these standard
uncertainties with the statistical uncertainties in the measured values Hf,(cal) as
described above, leads to final estimates of possible total erraylfy,(cal) of (+0.63,
+0.53, and+0.47) kJ- mol~? for reactions {), (2), and @), respectively.

The pKs and standard molar enthalpigasHS for the proton dissociation reactions
of the reactants and of the other solutes are needed to relate the experimental results
for reactions ), (2), and @) to thermodynamic quantities for the respective references
reactions {), (8), and Q). These [Ks and standard molar enthalpiasH3 are given in
table4. The values of the i§s andAHZ2s for the ionization of-glutamic acid)-leucine,
2-oxoglutaric acid, pyridoxal 5-phosphate, ardaline are from Martell and Smitf®
In two cases (2-oxoglutaric acid and pyridoxal 5-phosphate), the values oKtkeapd
ArHP2s were adjusted to ionic strength, = 0 by using an “ion-size” parameter of
1.6 kg2 - mol~1/2 in the extended Debye-ildkel equation used to estimate the activity
coefficients of the agueous species in solution. The thermodynamic quantities for the
ionization of PO, are calculated from the CODATA tabl€$) However, there are no
experimentally determined values of th&® andA;HSs for the ionizations of-tert-
leucine, 3,3-dimethyl-2-oxobutanoate, 2-oxoisocaproic acid, and 2-oxoisovaleric acid. In
the absence of direct measurements, we have estimated values for these quantities by using
pKs andArH3s for structurally similar compounds. Accordingly, the value of tliesp
and ArHZs for I-tert-leucine are based on the values of the corresponding quantities for
I-leucine and fot-valine. The K's of 2-oxopropanoic acid and of 2-oxobutanoic acid are
2.48 and 2.50, respectively, @it = 29815 K andly, = 0.9 On the basis we estimate
the pK's of 2-oxoisocaproic acid, 3,3-dimethyl-2-oxobutanoic acid, and 2-oxoisovaleric
acid to be~2.5. The values of thekps of all of the reactants are all well removeade(
IpK — pH| > 2.0) from the pHs at which the measurements were performed. Thus, any
errors in the values of thelfs (measured or estimated) will have only a small effect on the
calculated values df andAH2 for the reference reactiong)( (8), and ).

We are now able to calculate equilibrium constaktsand standard molar enthalpies
of reactionA(HS, for the reference reactiong)( (8), and @). This is done by using
our previously described equilibrium mo#él in its present implementati&® together
with the experimental results fd’ and A;Hp(cal) and the thermodynamic quantities
for the proton dissociation reactions given in table An “ion-size” parameter of
1.6 kg'/?. mol "2 in the extended Debye-ildkel equation was used to estimate the
activity coefficients of the agueous species in solution. Accordingly, we have obtained
the values of the equilibrium constants for the reference reactions given in the right-
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TABLE 3. Results of the calorimetric measurementsTat= 29815 K for biochemical reac-
tions @), (2), and @). The molalitiesm are those obtained after mixing of the enzyme and sub-
strate solutions and prior to any reaction. All molalities are equal to the sums of the molalities
of the indicated substances in their various ionic forms. Abbreviations used in this table are: Leu,
I-leucine; t-Leu]-tert-leucine; Oxogl, 2-oxoglutarate; PLP, pyridoxal 5-phosphate; and Valjne.
ArHm(cal) is the calorimetrically determined molar enthalpy of reaction. The values of the ionic
strengthly, are calculated. The mass fractiernof branched-chain-amino-acid transaminase in solu-
tion was 0.0007, 0.0014, and 0.0003 for reactidl)s (2), and @), respectively. The uncertainties
given in this table are equal to two estimated standard deviations of the mean. Estimates of total
error of (£0.63, £0.53, and + 0.47) kJ- mol~1 are assigned to the values &fHm(cal) for reac-

tions (1), (2), and @), respectively (see Results and discussion)

Reaction 1): I-valine(ag)+ 2-oxoglutarate(agy- 2-oxoisovalerate(ag} I-glutamate(aq)

mM(KoHPO,) m(H3POy) 103 - m(PLP) 103 - m(Val) 103-m(Oxogh)  Im  ArHm(cal)

Experiment pH
P P mol-kg=! mol-kg=! mol-kg=! mol-kg=! mol-kg=1 mol-kg—1 kJ- mol-1

1 7.21 0.0909 0.0180 0.254 3.111 2.707 0.31 4.94
2 7.21 0.0907 0.0179 0.253 3.042 2.647 0.31 3.92
3 7.21 0.0906 0.0179 0.253 3.005 2.615 0.31 3.54
4 7.21 0.0909 0.0180 0.254 3.109 2.705 0.31 5.09
5 7.21 0.0905 0.0179 0.252 2.994 2.605 0.31 4.82
6 7.21 0.0907 0.0179 0.253 3.029 2.636 0.31 5.60
7 7.21 0.0908 0.0180 0.253 3.063 2.665 0.31 5.52
8 7.21 0.0903 0.0179 0.252 2.934 2.553 0.31 5.32
9 7.21 0.0907 0.0179 0.253 3.031 2.638 0.31 4.79

(ArHm(cal) = (4.84+0.47) k- mol~1

Reaction ): |-leucine(agy 2-oxoglutarate(agy 2-oxoisocaproate(agj) |-glutamate(aq)

mM(K2HPOy) m(H3POy) 103 - m(PLP) 103 - m(Leu) 103-m(Oxogh  Im  ArHm(cal)
mol-kg=1 mol-kg=! mol-kg=! mol-kg=1  mol-kg=! mol-kg—1 kJ- mol-1

Experiment pH

1 7.20 0.1005 0.0199 0.309 2911 2.595 0.31 4.87
2 7.20 0.1005 0.0199 0.309 2.883 2.569 0.31 531
3 7.20 0.1005 0.0199 0.309 2.923 2.605 0.31 5.10
4 7.20 0.1005 0.0199 0.309 2911 2.595 0.31 571
5 7.20 0.1005 0.0199 0.309 2.883 2.569 0.31 5.09
6 7.20 0.1005 0.0199 0.309 2.923 2.605 0.31 5.42
7 7.20 0.1005 0.0199 0.309 3.010 2.682 0.31 5.53
8 7.20 0.1004 0.0199 0.309 2.826 2.518 0.31 4.85
9 7.20 0.1005 0.0199 0.309 2.923 2.606 0.31 4.19

(ArHm(cah) = (5.12+ 0.30) kJ- mol~1

Reaction B): I-tert-leucine(agH 2-oxoglutarate(ag: 3,3-dimethyl-2-oxobutanoate(ag)|-glutamate(aq)

mM(K2HPOy) m(H3POy) 103 - m(PLP) 103 - m(t-Leu) 103 - m(Oxog)  Im  ArHm(cal

Experiment pH
P P mol-kg=! mol-kg=1 mol-kg=! mol-kg=!  mol-kg=1 mol-kg—1 kJ- mol~1

1 7.20 0.0981 0.0211 0.296 3.897 2.996 0.31 4.05
2 7.20 0.0980 0.0211 0.296 3.730 2.868 0.31 3.72
3 7.20 0.0980 0.0211 0.296 3.742 2.877 0.31 4.46
4 7.20 0.0980 0.0211 0.296 3.753 2.886 0.31 4.12
5 7.20 0.0979 0.0211 0.295 3.700 2.842 0.31 3.39
6 7.20 0.0981 0.0211 0.296 3.825 2.941 0.31 3.62
7 7.20 0.0981 0.0211 0.296 3.901 3.000 0.31 4.94
8 7.20 0.0980 0.0211 0.296 3.803 2.924 0.31 3.87
9 7.20 0.0981 0.0211 0.296 3.895 2.995 0.31 3.80

(ArHm(cal) = (4.00+ 0.32) kJ- mol~1
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TABLE 4. The (Ks and standard molar enthalpy changesi$ for the aqueous proton
dissociation reactions of substances pertinent to this stuly=a29815 K andl,, = 0. See
Results and discussion for the basis of these values

. ArHS,
Reaction K T mol-1

I-glutamic acid™ = I-glutamic acid4 H 2.16 3.0
I-glutamic acid= |-glutamate + H* 4.30 3.0
I-glutamate = |-glutamaté=+ Ht 9.96 40.0
I-leucine” = I-leucineE+ Ht 2.33 1.6
I-leucine® = I-leucine + Ht 9.74 45.4
I-tert-leucine” = |-tert-leucine=+ H+ ~2.32 ~1.07
I-tert-leucine®™ = |-tert-leucine + H ~9.78 ~4.52
3,3-dimethyl-2-oxobutanoic acig¢ 3,3-dimethyl-2-oxobutanoater HT ~2.52
2-oxoglutaric acid= 2-oxoglutarate + H* 2.24
2-oxoglutarate = 2—0xog|utarat%*+ Ht 5.12
2-oxoisocaproic acig= 2-oxoisocaproate+ H+ ~2.52
2-oxoisovaleric acid= 2-oxoisovalerate + H ~2.52
pyridoxal 5-phosphate- pyridoxal 5-phosphate+ H* 3.72 17.0
pyridoxal 5-phosphate = pyridoxal 5-phosphafe + H+ 6.46 -5.2
pyridoxal 5-phosphafe = pyridoxal 5-phosphafe + HT 8.89 23.8
l-valinet = I-valine®+ H+ 2.29 0.7
l-valine* = |-valine™+ Ht 9.72 44.7
HoPO, = HPO;~ +H* 7.212 36

2 Estimated value.

most column of tabl@. The uncertainties in these calculated equilibrium constants have
two components: errors in the measured values of the apparent equilibrium constants
and possible errors in the quantities used in the equilibrium model. Since the difference
|pK — pH| was> 2.0 for all reactions studied herein, perturbation of the yalues had

only a small effeci{< 4 0.01- K) on the calculated values of the equilibrium constants.
However, it was found that the uncertainty in the activity coefficient was the major factor in
the component of uncertainty attributable to the equilibrium model. Since reactipfB)(

and Q) are charge asymmetric, this is not unexpected. The effects of these possible
errors on the calculated thermodynamic quantities were determined by perturbing first
the measured apparent equilibrium constants by the final experimental uncertainties (see
above discussion) and then the “ion-size” parameter used in the activity coefficient model
by +0.3 kg'/? - mol 2. The effects due to these perturbations were then combined in
guadrature to obtain the final estimated uncertainties assigned to the equilibrium constants
for the reference reactiong)( (8), and @) in table2. For each reaction, the values of the
equilibrium constant obtained from both directions of reaction are combined as a weighted
average to obtain the following values for the reference reactiofis-at29815 K and

Im = 0: K = (3.33 4 0.35) for reaction {), K = (4.85+ 0.53) for reaction 8), and

K = (1214 0.99) for reaction 9).
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TABLE 5. Equilibrium constant¥, standard molar Gibbs free energy change&y,, standard

molar enthalpy changesyHS, and standard molar entropy changesSy, at T = 29815 K and

Im = O for the reference reactiong)( (8), and Q) in aqueous solution. The standard state for the

solutes is the hypothetical ideal solution of unit molality; the activity of waigr— 0 as the sum

of the molalities of the solutes> 0. The basis of the uncertainties is given in the text (see Results
and discussion)

) ArGY ArHS A
Reaction K r=m I L m I rSh I
kJ- mol™ kJ- mol™ kJ- mol™
(7) I-valine=+ 2-oxoglutaraté~ = 333+04 —-298+03 57+07 291+26
2-oxoisovalerate+ |-glutamate
(8) I-leucinet+ 2-oxoglutaraté~ = 485406 —391+03 60+06 332+22
2-oxoisocaproate+ |-glutamate
(9) I-tert-leucine=+ 2-oxoglutarat§— = 121+10 -6.18+0.2 49+ 05 372+18
3,3-dimethyl-2-oxobutanoatet |-glutamate
Similarly we use the equilibrium modél1® to calculate A{HS = (5.71 +

0.64) kJ- mol~? for reaction {), ArHS = (5.99+ 0.54) kJ- mol~1 for reaction 8), and
ArHS = (4.87+0.48) kJ- mol~?! for reaction ). The uncertainties in these calculated
enthalpies were obtained in the same way as was done for the equilibrium constants. Thus,
they reflect the uncertainties both in the experimentally determined valugsHgf(cal)
and in the equilibrium model. In this case, it was found that perturbation of the value
of the “ion-size” parameter by-0.3 kg- mol™! resulted in changes in the calculated
values of ArHS of only +0.08 kJ- mol~L. Thus, the final uncertainties in the values of
the ArHSs are primarily due to the experimental factors outlined above. The equilibrium
model also yielded the following values for the change in binding of the hydrogen ion:
ArN(HT) = (—0.00266 —0.00288, and—0.00288 for reactions 1), (2), and @),
respectively. Thus, the buffer protonation corrections were s¢gal.01 kJ- mol~1) for
all three reactions. The final values of the equilibrium constants, standard molar enthalpy,
standard molar Gibbs free energy, and standard molar entropy changes for the reference
reactions 7), (8), and Q) are given in tablé&.

We now compare the results of this study with those from the literature. Jenkins and
Taylok! reportedk’ = 1.75 for reaction2) at T = 31015 K and pH= 8.3 (Tris buffer).
From the information given by Jenkins and Tay#,we calculate the ionic strength of
the solution they used to 70.056 mol- kg~1. Use of the equilibrium model (see above)
leads toK = 2.4 for reaction 8§ at T = 29815 K andly,, = 0. In performing this
calculation, we used the value af; H3 obtained in this study for reactio®)(as well as
the values [ = 8.075 andA;H2 = 47.48 kJ- mol~1 for the ionization of Tris H*(aq).
These latter two values were taken, respectively, from the studies of Bates and¥etzer
and ofOjelund and Wads(@Y While Jenkins and Tayl& did not assign an uncertainty
to their result, the valu& = 2.4 for reaction 8) that was obtained from their study is
proximate to the valu& = (4.85+ 0.6) obtained in this study.

There are no other direct measurements of thermodynamic quantities in the literature
for biochemical reactionsl}, (2), and @). However, it is possible to calculate a value



Thermodynamics of reactions catalysed by branched-chain-amino-acid transaminase 1393

of K for reaction 8), the reference reaction corresponding to react@n iy using a
thermochemical cycle which is now described. The first step in this calculation uses the
result of Sanwal and Zifk? who reportedk’ = 0.011 atT = 30315 K and pH= 11.0
(glycine buffer) for the overall biochemical reaction

[-leucine(agH NADox(ag) + H2O(l) = 2-oxoisocaproate(ag)
NAD eg(ag) + ammonigag). (13)

NADox and NADeq are, respectively, the oxidized and reduced formg-ofcotinamide-
adenine dinucleotide. From the information given by Sanwal and &#kye calculate
the ionic strength of the solution they used to@11 mol- kg~*. Use of our equilibrium
model leads t& = 1.6- 1014 andA,G?, = 78.75 kJ- mol~* for the chemical reference
reaction

I-leuciné®(ag)+ NAD,(aq)+ H2O(l) = 2-oxoisocaproate(aq)+ NADf;j(aq)+

NH; (ag)+ H*(ag.  (14)

In performing this calculation, we used the valueK p= 9.778 and A/HS =
44.35 kJ- mol~! for the ionization of glycin&(aq) to {glycine (ag) + H*(ag}. The
values )X = 9.25 andA(HS = 522 kJ- mol~?! for the ionization of NI-I(aq) were
calculated from the CODATA tabldé$® The second step in this thermochemical cycle
calculation use&;Gg, = 22.65 kJ- mol~1 at T = 29815 K for the reaction.

NAD,(ag) + Hz2(g) = NAD?_(ag) + H* (ag). (15)

red

This value was obtained by adjustment of the valu&9, = 20.2 kJ- mol~! given by
Miller and Smith-Magowaf$® from I = 0.1 mol-dm~3to I, = 0 as described above.
Subtraction of reactionlf) from reaction {4) gives the reaction

I-leucine”(aq)+ H,O(l) = 2-oxoisocaproate(aq)+ NH;{(aq)+ Ha(g). (16)

Thus, by using the values af,G9, for reactions {4) and (5), we obtainA;G%, =
56.1 kJ- mol~! for reaction (6) at T = 29815 K and I, = 0. Since the values
of AtGY, of NH; (aq) and of HO(l) are well knowrf!® the difference in the standard
molar Gibbs free energies of formati¢a:G?,(2-oxoisocaproate) — AfG%(Ieucinét)} =
—10164 kJ- mol~! is obtained. The third and final step in the thermochemical cycle
calculation uses tabulated values from the literatureXg®&?, for |-glutamate (ag) and
2-oxoglutarat&(aq). Thus, using Wilhoit€¥ values of AtG§, for these two species,
we obtain A;G9, = -5.7 kJ-mol~? and K = 100 for reaction 8) at T =
29815 K and I, = 0. Alternatively, use of the values af:Gg, for |-glutamate (aq)
and 2-oxoglutarafe (aqg) tabulated by Miller and Smith-Magow@# leads toA,G2, =
0.44 kJ-mol~! and K = 0.83 for reaction §). We note that the values ok GY,
tabulated by Miller and Smith-Magowan pertainigo= 0.1 mol- dm~2 and were therefore
adjusted tol,, = 0 in performing this calculation. In any case, the mean result of this
thermochemical cycle calculation {&) = 5.4 which is close to the experimental result
K = (4.85+ 0.6) from our present study.

It is useful to have values of the apparent equilibrium conskahfor biochemical
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FIGURE 2. Plot of the apparent equilibrium const#&ritfor reaction ) as a function of temperature
at pH= 7.0 andim = 0.25 mol- kg~ 1.

reactions under approximately physiological conditions. Here, physiological conditions
are taken to b&° T = 31115 K, pH= 7.0, pMg = 3.0, andl, = 0.25 mol- kg~2.

In performing these calculations, it was assumed that the neutral species and those having
charge numbers o1 do not bind to M§* (aq) and that the binding constant for kdaq)

with 2-oxoglutaraté (aq) is equal to the know#? binding constant for Ca (aq) with 2-
oxoglutaraté(aq), namelyK (T = 29815, andl, = 0.1 mol-dm~3) = 195. Since

only a tiny fraction of the total amount of 2-oxoglutarateill be complexed with Mg*,

even the complete neglect of this binding constant causes a negligiblé-e@d1- K’) in

the calculated value df’. Thus, by using the equilibrium model with the thermodynamic
guantities obtained in this study for the reference reactions (see3ghie calculate the
values of K’ and the standard molar transformed Gibbs free energy chApGé& for
reactions {), (2), and @) given in tables. Brosnaret al.29 reported that the transamination
reaction{l-alanine(ag)+ 2-oxoglutarate(ag) pyruvate(agj I-glutamate(ad)functions

in vivo, either at, or in the vicinity of, equilibrium. It would be interesting to find out how
far from equilibrium reactionsly, (2), and @) operatan vivo.
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FIGURE 3. Plot of the apparent equilibrium constat for reaction ) as a function of pH at
T = 29815 K andly = 0.25 mol- kg~ 1.

TABLE 6. Apparent equilibrium constants’ and standard transformed molar Gibbs free
energy changea Gy, at approximately physiological condition & 31115 K, pH= 7.0,
pMg = 3.0, andlm = 0.25 mol- kg~1) for the biochemical reactions studied herein

. ArGR
Reaction / riml
kJ- mol™
(2) I-valine+ 2-oxoglutarate= 2-oxoisovalerate- |-glutamate 19 -16
(2) I-leucine+ 2-oxoglutarate= 2-oxoisocaproate- I-glutamate 2.7 —-2.6

(3) I-tert-leucine+ 2-oxoglutarate= 3,3-dimethyl-2-oxobutanoate I-glutamate 6.2 —-47

1395
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FIGURE 4. Plot of the apparent equilibrium constatt for reaction @) as a function of ionic
strengthlm at T = 29815 K and pH= 7.0.

Tewari et al® have pointed out that nearest neighbor interactions are unchanged in
transamination reactions. Therefore, any estimation method that considers only nearest
neighbor interactions must necessarily lead to the prediction that the thermodynamic
reaction quantitiesA;G%,, ArHZ, ArS;, and Arcg,m are zero for these reactions.
This prediction is consistent with the results obtained in the present stedythe
thermodynamic reaction quantities are all small. The common structural changes in these
reactions is also reflected in the narrow range of valuea @, for these reactions.
Specifically, the values of\;S;, of the transamination reactions involviglanine,l-
tyrosine,l-phenylalanine (see referendg and the three reactions studied herein are in
the range 22 JK~1-mol~1 to 39 J- K~% . mol™! ((A;S%) = 33 J- K~1 . mol1). This
characteristic value oA;S, can be useful in estimating thermodynamic quantities for
transamination reactions where eitkeiG?, or A;HJ have been determined.

As mentioned in the Introduction, there is significant interest in the use of transamination
reactions for the manufacture of amino acids. The thermodynamic results obtained in this
study can be used for process optimization. This is illustrated in figi&sand4 where
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the dependency of the apparent equilibrium congtdntf reaction 2) on temperature, pH,
and ionic strength, respectively, are shown. Essentially identical trefds o T, pH, and
Im as seen for reactior)in these figures are also exhibited by reactidyafd @). If one
desires to manufactutdeucine, a lower value df’ translates to an increase in the product
yield. Interestingly, there is a very significant decrease in the valu€’ df this reaction
is carried out at high ionic strengths. This could be accomplished by addition of a salt to
the reaction mixture; this assumes that this does not interfere adversely with the kinetics
or the chemistry of the reaction. There is also a decrease in the vakieasf the pH is
lowered—particularly below6.0. However, the activity of the enzyme may not be optimal
at such pHs. Additionally, if the enzyme can still maintain sufficient activity, there is a clear
indication that operating at lower temperatures will lead to higher product yields. Thus, an
appropriate combination of shifts in the temperature, pH, and ionic strength could lead to
improved product yields for these branched-chain amino acids. While the relative trends
with pH and ionic strength (see figur8sand 4) can be predicted without a knowledge
of the equilibrium constants for the chemical references reactiongg), and 0), one
does need the values 6f H3 for these reference reactions in order to predict the effect of
temperature ofK’. The equilibrium constants for the three reference reactions are needed
to calculate the optimal product yields.

Also, the possibility of using Le Chatelier's principle to derive these reactions to
completion should not be overlooked. In fact, this principle has been®dséd9
in transamination reactions catalysed by aspartate aminotransferase. In this case, the
oxaloacetate that is produced is converted to (pyruyatarbon dioxide) thus increasing
the product yield of the desiredamino acid. The predicted shifts in the position of
equilibrium (see figur®) with pH can also be viewed in terms of Le Chatelier’s principle.

We thank Dr Andreas Bommarius of DegussaldiA. G. for providing a sample of 3,3-
dimethyl-2-oxobutanoic acid.
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